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Abstract

Low temperature combustion (LTC) offers high thermal efficiency and low engine-
out nitrogen oxides (NOx) and particulate matter (PM) emissions. Homogeneous
charge compression ignition (HCCI), partially premixed charge compression ignition
(PPCI) and reactivity-controlled compression ignition (RCCI) are the common LTC
modes studied in this research. The primary barrier to implementing the LTC modes
in on-road vehicles is their limited operating range due to high cyclic variability
and excessive pressure rise rates. The feasible operating range of the LTC modes is
only a subset of the speed-load range of the conventional spark ignition (SI) engine.
Therefore, a multi-mode engine concept operating in one or more LTC modes and
SI mode is a viable option to improve engine performance in terms of efficiency and
emissions. The goal of this dissertation is to develop model-based closed loop control

of an SI-RCCI-SI multi-mode engine.

Control-oriented models and predictive controllers for HCCI, PPCI and RCCI modes
are developed to simultaneously control combustion phasing and engine load for an op-
timal operation of a multi-mode engine. Cyclic variability in HCCI and RCCI modes
are modeled using machine learning classification algorithms. Nonlinear model pre-
dictive controllers are developed for HCCI and RCCI modes to control combustion

phasing and engine load while constraining cyclic variability below 3%. Furthermore,

xlv



LTC engine operation faces challenges of excessive pressure rise rates that can damage
the hardware. To this end, supervised machine learning classification algorithms are
developed to model the heat release type which is used as a scheduling variable to
develop data-driven model for an LTC engine. Model predictive controller is then de-
veloped to control combustion phasing and engine load while constraining maximum

pressure rise rate below 8 bar/CAD.

RCCI mode offers good control over the combustion event by modulating the start of
injection timing of high reactivity fuel and adjusting the premixed ratio of the dual
fuels. Therefore, this research focuses on SI-RCCI-SI multi-mode engine concept.
The aim of this research is to achieve smooth SI-RCCI-SI mode switching operation
at different engine loads and speed. A dynamic model for SI-RCCI-SI multi-mode en-
gine is developed and validated for different transient conditions. The model includes
the mode switching dynamics as well as actuator dynamics. A model-based predic-
tive controller framework is developed for SI-RCCI-SI mode switching. The mode
switching controller showed good performance during mode transitions and steady
state engine operation. The controller is capable of tracking the desired combustion
phasing and engine load during mode switching while maintaining A near stoichiom-

etry in SI mode and constraining maximum pressure rise rate below 8 bar/CAD in

RCCI mode.
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Chapter 1

Introduction

Environmental protection agencies around the world have set the stringent regulations
for engine-out emissions and vehicle fuel economy for light and heavy duty vehicles.
Due to the stringent regulations, automotive manufacturers have shifted the focus
towards the development of hybrid electric vehicles and electric vehicles. According
to the U.S. Energy Information Administration, the new light-duty vehicles running
solely on internal combustion engines (ICE) will still contribute 81% of the market
share by 2050 [45]. Hybrid electric and plug-in hybrid electric vehicles also use ICE.
Thus, the market share of new vehicles using ICE will go up to 85% [45]. This
motivates researchers to investigate and improve the advanced combustion technolo-

gies. Advanced combustion technologies include low-temperature combustion (LTC)



that offers better thermal efficiency compared to conventional spark ignition (SI) en-
gines and reduced engine-out emissions compared to conventional diesel combustion
(CDC) engines. The common LTC modes are Homogeneous Charge Compression Ig-
nition (HCCI), Partially Premixed Charge Compression Ignition (PPCI), Premixed
Charge Compression Ignition (PCCI), and Reactivity Controlled Compression Igni-
tion (RCCI). These LTC modes offer high thermal efficiency and ultra-low nitrogen
oxides (NOx) and particulate matter (PM) emissions. However, combustion con-
trol, maximum pressure rise rate, cyclic variations, and limited operating range are
the common challenges of the LTC modes. Therefore, this study focuses on the de-
velopment of control strategies to achieve the desired low temperature combustion
modes and to develop closed-loop predictive controller framework for a multi-mode

combustion engine.

LTC combustion modes provide promising solutions to engine-out emission problems
with comparable thermal efficiencies of diesel engines. LTC modes operate under
wide open throttle (WOT) condition, thus pumping losses are minimized. But due to
limited operating range of HCCI, PCCI, PPCI and RCCI, the applications of these
combustion modes are limited in on- road vehicle engines. To avail the benefits, cou-
pling of LTC modes together with SI or CI combustion modes is required. Therefore,
many researchers are focusing on the development of mode switching strategy for a

multi-mode engine.



1.1 The Necessity of a Multi-Mode Engine

High thermal efficiency and low engine-out NOx and PM emissions make LTC modes
appealing. However, the operating range of LTC modes is only a subset of speed-load
range of the conventional SI engine. This limits the applications of LTC modes. The
majors factors that limit the operating region of LTC modes are unstable combustion
due to high dilution and very high pressure rise rates causing damage to the engine
[46]. High load LTC operation results in abrupt heat release rates which leads to
high pressure rise rates and NOx formation [47]. Excessive pressure rise rates lead to
audible noise causing engine knock. Combustion phasing also affects the pressure rise
rate in the LTC modes. An early combustion phasing results in rapid heat release
rate causing excessive pressure rise rates. High pressure rise rates can be avoided
by retarding the combustion phasing. However, the retard in combustion phasing
is limited due to the auto-ignition limit of the air-fuel mixture which may lead to
misfire [48]. The late combustion phasing reaching the auto-ignition limits increase

the cyclic variations.

Engine speed also limits the operating range of the LTC modes. At low engine speed,
the combustion event results in late phasing due to heat transfer losses. While at high
engine speeds, the cylinder charge has less time for heat transfer, resulting in advance

combustion phasing [48]. LTC modes cannot be achieved at cold start condition.



Therefore, a multi-mode engine is a viable option to benefit from the LTC modes
and provide full speed and load range by coupling one or more LTC modes to the

conventional spark ignition or compression ignition engine.

1.2 Overview of Multi-Mode Combustion Engine

Several mode switching studies have been carried out. These studies are listed in
Table[I.1} HCCI, PPCI, CDC, CDF and RCCI are homogeneous charge compression

Table 1.1
Mode Switching Studies

Sr. # Mode Switching

SI-HCCI-SI
HCCI-PPCI
PPCI-CDC
CDC-RCCI-CDC
CDF-RCCI

T W N~

ignition, partially premixed charge compression ignition, conventional diesel combus-
tion, conventional dual fuel combustion and reactivity controlled compression ignition,
respectively. Researchers have mostly investigated the SI-HCCI-SI mode switching.
SI-HCCI-SI mode switching studies can be categorized as rule based [10, [34] 49, [50]

and model-based [12} 13|, 511, 52] studies.

Tian et. al. carried out SI-HCCI mode switching by separately controlling cam profile

and throttle (due to slow air dynamics). For SI to HCCI mode switching, cam profile



was first switched to negative valve overlap (NVO) while WOT was achieved later.
From HCCI to SI mode switching, throttle was closed from WOT to the required
throttle position in SI mode before switching the cam from NVO to PVO. During
SI mode, split injection strategy was adopted where 80% of the fuel was injected at
100 CAD aTDC during intake stroke while 20% of fuel was injected at 250 CAD
aTDC during compression stroke [I1]. Li et. al. implemented HCCI, assisted spark
stratified compression ignition (ASSCI) and SI for low, medium (upper limit of HCCI)
and high load demands, respectively. HCCI to ASSCI mode switch was carried out by
decreasing the NVO duration when the high load limit of HCCI was reached. ASSCI
mode was switched to SI mode when the upper load limit of ASSCI was reached.
ASSCI to SI mode switching was carried out by changing the NVO to PVO. Frequent
mode transitions between ASSCI and SI modes were avoided by adding hysteretic

area [14].

Singh et. al. carried out CI-PCCI-CI mode switching. Engine was operated in
PCCI mode for low to medium loads and in CI mode for higher load demands. CI
combustion mode was employed for the engine warm-up. CI to PCCI mode switching
was done by varying the pilot and main injection timings followed by the addition
of exhaust gas recirculation (EGR). PCCI mode employed 15% EGR, throughout the
operation. Due to increased maximum pressure rise rates, start of main injection
timing was modulated which increased HC and CO emissions. PCCI operation was

limited due to engine knocking. Thus, PCCI-CI mode switching was carried out by



changing the injection strategy to that of CI and cutting off the EGR. The study shows
the potential of implementing PCCI-CI mode switching in commercial applications

53].

Indrajuana et. al. implemented open-loop and closed-loop control strategies for
the RCCI-CDF mode switching with natural gas and diesel fuels using high pressure
EGR [17]. Fuel quantities, start of injection (SOI), variable turbine geometry (VGT),
and EGR fractions were used to control IMEP, CA50, EGR ratio, blend ratio (BR)
and dp (difference of intake and exhaust manifold pressure). The study suggested
that closed-loop mode switching strategy showed better performance. This mode-

switching controller does not cover transient operation [17].

Nakayama et. al. studied CDC-PPCI-CDC mode transition. During CDC to PPCI
mode transition, NOx spikes were observed while soot spikes were observed from PPCI
to CDC mode switching. The study suggested that retarding CA50 and adding EGR
help in reducing NOx during CDC-PPCI mode transition [54]. An open-loop CDC-
RCCI mode switching study was carried out to overcome RCCI challenges at cold
start and high load operation [16]. EGR was increased from 28.5% to 50% from CDC
to RCCI mode switching. CDC-RCCI mode switching resulted in decreased NOx and
soot emisisons [16]. To the best of authors’ knowledge, this is the first study based

on the closed-loop control of SI-RCCI-SI mode switching.



1.3 Motivation

Reactivity controlled compression ignition (RCCI) is among the advanced LTC tech-
nologies which provide high thermal efficiency and low engine-out NOx and PM emis-
sions. RCCI mode offers low combustion temperatures that prevent NOx formation
and reduce heat transfer losses [I]. In addition, higher specific heat ratios improve
the efficiency of work extraction [I]. However, low combustion temperatures limit
the oxidation of CO and THC, and complete combustion; thus, resulting in higher
CO and THC emissions. In RCCI mode, a portion of the fuel is injected during
the intake stroke which allows significant air-fuel premixing and a portion of fuel is
injected during the compression stroke. Globally lean air-fuel mixture helps in avoid-
ing particulate matter (PM) formation [I]. Furthermore, RCCI mode is operated at
wide open throttle (WOT) which reduces the pumping losses. Besides the advan-
tages, the RCCI mode offers a limited operating range. High cyclic variability at
low load and high maximum pressure rise rates (MPRR) at high load confines the
feasible operating range of the RCCI mode. Therefore, the engine maps of SI mode
are compared with the optimal RCCI operating range for the indicated specific fuel
consumption (ISFC) and engine-out CO, THC and NOx emissions. Based on the
comparison, RCCI mode showed lower ISFC and NOx emissions as compared to SI
mode. However, CO and THC emissions are observed to be higher in SI mode. CO

and THC emissions in RCCI mode can be reduced by advancing start of injection



timing of n-heptane. A multi-mode engine seems to be a viable option which can
provide lower fuel consumption and lower engine out NOx emissions as compared to
conventional SI engine. Therefore, RCCI mode is coupled to a conventional SI engine
to improve the engine performance. To the best of author’s knowledge, it is the first

model-based closed-loop study carried out for SI-RCCI-SI mode switching.

1.4 Outline of the Dissertation

Chapter [2| presents detailed literature review on different low temperature combustion
modes, control strategies to address the challenges offered by different LTC modes,

and open-loop and closed-loop control of multi-mode combustion engines.

Chapter[3]is based on the development of a unified model predictive control framework
for HCCI, PPCI and RCCI modes to control combustion phasing and engine load

based on the optimal engine map.

In chapter |4, supervised machine learning algorithms are used to model cyclic vari-
ations in HCCI and RCCI combustion modes. Cyclic variations in IMEP are de-
termined by computing coefficient of variation of indicated mean effective pressure
COVpyep. Nonlinear model predictive controllers are developed for HCCI and RCCI

modes to constrain COVpygp below 3% while controlling combustion phasing and



IMEP.

Chapter || is the extension of research carried out by Sitaraman et. al. [55]. Two
different machine learning classification models are developed for classification of heat
release rates. Three different machine learning classification algorithms including de-
cision tree, K-nearest neighbors (KNN), and support vector machines (SVM), are
used to develop a model to identify the type of combustion events based on the nor-
malized heat release data. This model can be used for online or offline identification
of the heat release rate type. Similarly, three supervised machine learning algorithms
are also used to develop a model using start of combustion (CA10), burn duration
(BD), start of injection (SOI), premixed ratio (PR), fuel quantity (FQ) and intake
air temperature (IAT) as feature vectors to determine the type of heat release event.
This classification model is used to develop linear parameter varying system to achieve
closed-loop control of LTC engine. Model predictive controller is developed using the
heat release type as scheduling variable to control CA50 and IMEP while constraining

MPRR below 8 bar/CAD.

Chapter [6] is based on the dynamic modeling of SI-RCCI-SI mode switching. The
dynamic mode-switching model is validated for steady state and transient conditions.
This chapter also provides comparison of SI and RCCI engine operation on the basis

of indicated specific fuel consumption and engine-out CO, THC and NOx emissions.



Chapter [7] explains the development of model predictive controller with state esti-
mator for SI-RCCI-SI mode switching. This chapter also includes simulation and

experimental results for the mode switching controller for optimal engine operation.

Chapter [§| explains the challenges associated to RCCI-SI mode switching. This chap-
ter also provides the improvement in the dynamic mode switching model. The per-
formance of the improved model predictive controller is experimentally validated and
the results are presented in chapter [§l Chapter [9] includes the major findings of the

current research and future work.
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Chapter 2

Multi-mode low temperature
combustion (LTC) and mode

switching control!

2.1 Abstract

Low temperature combustion (LTC) modes offer high thermal efficiency and low
engine-out NOx and soot emissions. The common LTC modes include homoge-

neous charge compression ignition (HCCI), partially premixed charge compression

!Originally published in Advanced Combustion for Sustainable Transport. Energy, Environment,
and Sustainability, Springer
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ignition (PPCI), and reactivity-controlled compression ignition (RCCI). To realize
these promising LTC modes, optimal combustion control of the engine in each LTC
mode is required. This will re-quire precise control of combustion phasing and engine
load, while constraining engine variables including peak in-cylinder gas pressure, max-
imum pressure rise rate, high intensity ringing or knock, and coefficient of variation of
indicated mean effec-tive pressure (IMEP) to allow safe and stable combustion. This
chapter explains state-of-the-art of LTC engine control, includ-ing dynamic model-
ing, model predictive combustion control, experimentation, and implementation of

real-time closed loop combustion controllers.

A well-recognized limitation of LTC engines is a constrained op-timal operating range.
To this end, multi-mode engines are de-sired. These include i) multi-mode LTC en-
gines with mode tran-sition among LTC modes, e.g., dual mode HCCI-RCCI engine,
or triple mode HCCI-PPCI-RCCI engine, and ii) multi-mode en-gines including LTC
and conventional combustion modes, e.g., dual mode HCCI-SI (spark ignition) engines
or dual mode RCCI-CDC (conventional diesel combustion) engines. These demands
for innovative combustion controllers that capture the engine transient dynamics such
as in-cylinder air-fuel ratio vari-ations or residual gas temperature variations during
mode transi-tions. This chapter introduces multi-mode LTC engines and ex-plains

controller development for these engines.
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2.2 Introduction

Environmental protection agencies around the world, such as Environmental Protec-
tion Agency (EPA) and National Highway Traffic Safety Administration (NHTSA)
in U.S., European Environmental Agency (EEA), Ministry of Ecology and Environ-
ment the People’s Republic of China, etc. have set the stringent regu-lations for
greenhouse gas (GHG) emissions and vehicle fuel economy for light and heavy-duty
vehicles. These regulations have compelled the automobile manufacturers to explore
the advanced combustion strategies. Advanced combustion technologies including
low temperature combustion (LTC) are renowned for high thermal efficiency and
low engine-out emissions. Light duty vehicles contribute towards the maximum con-
sumption of fuel in transportation sector. The recent projections by the U.S. Energy
Information Administration forecast that the new light duty vehicles running solely
on IC engines would contribute to 81% of the U.S. market share by 2050 [45]. Hybrid
electric and plug-in hybrid electric vehicles also use ICE. This leads to market share
increase to 85% when hybrid electric and plug-in hybrid electric vehicles are also in-
cluded [45]. The transportation sector is one of the major contributors towards the
GHG emissions. Therefore, increasing fuel conversion efficiency of ICEs by the use
of multi-mode LTC engines will al-low reduction in GHG emissions. Furthermore,
biofuels produce much lower GHG emissions; thus, providing much cleaner combus-

tion as compared to gasoline fueled vehicles. Given the fuel flexibility of multi-mode
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engines, they can run with different biofuels. Biofuels have a potential of reducing
GHG emissions for sus-tainable transportation [56, [57]. LTC strategies using bio-
fuels offer reduced GHG emissions together with high thermal efficiency [58, 59, [60]
When compared to the per-formance of diesel fueled homogeneous compression igni-
tion engine, biodiesel fuel resulted in reduced HC and CO emissions at low load while
reduction in smoke emissions was observed at high load operation [60]. Singh et. al.
compared the performance of conventional diesel combustion (CDC) and premixed
charge compression ignition (PCCI). The study was extended to the performance
com-parison of diesel fueled CDC and PCCI modes with a blend of biodiesel with
min-eral diesel (B20) fuel together with the open-loop CDC-PCCI mode switching.
The results showed that PCCI led to significant reduction in NOx and particulate
emis-sions when compared to CDC operation using both fuels. However, diesel fueled
PCCI mode produced higher concentrations of SO2, HCHO, etc. B20-fueled PCCI
operation offered relatively lower concentrations of unregulated emissions [58]. In
addition, non-fossils based fuel can be accommodated with already existing vehi-cle
powertrains without any engine changes [56]. Therefore, multi-mode LTC en-gines
contribute to sustainable transportation via three major areas i) offering higher fuel
conversion efficiency compared to conventional SI and CI engines, ii) broadening en-
gine speed and load range with high fuel conversion efficiency, and iii) possibility to

run with a range of renewable fuels.

The common LTC modes include homogeneous charge compression ignition (HCCI),
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Figure 2.1: Benefits and limitations of common LTC modes

premixed charged compression ignition (PCCI), partially premixed charged compres-
sion ignition (PPCI) and reactivity controlled compression ignition (RCCI). In HCCI,
fuel is injected during intake stroke which provides enough time to mix homogeneously
with air. The air-fuel mixtures undergo autoignition at the end of compression stroke.
This mode offers high thermal efficiency and ultra-low NOx emissions. However, it
is often prone to excessive pressure rise rates (MPRR) which cause engine knocking.
The low load of HCCI is limited by misfire or partial burn while the higher load
limitation of HCCI is mainly due to the high MPRR and knocking [61]. These draw-
backs can be abated by introducing different levels of air-fuel premixing. Premixed
or partially premixed mixtures are formed by varying the fuel injection timings and

using high levels of dilution. This introduces the desired ignition delay and increased
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in-cylinder mixing [62]. Lower compression ratio, high injection pressure, exhaust
gas recirculation (EGR) and enhanced mixing can be used to achieve the desired
ignition delay [63]. In literature, ignition delay is either defined as the crank angle
difference between start of injection and start of combustion [62] or the crank angle
difference between start of injection and crank angle where 50% of total heat release
occurs [64]. NOx formation can be avoided by increasing the ignition delay [64] In
addition, MPRR can be prevented by using multiple fuel injections and high intake
pressure [64]. Dual fuel application in LTC has also been focus of research. Reactiv-
ity controlled compression ignition (RCCI) is one such combustion mode which uses
duel fuels of different reactivity. Usually a low reactivity fuel is injected via port fuel
injector (PFI) and high reactivity fuel is injected via direct injector (DI). Premixed
ratio of the fuels and injection timing of high reactivity fuel provides better control

on the combustion phasing. A brief overview of the common LTC modes is shown in

Fig. 2.1]

High local equivalence ratio and high local temperature in CDC leads to the forma-
tion of NOx and soot [I]. Unlike CDC, LTC modes generally involve lean premixed
mixtures which reduce the local fuel rich zones. Therefore, very high peak in-cylinder
gas temperatures are avoided in the LTC modes that helps in restricting NOx and
particulate matter (PM) formation [I]. The comparison of emissions between LTC
strategies and CDC can be seen in Fig. [2.2 A homogeneous reactor simulations

were carried out for different equivalence ratio and temperature in [I]. Figure
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Figure 2.2: Contours of various combustion strategies and emissions (i.e.,
NOx, soot, CO and unburned HC) from homogeneous reactor simulation
with n-heptane and air at different equivalence ratios and temperatures [I]

also shows the relationship between NOx, soot, HC and CO emissions for different

equivalence ratios and temperatures for the LTC modes.

Closed-loop control of LTC modes is important to ensure stable and safe engine op-
eration while achieving high thermal efficiency and ultra low engine-out emissions.
The variables to be controlled in LTC modes include combustion timing (CA50), in-
dicated mean effective pressure (IMEP), maximum pressure rise rate (MPRR), peak
in-cylinder pressure (P,,q.), exhaust gas temperature (Tey,) and coefficient of varia-
tion of indicated mean effective pressure (COVyygp). Control of combustion timing
is essentially done to achieve maximum work output from the engine and to avoid
high pressure rise rates, partial burns or misfires. An early heat release can result
in too high pressure rise rates which may cause engine to knock. Moreover, too late

combustion events can lead to incomplete combustion which produces high levels of
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carbon monoxide (CO) and unburned hydrocarbons (HC). In addition, low temper-
ature combustion event typically results in low exhaust gas temperatures as low as
120 °C which limits the effective performance of the oxidation catalyst in the af-
tertreatment system [65]. Therefore, control of exhaust temperature is important in
the LTC modes. The stochastic nature of combustion event can be ascertained by
the variations in the engine load output. High cyclic variations in IMEP (COViygp
> 5%) produce fluctuations in engine torque and speed that affect the drivability,
noise, vibration and harshness (NVH) performance of a vehicle. Thus, COVyygp is

determined over the steady state engine operation and is constrained below 5%.

2.2.1 Limitations of LTC Operation

LTC modes are prone to limitations in terms of load and speed operating range,
engine-out emissions and thermal efficiency. Despite the high thermal efficiency, ultra-
low engine-out emissions and low cyclic variability, HCCI application is limited owing
to the limited operating range. The majors factors that limit the operating region
of HCCI engine are misfiring due to high dilution and very high pressure rise rates
causing high noise levels [46]. Misfiring limits the low load operation of HCCI. Mis-
fires are highly likely with too much dilution which result in insufficient temperatures
required for ignition initiation. Similarly, misfire or partial burn occurs at high speed

engine operation due to decrease in the available time required for the combustion
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onset [46]. High load and high speed HCCI operation faces aspirating limitations.
Moreover, lack of dilution in the high load HCCI operation causes very high com-
bustion rates which leads to excessive pressure rise rates bringing forth the engine

knocking problem with audible noises and NOx formation [47].

Moreover, partially premixed compression ignition mode seems a promising solution
to operate a compression ignition engine with gasoline in mid to high load range
with high thermal efficiency and low NOx and soot emissions[64]. In [64], high load
upto 15 bar was achieved with single gasoline fuel injection by using exhaust gas
recirculation (EGR), boosting, late fuel injections and fuel injection pressures upto
1100 bar. Multiple fuel injection strategy can be helpful in curbing high pressure
rise rates [66]. In [67], PPCI operating range was extended from idle to full load
conditions. The performance was characterized on the basis of thermal efficiency
and emissions. The study showed 50% brake efficiency at full load condition with
low NOx, soot, CO and HC emissions. However, the poor thermal efficiency of the
PPCI operation makes it less favorable for idle engine operation despite the low NOx
and zero soot emissions [67]. Therefore, coupling the LTC modes for better thermal

efficiency and low engine-out emissions seems an appropriate solution.
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2.2.2 Benefits of Multi-Mode Operation

The major drawback of LTC modes is their limited operating region. Coupling one
or more LTC modes with either SI or CI mode can provide an efficient and clean
engine operation. Prior studies [68, [69] conducted on HCCI mode indicated the
possibility of HCCI application for passenger cars by coupling it with the conventional
spark ignition gasoline engine, owing to the limited operating region of HCCI. It was
anticipated that this would provide diesel engine like fuel economy at idle and light
load along with low emissions [69]. It was observed that LTC modes offer higher
thermal efficiency; thus, requiring less amount of fuel for the same desired power
output compared to the conventional SI engine. Multi-mode (CSI-HCCI) engine
tested on dyno confirmed 10-15% improvements in fuel economy in the drive cycle

51].

HCCI, RCCI and PCCI combustion modes offer less NOx, soot, CO and unburned
HC emissions as can be seen in Fig. 2.2l It can be clearly seen that CO and HC
emission levels from LTC modes are much lower when compared to that of CDC. CDC
and SI engine require 3-way catalytic converter for exhaust aftertreatment. However,
NOx and soot formation can be prevented in LTC modes with proper control. This
can be observed in Fig. 2.2 the operating range of the three LTC modes lie outside

NOx and soot formation regions which provide advantage over CDC. In [51], the
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comparison of HCCI engine operation with the baseline SI engine has shown 36%
reduction in NOx formation. Therefore, a multi-mode engine concept has a potential
to meet the stringent emission regulations and the targeted fuel economy in the on-
road vehicles. This can be achieved with an optimized mode switching operation
with controlled combustion event while minimizing load fluctuations and engine-out
emissions. Mode switching operation can be achieved by optimized adjustments of

actuators.

2.2.3 Optimal Control of Multi-Mode LTC Engine

Combustion events in LTC modes are predominantly governed by the chemical ki-
netics. The combustion initiation is very sensitive to the temperature and pressure
changes at the start of compression stroke [70]. HCCI mode does not offer direct
control over the combustion process [26]. The thermodynamic state of the air-fuel
charge in HCCI is dependent on the residual gas fraction trapped in the cylinder. By
precise control of diluents and intake air states, combustion timing can be controlled
in HCCI [71]. In dual fuel HCCI operation, premixed ratio of two fuels can also be
used as a control knob [31]. In PPCI and RCCI modes, the timing of direct injection
of fuel provides better control over combustion timing and rate of heat release. How-
ever, LTC modes are susceptible to high pressure rise rates which can cause engine

knocking. That is why, closed-loop optimal control is the best choice for LTC engines.
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Similar challenges are faced during mode switching which depends on combustion pro-
cess dynamics, cyclic coupling, actuator dynamics and direction of the mode switch.
The common challenges encountered during mode transitions are shown in Fig. 2.3
Mode switching challenges can be wielded by precise actuation. High cyclic varia-
tions, high MPRR, partial burns or even failed mode transition can occur due to the
poor choice of control parameters [70]. Mode switching dynamics vary significantly
with the direction of transition. This difference is quite evident in SI-HCCI-SI mode
switching. HCCI to SI mode switching is considered simple because the SI mode does
not predominantly depend on the previous cycle [52]. However, SI to HCCI mode
switching is difficult because of the residual gas coupling dynamics [52]. The very first
cycle after mode transition usually results in complete combustion accompanied by
the high rate of heat release and advanced combustion due to the high temperature
of residuals trapped from the last SI cycle [52]. This advanced combustion resulted
in low engine work. It was also observed by Roelle et. al. that the cycles after mode
transition are prone to misfire [52]. This was explained on the basis of heat transfer
losses together with less initial chemical energy which lead to reduced engine work and
unstable HCCI [52]. Therefore, residual gas coupling dynamics must be accounted
for a successful SI to HCCI mode switching. This requires optimal control over the
process to retain appropriate amount of hot residuals to avoid excessive MPRR and
to avoid misfire in the subsequent cycles. Although, HCCI to SI mode switching does

not involve cyclic coupling but it can still face challenges of unstable combustion.

22



~_ Misfire/Partial burn
" High cyclic variability

Figure 2.3: Possible mode switching and complications
This is mainly because of the actuator dynamics. HCCI is operated under lean con-
ditions with wide open throttle (WOT) while SI requires stoichiometric air-fuel ratio
which is commonly achieved with throttle position control for the required amount
of intake air. Studies have shown that throttle response is a major factor behind
an unsuccessful HCCI to SI mode transition event [50] [72]. This is because of the
slower intake manifold filling dynamics compared to that of valve profile switching.
Therefore, it is important to take the actuator dynamics into account. This indicates
the necessity of a model-based controlled mode switching event accounting for all the

dynamics involved.
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A multi-mode engine running in HCCI and PPCI mode using external EGR does
not involve throttle dynamics and cyclic coupling. However, HCCI to PPCI mode
transition still require optimal actuation to avoid excessive MPRR and NOx forma-
tion. Furthermore, transition from LTC-CDC result in engine load fluctuations, high
MPRR and high engine noise levels [73]. In [54], potential challenges in CDC-PPCI-
CDC mode switching were NOx and soot spikes which was prevented by proper control
of fuel injection and air management. Therefore, it is imperative to investigate all
the dynamics involved in mode transition. The dynamics can be based on the cyclic
coupling, actuator responses or direction of mode transition. A model-based control
strategy proves to be the best choice for a stable and smooth transition. Furthermore,
mode switching needs finite amount of time to stabilize. Thus, a multi-mode engine
should be capable of smooth and fast transitions with minimum load fluctuations.
A controlled mode switching assures continuous power delivery while avoiding mis-
fire and safe engine operation. In addition, controlled combustion leads to an optimal
combustion phasing which prevents high pressure rise rates; thus, constraining engine
noise levels. Appropriate control actions by adjusting the injecting timing, injection
duration and split fuel injection help in smooth transition and reduced combustion

noise [73].
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2.3 Controlled Variables

Controlled variables or parameters are the quantities to be controlled to ensure fuel
efficient, stable and safe engine operation while meeting engine-out emission con-
straints. The challenges associated with the LTC modes can be addressed by imple-
menting optimal control strategies. Model-based controllers are capable of providing
optimized control over the LTC process by controlling combustion phasing, engine
load, maximum pressure rise rate, coefficient of variation of indicated mean effective
pressure (COVpygp) and exhaust gas temperature. Optimal control of these param-
eters help in expanding the operating range of LTC modes. A brief introduction of

the controlled variables is as follows:

2.3.1 Combustion Phasing

Combustion phasing (CA50) can be defined as the crank angle by which 50% of heat
is released. Integrated Arrhenius Rate Threshold, Shell auto-ignition and Modified
knock integral models can predict the start of combustion in LTC modes. The start of
combustion is important but not sufficient to explain the combustion process because
of varying burn duration of combustion events happening at the same operating

conditions. Therefore, CA50 is controlled to enable an optimal combustion event.
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Wiebe function is commonly used to predict CA50 for model-based control. Feedback
from the measured in-cylinder pressure is commonly used to calculate the heat release
that provides the combustion phasing. Alternately, in-cylinder ion current sensor can
also be used as a feedback sensor but its performance is limited under lean air-fuel
mixtures. Other indirect methods used for the calculation of combustion phasing
include measurements from microphones and knock sensors [74] and on-board torque

sensors [75].

Combustion phasing is one of the most important parameters to be controlled. Vari-
ations in CAb50 can result in increased or decreased of engine work output, maximum
pressure rise rate and emissions. Proper combustion phasing results in maximum
brake torque, low maximum pressure rise rates, low NOx and unburned hydrocarbon
emissions. HCCI mode lacks the direct control over the combustion process; therefore,
it is indirectly controlled by varying the variable valve actuation to trap the required
residual gas fraction or using external exhaust gas recirculation [36]. Furthermore,
intake air temperature can also be used to control combustion phasing. To address
the slow response of intake air heating actuation, fast thermal management system
has been developed and tested for the closed loop control of combustion phasing [5].
Combustion phasing can also be controlled with variable compression ratio [46, [71].
In dual fuel application, premixed ratio of the two fuels provides an effective mean
to control the combustion phasing [31]. In PPCI and RCCI modes, the timing of

directly injected fuel is used to control combustion phasing along with EGR [7, [§].
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2.3.2 Engine Load

The main purpose of running an engine is to obtain the desired power output. Engine
load output is often termed as indicated mean effective pressure (IMEP) or net mean
effective pressure (NMEP) as it can be easily computed from the in-cylinder pressure
trace. Sometimes, peak pressure is considered related to engine load and therefore
controlled [76]. The total amount of fuel injected in each cycle is used to control
IMEP. It is important to control the engine load along with the control of combustion
phasing. Partial or incomplete burn in an engine cycle results in lower IMEP which is
usually followed by high IMEP due to the unburned fuel available from the previous
cycle [50]. This results in high coefficient of variation of IMEP. Simultaneous control
of CA50 and IMEP can help in constraining the coefficient of variation of IMEP below

5%.

2.3.3 Exhaust Gas Temperature

One of the drawbacks of the LTC modes is the production of carbon monoxide (CO)
and unburned hydrocarbons (HC) which can be reduced using three-way oxidation
catalysts. Due to higher thermal efficiency of LTC engines, most of fuel energy is

released during expansion stroke; thus, leaving less exhaust gas energy compared
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to conventional SI and CI engine. In addition, combustion temperature is low in
LTC modes due to lean burn or highly diluted engine operation. These lead to low
exhaust gas temperature in LTC modes. These combustion temperatures can be as
low as 120 °C that typically require a light off temperature of well above 200 °C
[65]. This low exhaust gas temperature limits the performance of oxidation catalysts.
Therefore, it is important to control the exhaust gas temperature to meet the light-off
requirement of the aftertreatment system. In [77], artificial neural network modeling
was used to predict exhaust gas temperature for ethanol fueled HCCI operation. It
was observed that the variations in combustion parameters such as start of combustion
(SOC), burn duration (BD) and maximum in-cylinder pressure (Pmax) were not
effectively correlated with variations of exhaust gas temperature. However, exhaust
gas temperature was strongly correlated with IMEP and constant-volume adiabatic
flame temperature [77]. In [3I], exhaust gas temperature is controlled along with
CA50 and IMEP for HCCI engine using intake manifold pressure, octane rating and

mass of fuel as control variables.

2.3.4 Maximum Pressure Rise Rate

Maximum pressure rise rate (MPRR) is a measure of engine noise level. In LTC
modes, a portion of the air-fuel mixture undergoes autoignition which can result

in very high pressure rise rates. Therefore, MPRR is usually constrained below 8
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bar/CAD in order to prevent the engine from knocking and controlling engine noise
level [19]. In HCCI mode, the homogeneous air-fuel mixture undergoes autoignition
at multiple points inside the cylinder which results in rapid heat release rates causing
very high MPRR. That is why, MPRR is an important engine safety parameter to be
controlled. Advanced combustion phasing and shorter burn duration in HCCI lead
to high MPRR and engine ringing [7§]. In addition, a strong correlation was found
between the engine noise level and in-cylinder peak pressure and in-cylinder pressure
variation for HCCI mode [79]. In PPCI and RCCI modes, split fuel injections are
used to control MPRR along with EGR. By controlling CA50 after TDC, the rate of
heat release can be controlled thus preventing MPRR. MPRR in RCCI mode can be
reduced by increasing the combustion duration which can be achieved by using the

fuels with large difference in their reactivity [80].

2.3.5 Engine-out Emissions

In LTC modes, combustion temperatures are low which helps in preventing the for-
mation of NOx. Diesel fuelled PPCI operation requires low compression ratio and
excess amount of EGR for low NOx and soot emissions but it results in low thermal
efficiency and high CO and unburned HC emissions [67]. In [64], gasoline fuelled
PPCI operation showed very low NOx and soot formation without EGR. In [63], run-

ning the engine near stoichiometric conditions lead to soot formation with high levels

29



of CO and unburned HC emissions despite the high thermal efficiency, low NOx and
MPRR. Advancing the start of injection of fuel increases fuel stratification; thus, in-
creasing the soot level in PPCI [63]. It was suggested that using high octane number
fuels can introduce longer ignition delay which helps in reducing soot formation [63].
Furthermore, it was argued that improving the injection system can decrease the soot
levels by employing higher injection pressures [63]. Using advanced injection system
with common rail pressure upto 2400 bar and EGR in excess of 50% , full load PPCI
operation was achieved with low NOx, soot and CO emissions simultaneously [67].
Transient PPCI operation with gasoline fuel can also lead to high MPRR and soot
formation [81]. In order to satisfy low emission levels, double injection strategy has
been effective in constraining NOx and soot along with MPRR in PPCI operation [7].
In HCCI mode, HC and CO emissions are strongly correlated with the combustion
phasing [82]. Bidarvatan et. al. developed grey-box predictive model to constrain

the CO, HC and NOx emissions in HCCI operation [83] [84].

Combustion phasing can also be regulated for low engine-out emissions [64]. In ad-
dition, adding EGR as diluent helps in the prevention of NOx but can lead to soot
formation due to reduced oxygen concentration [54]. Moreover, high fuel injection
pressure improves the air-fuel mixing quality which prevents soot formation [67].
Longer ignition delay provides more mixing time for air-fuel mixing which prevents
soot formation [67]. A study showed that proper selection of spray angle, decreasing

the injection pressure and premixed ratio while advancing the start of injection timing
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can significantly reduce HC and CO emissions in RCCI engine operation [85].

2.3.6 COVIMEP

Cycle to cycle variability in combustion event is indicated by COViygp. The
COViyep is a measure of variability in IMEP for a number of consecutive en-

gine cycles at steady state operating conditions. It is defined as the ratio of standard

deviation of IM EP to the mean of IM EP, given by:

COViprpp(%) = ZMEE o 100, (2.1)
HIMEP

where, p;yepp and orypp are the mean and standard deviation of IME P, respec-

tively.

High cyclic variability results in engine speed fluctuations and increases engine-out
emissions [86]. Noise, vibration and harshness (NVH) performance of a vehicle is
affected by high COVpygp [87]. LTC modes, operated under ultra-lean conditions,
are prone to high COVyygp. Therefore, combustion cyclic variations are need to be
controlled to enable stable engine operation while maximizing thermal efficiency and
reducing engine-out emissions. Engine operating cycles undergoing partial burn or

misfire result in high cyclic variations.
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Kalghatgi et. al. showed a linear regression model using C'A50 and equivalence ratio
(¢) to differentiate low and high cyclic variability for HCCI combustion [61]. In order
to understand the cyclic variation in HCCI mode, a study by Shahbakhti et. al.
identified three distinct patterns of cyclic variations in combustion peak pressure,
IMEP and ignition timing [8§]. These patterns included normal cyclic variations,
periodic cyclic variations and misfired ignition variations. More cyclic variations
were observed in the second stage of heat release for different primary referenced fuel
(PRF) blends as compared to the first stage of heat release. The study also identified
that cyclic variations were highly dependent on the start of combustion timing [88].
Low COVpygp can be achieved in HCCI mode by using low exhaust gas recirculation
(EGR) rate, high equivalence ratio and high intake temperature [89]. Hellstrom et.
al. regulated CA50 using proportional integral (PI) and linear quadratic Gaussian
(LQG) controllers to reduce cyclic variability in HCCI engine operation [3§]. Bahri et.
al. developed artificial neural network model to detect the misfire cycles for ethanol
fueled HCCI operation [90]. In RCCI mode, COV\gp can be reduced by retarding the
injection timing, increasing the injection pressure and using boosted intake pressure
[91]. CA50 can be adjusted to ensure stable RCCI combustion by limiting COVjyep
for varying load and speed conditions [2I]. Data-driven classification models for
COVpugp have also been developed for HCCI and RCCI mode. Model predictive
controllers (MPC) were developed for HCCI and RCCI modes to limit COVyygp

below 3% while regulating CA50 and IMEP [92].
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2.4 Control Actuators

2.4.1 Variable Valve Actuation

Variable valve actuation (VVA) provides degrees of freedom for cam phasing on intake
cam shaft, exhaust cam shaft, cam profile switching or combinations of cam phasing
and cam profile switching. VVA can provide variable valve timing and variable valve
lift. This helps in achieving the LTC modes by controlling the effective compression

ratio and adjusting the amount of residual gas trapped inside the cylinder.

LTC operation is sensitive to charge conditions at intake valve closing (IVC). The
charge temperature can be controlled by varying the IVC and exhaust valve closing
(EVC) timings. Early or late IVC results in reduced effective compression ratio [2].
This can be understood by the fact that compression process begins when the pis-
ton starts moving from bottom dead center (BDC) to the top dead center (TDC).
Reduction in effective compression ratio as a result of retarding the IVC is intuitive.
However, the effective compression ratio in the case of early IVC during the expansion
stroke is complicated to comprehend. The in-cylinder charge pressure is essentially
equal to the intake pressure at the IVC. In case of early IVC, the cylinder charge un-

dergoes expansion as the piston moves towards the BDC. This reduces the in-cylinder
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Figure 2.4: Effect of intake valve closing timing on CA50 (aTDC) in HCCI
operating mode [2]

pressure below the intake pressure. When the piston starts moving towards the TDC,
the in-cylinder charge undergoes compression in which a portion of compression work
is utilized in bringing the pressure of the charge gases equal to the intake pressure
thus resulting in overall reduced effective compression. Figure [2.4] shows effect of

variations in the IVC timing on CA5O0.

Negative valve overlap (NVO) can be used to trap the required amount of residual
gas fraction in the cylinder by altering the EVC. With an early EVC and late intake

valve opening (IVO), the residual gases undergo recompression. In-cylinder pressure
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of HCCI operation with NVO causing an exhaust recompression can be seen in Fig.
2.5l Combustion phasing in HCCI mode can be controlled by varying the EVC to
achieve exhaust recompression [27]. The amount of trapped residual gas affects the
bulk gas temperature and dilution rate in the cylinder. Increasing NVO increases
the amount of trapped residual gas fraction which results in advanced combustion
timing. However, the amount of residual gases are reduced for high load engine oper-
ation to reduce the charge temperature to control the combustion timing. This results
in reduced dilution which leads to advanced combustion and very high pressure rise
rates. Another strategy used to retain the residual gases in the cylinder is exhaust re-
breathing which is achieved by re-opening the exhaust valve during the intake stroke.
This helps in the reinduction of hot exhaust gases in the cylinder. Low load in PPCI

operation can be achieved using NVO [93].

2.4.2 Fuel Injection System

Port fuel injectors and direct injectors are used in LTC engines to adjust fuel injections
and fuel-air equivalence ratio. Injection variables include fuel injection timing, fueling
amount, number of injections and injection pressure. Different fuel injection strategies
are used to realize LTC combustion modes. For homogeneous air-fuel mixture, fuel is
injected during the intake stroke for HCCI via PFI or DI. For dual fuel HCCI, usually

double PFI systems are used for fuel injection. Premixed ratio of two fuels provides
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Figure 2.5: A typical in-cylinder pressure trace of exhaust recompressed
HCCI operation due to NVO (Source: [3], p. 10)

a control knob over the combustion phasing. HCCI mode can use DI system with
split fuel injection strategy. Split fuel injection strategy includes main and pilot fuel
injections. Less amount of fuel is injected during the exhaust recompression stroke
of HCCI operation which provides a better control over CA50 [4]. The effect of pilot
injection timing with a constant main injection timing on CA50 can be seen in Fig.

2.6l

RCCI mode is realized by injecting two fuels of different reactivity levels. Low re-
activity fuel is injected via PFI during the intake stroke while high reactivity fuel is
injected via DI during the compression stroke. The injection timing of high reactivity
fuel provides a good control over combustion phasing. However, premixed ratio of

two fuels can also be adjusted to control CA50.

36



367

o
366 | o © o 8
o
365 o 4
o
. 364 | .
2 °
o
S 363t ]
ﬁ
o
O 362} 1
o
361 o .
o ° Main injection timing: 60 CAD
360 | o © Main injection quantity: 9mg 1
T Pilot injection quantity: 1mg
359 I I I I I I I I
-50  -40 -30 -20 -10 0 10 20 30

Figure 2.6: Effect of pilot injection during exhaust recompression on CA50

Pilot injection timing (CAD)

of an HCCI engine (Source: [4], p. 423)

Multiple fuel injection strategy with pilot injection during early compression stroke
results in lower cyclic variations, lower smoke, NOx and maximum heat re-lease rate
compared to single injection in GCI engine [94]. Kalghatgi et. al. stud-ied the effect of
single and double gasoline injections on heat release rate in the PPCI engine operation
using 25% EGR, 2 bar intake pressure and 40 °C intake temperature [94]. The results
for a single gasoline injection case and two cases with double fuel injections with
constant pilot and main injection timings were discussed. For double injection cases,
the pilot injection fueling rate was varied while keeping the main injection fueling
rate constant. Double injection was help-ful in attaining higher IMEP, lower NOx,

smoke, HC and maximum heat release rate, compared to single injection [94]. It was
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observed that increased pilot fueling rate in double injection led to increased smoke
[94]. Yang et. al. used pilot injection timing to control soot emissions while pilot
fueling rate was used to control MPRR for PPCI operation using 80% gasoline and
20% n-heptane [81]. In addition, high fuel injection pressure can also be helpful in

reducing soot emissions [63].

2.4.3 Fast Thermal Management (FTM)

Intake air heating is usually employed to realize the LTC modes. Intake air heating
affects the combustion in LTC mode but due to the slow response, it can not be used
to control the combustion phasing on cycle-to-cycle basis. Fast thermal management
(FTM) can heat the intake air quickly and can be used for control purposes. FTM
system consists of a heat exchanger to extract the heat from the hot exhaust gases.
The hot air and cold air are then mixed after the heat exchanger to attain the desired
temperature of the intake air. The amount of hot and cold air is controlled by the
throttle valves. Figure shows the schematic of fast thermal management system
used for closed-loop control of HCCI mode in reference [5]. In [5], CA50 was controlled
by changing the inlet air temperature using fast thermal management. For a step
change of CA50 from 1 to 9 CAD (aTDC), it took 8 engine cycles for CA50 to reach
the desired value using fast thermal man-agement. The inlet air temperature was

decreased from 190 °C to 136 °C to retard CA50 to 9 CAD (aTDC). Moreover, it
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Exhaust

Figure 2.7: Schematic of a fast thermal management system used for
closed-loop control of HCCI mode [5]

took 14 engine cycles for CA50 to reach the desired value using variable compression
ratio (VCR). FTM proved to be a faster control actuator in controlling CA50 by
changing inlet air temperature as com-pared to VCR [5]. LTC is sensitive to air-
fuel mixture temperature and cylinder wall tempera-tures. To this extent, adding
a capability of precise control of coolant and oil tem-peratures should enhance the
capability to control LTC combustion. However, the time scale will be in the order of
seconds; thus, coolant and oil temperature control cannot be used for cycle-by-cycle

combustion control, while they can be used for steady-state engine operation control.
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2.4.4 Exhaust Gas Recirculation (EGR)

NOx formation can be prevented by further reducing the combustion temperature in
LTc modes. This can be done by either running the engine under lean condition, pre-
mixed or with EGR. High levels of cool EGR can delay autoignition; thus, resulting in
retarded CA50. Late heat release occurs during expansion stroke with retarded CA50
decreases the overall combustion temperature; therefore, reduces the NOx formation
[64]. Further improvements can be achieved by optimizing injector design, swirl and

multiple fuel injection strategy [64].

2.4.5 Intake Air Pressure Boosting System

Intake air pressure is increased either by using a turbocharger or a supercharger.
In LTC modes, intake boosting is usually done to extend the load range [95]. The
load range of 5-16 bar was achieved for PPCI operation in a heavy duty engine by
using boosting, low pressure EGR and triple fuel injections per cycle [20]. Variable
geometry turbocharger (VGT) was used to maintain the intake manifold pressure
at a desired value for the required engine load [20]. Kalghatgi et. al. investigated
diesel and gasoline PPCI operation for low NOx and smoke emissions by using EGR

at 2 bar intake air pressure using turbocharger [94]. Shen et. al. investigated the
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effects of EGR and intake air boosting on PPCI operation using diesel, gasoline and
ethanol fuels [96]. It was observed that increasing EGR led to prolonged ignition
delay and reduced MPRR while increasing boost resulted in reduced ignition delay
and increased MPRR. Increasing EGR became insignificant at high boost levels. It
was suggested that reduced intake pressure or increased EGR could help in keeping
low NOx emissions [96]. However, this could result in high CO, unburned HC and

soot emissions [90].

2.5 LTC Control

Combustion control in LTC modes is very important. Both open-loop and closed-loop
control have been used for the LTC modes. Feedback or closed-loop control refers to
the control frameworks that adjust engine control variables based on real-time engine
feedback. LTC controllers are grouped into two categories: model-free controllers
(e.g., PI, PD, PID, etc.) and model-based controller (e.g., LQI, MPC, etc.). Model-
based controllers are more appropriate for LTC mode switching. This is because they
can incorporate understanding of the engine mode transition dynamics and actuator
dynamics through control-oriented models. First, a dynamic LTC mode is defined by
its mathematical model then control system is designed for the LTC mode. In order
to control the combustion event in the LTC engines, control platforms are usually

designed for tracking mode in which reference signals are provided and the system
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has to follow the desired trajectory.

Open-loop control provides the control action without any feedback knowledge of the
plant performance because the control framework has no information about the plant
outputs. To control the LTC modes, we need to track the desired combustion phasing
and load while it is necessary to keep MPRR and peak in-cylinder pressures below a
certain limit. This could be possible with a closed-loop control system in which the
information about the parameters of interest is acquired from the LTC engine and
fedback to the controller for appropriate action. This is critical for multi-mode LTC
engines since different modes have different in-cylinder mixture requirements that
affect the engine performance. This is particularly important during mode transitions
since the engine can easily become unstable (e.g., misfire) if not controlled properly.
Moreover, the nonlinear and complex behavior of some of the engine actuators makes
it necessary to design a closed-loop LTC control. The controller frameworks employed
in LTC mode studies can be divided into two categories namely, model-free and model-

based control systems. These systems are discussed in the following sections.

2.5.1 Model-Free Closed-Loop Control Systems

Model-free closed-loop control systems are based on feedback measurement signals

and present control laws that do not directly include a model of the system dynamics.

42



The most common of these controllers include proportional control, derivative control
and integral control actions. Derivative control can never be used alone while propor-
tional and integral control actions can used individually or combined together. The
common combined controllers include PD, PI or PID controllers. Better performance
can be achieved by combining two or three control actions together. Increasing gain
of the proportional controller often yields shorter settling time and smaller steady
state error while integral action ensures zero steady state error. Derivative action
corresponds to the rate of change of the error signal and provides a component pro-
portional to the derivative of error signal. However, derivative action stops once the
error becomes constant. Derivative action usually lead to a noisy operation because
of the amplification of the signal noise; therefore, a low-pass filter is usually used.
The other reason of using a low pass filter is to prevent saturation of the controller

by avoiding the integrator windup.

Earlier studies on the control of LTC modes include model-free control framework
implementation. These controllers are manually tuned and relatively simple to de-
sign. In [5], two PID controllers were designed to control CA50 and IMEP in HCCI
mode by using fast thermal management to heat the intake air and adjusting fuel
quantity, respectively. This study also showed the regulation of CA50 using variable
compression ratio. Similarly, Olsson et. al. implemented two PID controllers for
CA50 and IMEP control. Gain scheduled CA50 controller was designed as a function

of sensitivity of CA50 to the octane number [24]. CA50 was controlled by adjusting
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the premixed ratio of two fuels while total fuel quantity injected per cycle was used
to control IMEP [24]. The study showed the possible control of dual fuel operated
HCCI engine [24]. CA50 and IMEP are interdependent and therefore, one parameter
affects the other. This issue was highlighted in [24] while controlling CA50 and IMEP
simultaneously. The performance of IMEP controller was compromised by making it

slower than CAB50 controller to effectively control CA50.

PID controllers are often single-input single-output (SISO) control systems. PID
controllers often use a simple transfer function in which gains are tuned manually
to achieve the desired performance. Given no model of system dynamics, PID con-
trollers controllers are not robust. In addition, these controllers require substantial
calibration efforts for disturbance rejection and cannot provide optimal control ac-
tion. On the contrary, model based controllers can offer better performance by taking

the interdependence of the engine parameters into account.

2.5.2 Model-Based Closed-Loop Control Systems

Model based controllers use the mathematical model of the LTC mode under consid-
eration. The system dynamics, actuators dynamics and engine outputs can be well
explained by the mathematical models that can be integrated into controller design.

Model-based controllers can handle multi-input multi-output (MIMO) systems. In
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reality, mathematical models cannot exactly imitate the real systems. Therefore, ro-
bust controllers are designed to handle the inaccuracies or uncertainties in the engine
models with minimal performance degradation. Linear quadratic regulator (LQR),
linear quadratic Gaussian (LQG), linear quadratic integral (LQI), Hy optimal con-
trol, sliding mode control, adaptive control and model predictive controllers are the
commonly used linear optimal control techniques in LTC modes. Controllers, such as
model predictive controller, sliding mode control, etc., can also be used for nonlinear
control actions. Non-linear model-based controllers have also been developed for LTC

modes as will be explained in subsequent sections.

2.5.2.1 HCCI Control

HCCI mode does not offer direct control over the combustion process. Combustion
in HCCI undergoes auto-ignition at multiple points which result in very short burn
duration and excessive MPRR. Therefore, it is important to control the combustion
process in HCCI mode. In HCCI mode, the charge composition at the IVC is a dom-
inant factor that affects the combustion timing in HCCI mode [97]. The commonly
used actuators for the control of combustion timing in HCCI mode include variable
valve actuation, variable compression ratio, inlet air heating, fuel injection strategies
and premixed ratio of dual fuel. The widely used actuator for HCCI mode realiza-

tion is the use of VVA. Residual gas fraction trapped in the cylinder and effective
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compression ratio are varied using VVA to adjust the combustion phasing effectively.
Increased negative valve overlap (NVO) traps hot residual gases from the previous
cycle which results in advanced combustion phasing. Varying the intake valve closing
can change the combustion phasing because of the variation in the effective compres-
sion ratio. Shaver et. al. designed an Hy optimal controller based on a two-input and
two output state space model to control CA50 and peak pressure by varying [IVC and
EVC to attain the desired residual gas fraction and effective compression ratio [71].
Strandh et. al. compared the performance of model based controllers i.e., LQG and
MPC with PID controller for CA50 control using VVA. The three controllers show
good performance with MPC being the best one for CA50 control by adjusting IVC.
The study suggested that HCCI control was limited using IVC alone as the control
actuator; therefore, inlet air conditioning is required [2]. A sensitivity analysis carried
out on HCCI identified that start of combustion is more sensitive to the variations in
the mixture temperature as compared to the variation in EGR [98]. In [4], EVC tim-
ing together with pilot fuel injection timing during the exhaust recompression were
used to control CA50. Bidarvatan et. al. developed discrete sliding mode controller
based on the physics based control oriented model of HCCI engine [31]. This study
[31] controlled exhaust gas temperature along with CA50 and IMEP. An HCCI com-
bustion event can result in very low exhaust gas temperature which can affect the
performance of 3-way catalytic converter. Octane number (ON), mass of fuel injected

and intake manifold pressure were adjusted to control CA50, IMEP and exhaust gas
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Figure 2.8: Control of HCCI mode using PID and discrete sliding mode
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6], p. 173)

state error.
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temperature as shown in Fig. [2.8] The controller showed good tracking performance

while tracking the plant outputs with settling time of 1 engine cycle and zero steady

Model predictive control (MPC) framework is a control technique which optimizes

the control action over a finite time horizon in future. MPC can handle constraints



on states, inputs and outputs. Constraints on MPRR, peak in-cylinder pressure,
emissions, and physical limits of engine actuators make MPC a favorable framework
to optimally control the LTC modes. The only drawback of MPC is its relatively
long computational time. HCCI operation in a heavy duty 6-cylinder Volvo diesel
engine using dual fuels (i.e., ethanol and n-heptane) was controlled by an MPC [26].
A MIMO MPC framework using system identification model was used to control com-
bustion phasing, IMEP and maximum pressure rise rate using IVC timing, amount
of fuel injected, intake air temperature and engine speed as inputs [26]. Combus-
tion phasing and load were simultaneously controlled together with the constraint
on cylinder pressure on cycle-to-cycle basis in an HCCI engine [26]. The effects of
separate constraints on inputs and plant outputs have been studied for an HCCI en-
gine actuated with VVA. A MIMO MPC framework was used to control combustion
phasing and IMEP [30]. This study [30] suggested that the constraints on the outputs
were sufficient to avoid ringing and misfire. Nonlinear MPC was developed for dual
fuel HCCI operation to control CA50 and IMEP while constraining COVyygp below
3%. The nonlinear model for COVyygp of HCCI mode was based on a data-driven
classification technique. The controller was capable of regulating CA50 to ensure

stable HCCI operation by maintaining COVyygp below 3% [92].
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Figure 2.9: Experimental results for control of PPCI mode in Scania D13
heavy-duty multi-cylinder engine using MPC with constraints on soot, NOx
and maximum pressure rise rate. Subplots on the left side show the MPC
outputs and state observer outputs. Subplots on right show the correspond-
ing control actions (Source: [7], p. 9)

2.5.3 PPCI Control

Unlike HCCI, partially premixed charge compression ignition engine provides a direct
control over CA50 by adjusting the injection timing of the fuel. Engine load is con-

trolled by the total amount of fuel injected in the cycle. Model predictive controller
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has widely been used in closed-loop control of PPCI operation owing to the fact that
MPC provides optimal control with constraints handling. Based on the experimen-
tal studies, control oriented models for PPCI are developed for model based control
[7,220]. One such study is conducted by Yang et. al. in which a double Wiebe function
is used to model the combustion event [7]. For dual fuel PPCI operation, the devel-
oped MPC not only controlled CA50 and IMEP but also constrained NOx, soot and
MPRR below 400 ppm, 0.15 mg/m? and 8 bar/CAD, respectively. Duration of main
fuel injection was used to control IMEP. To counter the effect of increased main injec-
tion duration, the timing of main fuel injection manipulated the combustion phasing
as shown in Fig. The control action to limit NOx emissions can be explained
by the fact that when pilot injection advances, it prolongs the mixing period which
results in a leaner low stratified mixture. This leads to a more premixed combustion
thus limiting the NOx formation. Furthermore, increased amount of pilot injection
also results in reduced NOx emission as observed in [94]. However, heat release rate
increases due to advanced pilot injection timing and increased pilot fuelling rate [7].
From the combined effect of the control actions, soot was significantly reduced while

limiting NOx and MPRR [7].

Closed-loop control of PPCI in a heavy duty engine delivered 5 bar to 16 bar engine
load by utilizing intake air boosting, low pressure EGR and triple fuel injections
per cycle [20]. The desired CA50, intake pressure and EGR flow were determined

from the engine load and speed performance. MPC was developed for controlling
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CA50, intake pressure and EGR flow using main injection timing, variable geometry
turbocharger valve and EGR flow valve [20]. However, engine load was controlled
by using feedforward and PI controllers using fuel injection duration as manipulated

variable [20].

2.5.4 RCCI Control

Reactivity control compression ignition mode usually employs port fuel injection sys-
tem for low reactivity fuel while high reactivity fuel is injected via a DI system. The
premixed ratio of two fuels, also known as blend ratio can be used to control combus-
tion phasing. In addition, injection timing of high reactivity fuel can also effectively
control combustion phasing. Gasoline and diesel [23], iso-octane and n-heptane [99],
gasoline and ethanol [I00], natural gas (NG) and diesel [22] are some of the dual fuels
used to achieve RCCI. Either physics-based or data driven control oriented models are
used for MIMO control of RCCI engines. In [22], a robust MIMO feedback controller
was developed to control NG-diesel RCCI operation using diesel injection timing and
total amount of fuel as manipulated variables to control ignition delay and engine
load, respectively. NOx and HC emissions depend on ignition delay and blend ratio.
Too long ignition delay and high blend ratio resulted in low combustion efficiency
and even misfire. Thus, blend ratio along with ignition delay were controlled to avoid

misfire and reduced NOx formation. The controller was based on the multi-zone
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Figure 2.10: Sensitivity map of CA50 w.r.t premixed ratio of iso-octane
and n-heptane and SOI of n-heptane for control of an RCCI engine (Source:

[8], p. 140)

combustion model [22].

Raut et. al. developed a physics-based control oriented model to control RCCI mode
[8]. RCCI operation was realized with iso-octane and n-heptane fuels. Two control
knobs were identified for combustion phasing control based on the sensitivity map
shown in Fig. [2.10[ Either premixed ratio (PR) of the fuels or start of injection
(SOI) of n-heptane was selected as a control knob for combustion phasing based on
the sensitivity map. At constant engine speed, intake manifold temperature and
pressure, PR and SOI sweeps were conducted to determine the sensitivity of CA50

corresponding to each control knob, see [2.10] Figure [2.11] shows the schematic for a
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designed MPC controller for RCCI engine based on the sensitivity of CA50 w.r.t PR
and SOI. Gain scheduled MIMO MPC controllers were developed to control CA50 by
adjusting either PR or SOI timing based on the sensitivity and IMEP by adjusting
amount of total fuel injected. Data-driven RCCI model was developed by Irdmousa
et. al. using support vector machine (SVM) to obtain linear parameter varying
(LPV) models as a function of fuel quantity. MPC was then developed based on
the LPV models to control CA50 in RCCI engine operation [41]. MPRR in RCCI
operation can be constrained using MPC as shown in [I01] by constraining MPRR <
6 bar/CAD. Based on SVM, an RCCI model was developed using premixed ratio as

a scheduling parameter to obtain LPV models [101].

For high thermal efficiency and low NOx and soot emissions, Gaussian process re-
gression was used for optimization of RCCI [43]. Feedforward controller based on
data-driven model used nested particle swarm optimization to maximize gross IMEP
for fixed amount of fuel injection while satisfying constraints on MPRR, NOx, PM,
CO and HC [43]. It is important to prevent the cyclic variability in RCCI mode
below 3% for stable engine operation. In [92], SVM classification technique was used
to develop COViygp model for RCCI mode. Based on the model, a nonlinear MPC
was developed for RCCI operation. SOI, PR and fuel quantity were used to simulta-

neously control CA50 and IMEP while constraining COVyygp below 3%.
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2.6 Mode Switching Control

To take the full advantage of LTC modes, multi-mode combustion engine is a viable
solution to increase engine speed and load for broad engine applications. This will
require developing robust mode switching control strategies. The most common multi-
mode engine concept is based on SI and HCCI mode switching. Other multi-mode
engines include HCCI-PPCI-CDC, CDC-RCCI, and conventional dual fuel combus-
tion to RCCI mode, as shown in Fig. In a multi-mode engine, conventional SI or
CI mode is often necessary for engine startup and high load requirements. However,
multi-mode engine challenges depend on the modes and type of actuators being used.

The common multi-mode engine challenges are summarized in Fig. [2.12
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Figure 2.12: Common multi-mode engine actuators, challenges and asso-
ciated factors

Ultra-low emissions of LTC modes makes a multi-mode engine desirable. Properly
controlled mode switching operation can result in minimum load fluctuations and
reduced emissions in LTC modes, as observed in [5I]. CO, unburned HC, NOx and
soot spikes can occur during mode switching operation. These undesirable emissions
can be avoided by a controlled mode switching operation. Increase in dilution helps in
avoiding NOx while insufficient in-cylinder oxygen concentration often leads to soot
emissions. Therefore, it usually results in a trade-off between NOx and soot emissions.
However, soot formation can be prevented by increasing injection pressure, injection
rate and boost pressure. While NOx emissions can be avoided by using split fuel
injections and controlling injection timing together with the amount of dilution. The

common mode switching emission challenges and possible countermeasures are listed
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in Fig. [2.13]
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2.6.1 SI-HCCI-SI Mode Switching

In a SI-LTC engine, SI mode is necessary for engine startup. After the engine warm-
up, SI mode is switched to HCCI mode for an efficient low load engine operation with
low engine-out emissions. Mode switching from HCCI to SI is required to achieve
high engine load and speed. HCCI operation at high engine speed is likely to un-
dergo misfire or partial burn due to decrease in the available time required for the
combustion onset [46]. Furthermore, HCCI operation at high load causes very high
combustion rates which leads to excessive pressure rise rates due to the lack of dilu-
tion [47]. Moreover, because of low pumping loses and use of three way catalyst for
the exhaust aftertreatment, the performance of SI mode is comparable to HCCI mode
at high load [47]. Thus, researchers suggested the viable concept of SI-HCCI-SI dual
mode engine for a full speed-load engine operation. Several rule-based and model-
based studies using open-loop and closed-loop control have been conducted on mode
switching to develop a multi-mode engine. The challenges in mode switching opera-
tion of SI-HCCI multi-mode engine and suggested solutions are shown in Fig. [2.14]
To extend the operating range and to avoid frequent mode transition and misfired
cycles, assisted spark stratified compression ignition (ASSCI) mode can be effective
for successful mode transition between SI and HCCI modes. In ASSCI mode, fuel
is directly injected before spark initiation to form a locally rich charge near spark

plug. This leads to a two-stage combustion resulting from flame propagation and

o7



| SIHCCI-SI Multi-Mode Engine | | SFHCCI-ASSCI-SI Multi-Mode Engine |

| startup | | Lowload | [Mid-full load| Low-mid load | | Mid-full load |

SI-HCCI Challenges: HCCI-SI Challenges: HCCI-ASSCI Benéefits: ASSCI-S| Benefits:

e Advanced combustion o Misfire in 1st cycle e Operating range e Smooth and stable
due to high Texn from SI e Unstable combustion extension to mid load mode transition
cycle » Mode switch control o Avoiding frequent e Avoiding frequent

o Misfire after 1st cycle of switching to SI mode switching to S| mode
transition-due to low Common Challenges: e No misfire e No misfire
Texn from HCCI cycle e Frequent mode o No throttle dynamics | |® VT

e Excessive MPRR switching e Achieved by reducing | |e Fuel injection

o Mode switch control « Different response NVO strategy

time of actuators e Fuel injection
e Actuator dynamics strategy
e Load fluctuations

Figure 2.14: Challenges associated with SI-HCCI-SI mode transition and
benefits of introducing ASSCI mode in HCCI-SI mode switching

compression ignition [14].

2.6.1.1 Rule-Based Mode Switching

The actuators used to realize SI-HCCI-SI mode switching may include throttle, vari-
able valve timing, cam profile switch (CPS) system and phaser, DI and PFI injectors,
spark plug, external EGR and variable compression ratio. The mode switching strate-
gies can be grouped as a single step or two steps based on the actuator dynamics.

A single step mode switching strategy is the one in which all the actuators are set
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to the required set points simultaneously and mode switching is achieved in a single
engine cycle. While two step strategy is the one in which mode transition takes place
in two steps by activating the actuators based on their response time. In [I1], based
on the actuator dynamics, cam profile switching and throttle position were changed

in two steps for successful SI-HCCI-SI mode transitions.

HCCI operation can be realized with variable compression ratio (VCR) engine actu-
ated either by varying VVT or tilting the cylinder head [47]. In [47], an in-cylinder
pressure sensor was used to provide combustion phasing feedback sampled with a fast
data acquisition processor board. HCCI to SI mode transition in a multi-cylinder
engine with VCR by tilting the monohead was not successful in the study done by
Hyvonen et. al. [47]. The possible reason can be the fact that HCCI operates at high
compression ratio with air as dilution while SI requires substantially low compression
ratio and stoichiometric air-fuel ratio which was not possible to achieve from one

engine cycle to the next cycle due to the hardware limitations used in [47].

The main challenge in mode switching is the precise setting of the control parameters.
Poor choice of control parameters can cause high cyclic variability, high MPRR or
even failed mode transition [70]. Multi-mode engine realized with VVT can often
result in successful mode switching using single step strategy. SI-HCCI-SI mode
transition carried out on a Volvo 5-cylinder engine was successful with electronic valve

timing control without throttling. For SI to HCCI mode switching, valve timings were
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changed to achieve NVO to retain hot residual gases from the SI cycle. HCCI is more
sensitive to the temperature and pressure at IVC. SI-HCCI was easily realized with
NVO resulting in an early combustion timing. Too advanced combustion in first few
cycles of SI-HCCI mode transition resulted in reduced load, causing load fluctuations
[70]. When HCCI mode was stabilized after a few cycles, the resulting NMEP was
higher than that of the SI mode because of higher thermal efficiency [70]. Combustion
stability was affected by the variation in NVO during SI-HCCI mode switching. IVC
did not significantly affect CA50 but an early IVC had a positive impact on the fuel
consumption in a Volvo 5-cylinder engine [70]. HCCI operation with early intake
valve closure resulted in 12% reduced fuel consumption as compared to SI operation
at the same load. From HCCI to SI mode transition, valve timings were changed
from NVO to normal valve overlap. HCCI to SI mode transition has proved to be

more robust.

VVT is an effective control actuator to realize HCCI operation and mode switching.
However, there still exists probability of misfire during mode switching. It is hard
to stabilize the combustion event after a misfire because the unburnt fuel from the
previous cycle accumulates and results in advanced combustion and high pressure
rise rates in the subsequent cycle. Furthermore, the first cycle of SI to HCCI mode
switching results in successful combustion followed by a cycle with misfire [9]52]. This
is essentially due to cyclic coupling of the hot residuals gases from SI cycle that helps

in initiating auto-ignition in the first HCCI cycle. While the residuals trapped from
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the first transition cycle should be sufficient enough to sustain the HCCI combustion
in the subsequent cycles [9]. A stable combustion cycle followed by a misfiring event
was observed in [9] during single step SI-HCCI mode switching. Therefore, two-step
strategy was developed for a successful and stable mode switching operation. In [9],
intake and exhaust valve timings were adjusted to switch from SI to HCCI mode while
running both modes under wide open throttle condition to avoid manifold dynamics
associated with the throttle control. Kistler 6125 pressure transducer was used for
combustion feedback. Spark assistance at TDC was provided during the transition.
To avoid misfiring, IVC timing was changed to an intermediate value in the first
HCCT cycle followed by the desired IVC timing while EVC timing was changed in
one step which resulted in robust transition from SI to HCCI mode. For HCCI to SI,
EVC and IVC valve timings were retarded to trap required mass of fresh air. Figure
2.15 shows successful SI-HCCI mode transitions running un-throttled in dual modes

using VVT.

For a successful mode switching event, it is very important to understand the effect of
different actuators on the coupling of SI and HCCI modes. In addition, SI-HCCI-SI
transition dynamics strongly vary depending on the direction of switch and operating
conditions. It is important to identify the actuator response times and the coupling
dynamics of different actuators. Throttle response has major effect on the mode
switching performance even more than valve profile switching [50} [72]. For instance,

a slow or fast throttle response can lead to a misfire [72]. HCCI to SI mode transition
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Figure 2.15: SI-HCCI mode transitions at 1500 rpm and 5 bar NMEP in
single cylinder engine with electromagnetic VVT system [J)

is considered to be relatively easy because of no cyclic coupling through the resid-
ual gas [49, 52]. However, it is not always true because different actuators exhibit
different dynamics during mode switching and their response times vary. In [50],
SI-HCCI mode transition was successfully accomplished in one engine cycle using
throttle control, VV'T, cam profile switching and phasing at three different operating
conditions. However, mode switch from HCCI to SI was unsuccessful in three different
cases with different control strategies [50]. The main reason was slow moving throttle
valve which took 5-6 engine cycles to move from WOT to 45% position. Failed mode
transition in [72] corroborates the dependence on the direction of mode switching,

actuator dynamics and response times of actuators.
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In [72], the actuators’ dynamics were investigated during SI-HCCI-SI mode switching.
It was observed that the intake manifold pressure response changed at a faster rate as
compared to the rate of internally trapped residual gases in SI-HCCI transition. The
different response timings of throttle and VVT lead to misfire during mode switching.
However, the dynamics were opposite for the HCCI-SI mode switch. Therefore, a two-
step mode switching strategy was utilized with an intermediate operating point. In
the first step, NVO and throtle opening were slightly increased. NVO was further
increased for a stable HCCI operation along with wide open throttle (WOT) in the
second step. An accurate NVO period and throttle position are essentially the key
factors in mode transition. It was emphasized that a successful combustion event
at an intermediate condition can only be possible by retaining precise amount of
residuals and fresh air. The intermediate operating point was susceptible to abnormal

combustion event because of the following two reasons:

e High internal residuals reduces combustion speed in SI combustion event that
leads to prolonged combustion and reduced IMEP. If the internal residual gases

are high enough compared with the stable SI operation then it can cause misfire.

e Low internal residual gases can not promote auto-ignition.

Optimal spark timing and use of secondary injection can be helpful during mode
transition. Advanced spark timing can suppress the effect of hot residual gases on the

combustion in SI mode[72]. A second injection during transition creates stratification
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[72]. In [72], an overlapped timings of second injection and the spark resulted in a
combustion event with combined effect of lame propagation and auto-ignition. This

strategy resulted in a successful SI-HCCI mode switching.

A two-step strategy for HCCI-SI mode switching resulted in stable transition by tak-
ing the actuator dynamics into account. Firstly, throttle opening was reduced and
stoichiometric air-fuel ratio was maintained. Secondly, NVO was reduced along with
further reduction in throttle opening. Additionally, second fuel injection with ad-
vanced spark timing was employed which helped in achieving a successful combustion
event with auto-ignition and flame propagation [72]. Combustion event occurring
during a mode transition is a hybrid of typical ST and HCCI operations [72]. Similar
observation was made in [I0] where the mode switching operation utilized variable
valve timing and lift without throttling. The mass fraction burn (MFB) profile of
the transitioning cycle showed two different slopes as shown in Fig. 2.16l A portion
of the MFB curve with smaller slope corresponds to the typical SI event with slow
heat release rate and the second portion of the MFB curve with larger slope can be
associated with the faster heat release rate which is characteristic of an HCCI event
from SI-HCCI mode switch [I0]. This study used two ECUs, an EFI ECU to control
fuel injection, ignition and air-fuel ratio while the other ECU to control intake and

exhaust valve timing and lifts [10].
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Figure 2.16: Mass fraction of burn (MFB) fuel during SI-HCCI mode
transition [10]
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Cam profile switching and phasing has also been used as a control actuator for multi-
mode engines realization using VV'T and throttle control. Low lift profile with NVO
is used for HCCI operation while SI mode is realised with positive valve overlap and
high valve lift. However, the dynamics of actuators in this case must be taken into
account to ensure stable mode switching. A study on SI-HCCI mode switching was
conducted on gasoline direct injection engine equipped with throttle position, variable
valve timing and lift profiles [I1]. For SI to HCCI mode transition, cam profile was
switched, following by the opening of throttle to wide open position. For HCCI to SI

switch; however, throttle position was closed first followed by the cam profile switching



2-step strategy for HCCI-SI mode switching
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Figure 2.17: Two-step strategy for SI-HCCI mode transition [I1]
in the subsequent cycle as shown in Fig. [2.17] Spark assistance was provided through
out the mode switching process [I1]. In addition to the two-step strategy used for a
stable mode switching operation, another strategy has also been suggested. In this
strategy, two fuel injections were used for normal SI operation. Main injection took
place at 100 © CAD aTDC and pilot injection at 250° CAD aTDC in compression
stroke to provide rich zone near spark plug. SI to HCCI switch failed because of
delayed response of cam switching while fuel injection strategy was already switched
to HCCI. The cam profile switch delay was prevented by switching the cam earlier
in the last SI cycle to trap enough hot residuals for the first HCCI cycle followed by
the change in fuel injection strategy. From SI to HCCI mode transition, low valve lift
and short valve timings wth NVO could retain less amount of fresh air which resulted
in more THC emissions while NOx was reduced dramatically as shown in Fig. [2.18|
However, the resulting HCCI cycles showed stable engine operation without knocking.

Combustion phasing is usually advanced in HCCI mode because of the hot trapped
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residual gases from the previous SI cycle which leads to high peak cylinder pressure
and MPRR [11]. For HCCI to SI mode transition, the last four HCCI cycles before
the switch were operated under NVO with the SI split fuel injection strategy. This
helped in handling the high-lift cam switching. In this way a smooth and stable
HCCI to SI mode switch was achieved. Though, there was a slight increase in THC

emissions for the engine cycle number 82 and beyond as seen in Fig. [2.18]
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Figure 2.18: SI-HCCI mode transition in a 2-cylinder gasoline direct in-
jection engine [11]

67



Combustion in HCCI is rapid with high rate of heat release because of multiple au-
toignition points thus leading to high maximum pressure rise rate [102]. From SI
to HCCI mode transition, temperature of trapped exhaust gases and cylinder walls
are high which results in advanced combustion timing of HCCI producing very high
MPRR. External EGR can be used to reduce the audible knocking during transition
[102]. Secondary fuel injection during the compression stroke of SI-HCCI mode tran-
sition effectively reduce the rate of heat release and combustion noise without any

additional dilution [103]

2.6.1.2 Model-Based Mode Switching

Multi-mode engine performance for high thermal efficiency and low emissions is con-
tingent on mode switching event. A successful mode switching operation takes a few
cycles to stabilize and provide a steady state load output [70]. In rule-based mode
switching approach, actuators’ sequence are determined either through trial and error
basis or using look-up tables. In case of misfired cycles during mode switching, engine
power-output fluctuates leading to high cyclic variability and it takes more time to
stabilize the steady state mode operation with increased engine-out emissions; thus,
losing the thermal efficiency and low emission targets. On the contrary, a model-based
mode switching approach takes the cyclic coupling dynamics of the combustion modes

and actuator dynamics into account. This not only reduces the calibration efforts
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but also provides a robust control over the mode switching process. The common
modelling approaches used for model-based mode switching include semi-empirical
models, physics-based models and finite state machine models. Furthermore, mode
switching is a tricky task which can result in unacceptable engine operation with
slight change in the operating conditions. Therefore, either feedforward control or
closed-loop transition control must be adopted. One such example of semi-empirical
model-based mode transition was implemented for SI-HCCI-SI switching. In [51],
multi-cylinder gasoline engine was operated in SI and HCCI modes by modifying the
intake cam phaser to provide high and low lift profiles and AVL electro-hydraulic valve
actuation (EHVA) system was added at exhaust valve of each cylinder. EHVA system
ensures fully flexible valve timing, and being able to vary valve opening, duration and
valve lift. Closed-loop combustion control was implemented for both SI and HCCI
modes while model-based open-loop SI-HCCI-SI mode transitions were carried out.
At low load, SI mode was switched to HCCI and back to SI mode using transition
algorithm. This algorithm stored the valve closing timing for the first HCCI cycle
after transitioning from SI mode and for steady state HCCI operation. Mode tran-
sition function was developed based on the stored valve timings and shape function.
Model based corrections were made with the help of semi-empirical function based
on load-temperature history of mode transition at different operating conditions [51].
For instance, if mode was switched from SI to HCCI at high load, the exhaust gases

would be at higher temperature as compared to the mode switching at idle conditions
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[51]. Closed-loop combustion control was activated after a few cycles of mode transi-
tion. Mode switching from SI to HCCI resulted in significantly reduced NOx because
of lower exhaust gas temperature in HCCI mode [51]. Furthermore, MPRR less than
8 bar/CAD was observed during mode switching from SI to HCCI with the transition
algorithm. Experimental results showed 36% reduction in NOx when compared with

the conventional gasoline engine operation [51].

Physics-based SI-HCCI mode switching model for a light duty engine was developed
for an efficient transition [52]. Actuators used to accomplish mode transition were
variable valve timing and duration. Residual affected HCCI operation is very sensitive
to the residual gas temperature. Hot residual gases from SI cycle are less dense
which reduce the total mass being inducted [52]. Moreover, advanced auto-ignition
occurs in the HCCI cycle which can be explained by the fact that heat transfer losses
increase with early ignition thus, decreasing not only the available work but also
less initial chemical energy which leads to unstable HCCI combustion following the
transition [52]. Therefore, control of residual gases to be trapped during transition
becomes imperative from SI to HCCI switch [52]. With proper valve timing control,
mode switching can be made efficient and effective. The model developed in [52]
incorporated the intake and exhaust manifold dynamics, combustion kinetics and
heat transfer for SI and HCCI modes and the switching dynamics. This model was
also capable of capturing the exhaust gas temperature dynamics of SI to HCCI mode

switching. The model demonstrated successful mode switching while maintaining
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constant combustion phasing and work output. This model provided a pathway
for closed-loop mode switching controller for constant combustion phasing and work

output [52].

Finite state machine can be used for modelling the SI-HCCI-SI mode switching. It
can also be used to develop a discrete-time switching model based on the continuous-
time system dynamics. One such study was carried out by Karagiorgis et. al. [12].
Complete engine cycle was modelled into five mutually exclusive discrete-time sub-
systems. Each subsystem was modelled as continuous-time differential equation from
intake air-flow dynamics to the exhaust. Look-up tables were provided to deter-
mine temperature and concentration dependent thermodynamic properties. State
and charge gas concentrations computed by each subsystem were stored to set the
initial values for the next cycle. Two strategies for SI-HCCI switching were employed
in this study. First strategy used cam profile switching followed by changing throttle
position to WOT and valve timing. Fuel injection strategy in HCCI mode used pilot
injection during NVO and main injection during intake stroke. In this strategy, the
last SI cycle ran in lean condition which led to partial burn while the subsequent
HCCI cycle showed advanced auto-ignition with rapid combustion. The second strat-
egy was carried out at fixed valve timing and spark timing during mode transition.
However, binary valve lift was switched to low lift for HCCI with phased throttle
opening. Fuel amount, injection timing and fuel split ratio were adjusted. The de-

veloped model for mode switching was able to capture transition dynamics as shown
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in Fig. 2.19
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Figure 2.19: Comparison of experimental SI-HCCI mode transition with
the model predictions at 1500 RPM and 2.62 bar IMEP for a 2.0L, 4-cylinder
GDI Ford engine [12]

Model-based SI-HCCI-SI mode transition for an engine equipped with cam profile
switching and phasing system was developed in [I3]. Steady state experimental data
was used to parameterize the model for a wide range of conditions to include the op-
erating points pertinent to cam switching used for mode transition. First, open-loop
mode switching was carried out to study the dynamics during the transition. For
SI-HCCI mode switching, throttle was switched to WOT before cam switching while
maintaining constant load and AFR. Low lift was achieved by switching the intake
and exhaust cams simultaneously during the final SI cycle. Spark timing was fixed
at 20 CAD aTDC. EVC timing and start of injection timings were retarded for the
first HCCI cycle to retard CA50. However, first HCCI cycle still resulted in advanced
combustion timing and high MPRR because of high temperature of residuals from

the SI event [13]. Second cycle of HCCI was retarded because of the low exhaust gas
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temperature from the previous cycle. The third cycle of HCCI showed significantly
enlarged peak pressure after TDC during recompression indicating recompression
heat release rate (RCHR) of unburnt fuel from the main combustion event of the
previous HCCI cycle [I3]. Combustion timing was advanced in the third HCCI cycle
due to RCHR and early fuel injection; thus, stabilizing HCCI combustion. Based on
transient data of mode switching, model was augmented with additional parameter
to counter the transient effects. Comparing the model performance with the experi-
mental data during transition, a correction factor was introduced for the residual gas
temperature. This correction factor was tuned to match the CA50 of only first HCCI
cycle after transitioning from SI mode as shown in Fig. This correction factor
was computed by back-calculation from the data using Newton-Raphson inversion by
matching CA50. This can be computationally expensive for real-time application but
this needs to be computed only once for a new mode switch [I3]. Moreover, recur-
sive least squares and simplified projected gradient algorithms along with stochastic
counterpart can be used to tune the correction parameter for real-time applications
[13]. Significant improvements in developed model were observed for the conditions

where steady state data was not available [13].
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Figure 2.20: Comparison of experimental open-loop SI-HCCI mode tran-
sition with the model prediction on cycle-to-cycle basis for a 2.0L, 4-cylinder
engine. SI-1 represents the final SI cycle while HCCI 0 represents the first
HCCI cycle [13]
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2.6.2 HCCI-ASSCI-SI Mode Switching

Due to HCCI limited speed-load operation and to avoid frequent mode switching by
switching cam profile, VV'T and throttle control, a new mode was introduced to bridge
the gap between low load HCCT and high load ST operation [I4]. This mode is named
as assisted spark stratified compression ignition (ASSCI) in which fuel is directly
injected before spark initiation to form a locally rich charge near spark plug. Multi-
point autoignition is followed by the flame propagation which leads to two staged
combustion [I4]. ASSCI offers low pressure rise rate because of two-stage combustion
resulting from flame propagation and compression ignition [I4]. HCCI operation was
achieved with NVO and WOT conditions. When the requested load exceeded the
HCCI mode limit, NVO was reduced to achieve ASSCI without switching back to
SI mode as shown in Fig. [2.21] Furthermore, hysteresis was introduced for a region
to avoid frequent mode switching between ASSCI and SI which involved cam profile
switch. In [14], split fuel injection in HCCI mode was used with one injection during
recompression leading to fuel reforming and the second injection during intake for
homogeneous air-fuel mixture. For ASSCI, one injection during intake stroke and
the second injection during compression stroke for stratification were used. SI mode
was realized with single injection during intake stroke. An open-loop transition was
carried out from HCCI-ASSCI-SI modes. Spark assistance was provided at fixed

timing (24 CAD bTDC) during mode switching,.
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Figure 2.21: SI-HCCI-ASSCI-SI multi-mode engine and the corresponding
combustion characteristics [14]

ASSCI was achieved at stoichiometric conditions with reduced amount of internal
EGR. First step involved closing the throttle from WOT to the ASSCI position. In
second step, fuel strategy was changed from HCCI to ASSCI mode requirement and
NVO was reduced to reduce the amount of internal EGR. The first cycle resulted in
reduced IMEP because of the retarded combustion timing which can be explained by

the delayed response of the NVO [14].

For ASSCI to SI mode switch, fuel injection rate was increased first while spark timing
was fixed at 24 CAD bTDC. Fuel injection strategy from ASSCI (50% fuel injection
during intake stroke and 50% during compression stroke) was shifted to ST with split
injections (60% fuel injection during intake stroke and 40% in compression stroke).

Smooth and stable mode switching was completed in 2-3 engine cycles without misfire.

ASSCI mode extended the operation range of the engine under NVO from 3.5 bar to
6.5 bar IMEP. But this study did not account for the benefits of fuel consumption by

comparing SI to ASSCI operation. Furthermore, there is no information about NOx
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emissions during ASSCI mode operation. However, this strategy confirms smooth

and stable mode switching without any misfire or unstable combustion [14].

2.6.3 HCCI-PPCI Mode Switching

Partially premixed charge compression ignition is proved to be a promising LTC com-
bustion mode for mid to full load operation with low NOx and soot emissions [20].
Research group at Lund University explored the mode transition between HCCI and
PPCI modes in a heavy duty engine. In [15], HCCI to PPCI mode transition was
achieved by varying start of injection of fuel from intake stroke to near TDC. Fur-
thermore, external EGR and inlet air heating were also used to keep the combustion
phasing constant [I5]. Unlike SI-HCCI mode switching, HCCI-PPCI mode switch-
ing did not include cam profile switching and throttle control challenges that were

reported in [15].

Li et. al. studied the effect of SOI, intake air heating and EGR on mode switching
and identified the important control knobs for each mode and the transitioning pe-
riod. Intake air temperature and SOI sweeps were conducted with and without EGR
for a constant CA50 [15]. Effects of SOI and intake air temperature on the combus-
tion events with EGR can be divided into five zones to explain the sensitivities to

CADb0, as can be seen in Fig. [2.22l A ‘spoon’ shaped trend was observed for intake air
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temperature as a function of SOI for maintaining a constant CA50 with 55% EGR
[15]. The injection timings during the intake stroke and early compression stroke
created a homogeneous air-fuel mixture resulting in HCCI combustion. The required
intake air temperature increased in zone 1, possibly due to the fuel spray vaporization
cooling effect on the inducted charge during the intake stroke. Required intake air
temperature in zone 2 is independent of SOI [I5]. CA50 was not significantly sensitive
to the variations in SOI in zones 1 and 2. However, CA50 was highly sensitive to
the variations in SOI and intake air temperature in zones 3 to 5 [15]. It is common
intuition that increase in intake air temperature advances the combustion phasing.
A later SOI in zones 3 and 5 retarded CA50; therefore, intake air temperature was
increased to maintain constant CA50. SOI around -60 CAD aTDC in zone 3 showed
a pit where the required intake air temperature was decreased because of the fuel
spray was entering into the piston bowl [15]. Fuel injections in zone 4 result in fuel
stratification providing a local rich region which required low intake temperature.
SOI from -50 to -45 CAD aTDC lead to increased HC emissions because a portion of
fuel spray hit the top-land. When compared to the case with EGR, similar trends of
SOI and intake temperature sensitivities were found without EGR with slight differ-
ences. The overall intake air temperature requirement was low without using EGR.
In addition, zone 3 (crevice effect zone) and zone 4 (charge stratification) required
much lower temperature compared to the case with EGR. The study suggested that

SOI was an effective control knob for CA50 for zones 3 to 5. However, intake air
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temperature was the only option to control CA50 in zones 1 and 2 [I5]. Furthermore,
the maximum global temperature stayed between 1500-1700 K throughout the SOI
sweep using EGR which was beneficial for CO oxidation and suppressing NOx [15].
CO and THC were found sensitive to the crevice effect [I5]. Overall lower emissions

were produced in the case with EGR [15].
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Figure 2.22: Required intake air temperature to maintain CA50 at 3 CAD
(aTDC) as a function of SOI for HCCI-PPCI transition for a single cylinder
heavy-duty CI engine. Higher T}, and lower T}, are the perturbations in the
intake air temperature for the baseline reference points [15]

Shen et. al. also studied the transition from HCCI to PPCI mode using gasoline-like

fuel [104]. HCCI to PPCI mode transition was carried out by using single and double
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fuel injection strategies, start of injection timing, EGR and intake boost pressure.
Single fuel injection during intake stroke resulted in HCCI combustion because of
homogeneous air-fuel charge. Fuel injection during late compression stroke resulted
in premixed charge compression ignition. Transition period between HCCI and PPCI
mode was associated with SOI range from -80 to -45 CAD aTDC. The challenges
during this transition zone included excessive MPRR due to rapid burn rate and
high NOx emissions. A double fuel injection strategy can be effective in HCCI-
PPCI transition. Second injection with 30% of fuel injected very close to TDC can
reduce burn rate and increase thermal efficiency while increasing NOx formation.
Using EGR, NOx formation can be reduced. But use of EGR results in a trade-off
between NOx and soot formation. Increasing boost pressure has a positive impact
on reducing soot and HC emissions because of providing more oxygen concentration
input to the cylinders. Therefore, split fuel injection strategy, EGR and high boost
levels are effective means of controlling combustion and emissions during HCCI-PPCI

transition [104].

2.6.4 CDC-PPCI Mode Switching

Mode switching between conventional diesel combustion (CDC) and premixed charge
compression ignition is another interesting multi-mode engine concept as shown in

Fig. [2.23] The engine runs in CDC mode during start-up and high load requirements.
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However, PPCI can be employed during low to medium load range for better efficiency
and low emissions [5§]. Transition period in CDC-PPCI switching can result in high
NOx and soot emissions [54]. Therefore, either rule-based or model-based feedback
controlled mode switching strategy is necessary for smooth transition with low MPRR
and emission levels. In [54], switching from CDC to PPCI resulted in NOx spike while
smoke spike was observed during PPCI to CDC mode switching. A PID controller was
used to regulate CA50 while feedforward controller regulated the mode transition by
suppressing NOx and soot. NOx increased with advanced CA50 and increased oxygen
concentration (> 17%). NOx becomes insensitive to CA50 if oxygen concentration
is below 17% [54]. CA50 was adjusted to avoid NOx spike by feedforward action
while transitioning from CDC to PPCI when oxygen concentration decreased due to
addition of EGR. Soot can be controlled by adjusting fuel injection and amount of

air to maintain air-fuel ratio and by avoiding retarded CA50 [54].

Response time of actuators can also affect the mode switching process. Therefore, it
is important to take the response time of actuators in account. Fuel injection timing,
duration and number of injections can be controlled on cyclic basis. EGR delay can be
improved by reducing the EGR path [73]. Fluctuations in power output and MPRR
can be reduced by optimizing fuel injection strategy [73]. High fuel injection pressure

improves fuel atomization and mixing thus reducing HC emissions [105].
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2.6.5 RCCI-CDC Mode Switching

CDC to RCCI mode switching has been investigated at low load engine operations
[16]. RCCI mode at low load results in low exhaust gas temperature which is not
sufficient for catalytic converter [16]. In addition, appropriate strategies exist for cold
start engine operation which make CDC operation more advantageous for cold start
condition [16]. Therefore, mode switching between CDC and RCCI is required for
cold start and low load operation. Moreover, RCCI operation is limited at high load
because of excessive pressure rise rates which requires RCCI to CDC mode transi-
tion [16]. Fuels used to realize RCCI mode were nonoxygeneted gasoline (RON96)
and ultra-low sulfur diesel (ULSD) while CDC mode used ULSD fuel. Swirl ratio
and pedal positions were kept fixed for mode switching operation while two direct
injections were used for both CDC and RCCI modes. RCCI mode also used PFI.
EGR amount was increased from 28.5% to 50.9% for CDC to RCCI mode transition.
Figure [2.24] shows the BMEP during RCCI and CDC mode transitions. RCCI opera-
tion showed slight improvement in BMEP as compared to CDC. The mode switching
results showed that the combustion phasing and MPRR during mode switching were
similar to the baseline RCCI and CDC operations. Furthermore, RCCI operation
resulted in lower NOx and PM emissions as shown in Fig. 2.25] Smoke was increased
from RCCI to CDC mode switching. HC emissions were observed during first 5 cy-

cles of mode transition to CDC mode. These emissions were linked to the unburned
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gasoline fuel which was entering the cylinder from the intake fuel puddle. Though

the gasoline injections were stopped during RCCI-CDC mode switching [16].
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Figure 2.24: BMEP during CDC-RCCI mode switching in a 1.9L, 4-
cylinder Euro IV diesel engine [16]

2.6.6 RCCI-CDF Mode Switching

Multi-mode engine concept has also been applied to RCCI and conventional dual fuel
(CDF) combustion modes in a heavy duty engine. Dual fuel compression ignition has
been used in marine and automotive applications using diesel with either ethanol or

natural gas [I7]. The performance of CDF engine can further be improved in terms
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[17]

of thermal efficiency and reduced engine-out emissions by coupling it with RCCI [17].
Operating conditions to realize CDF combustion are different than RCCI. That is
why, smooth transitions between RCCI and CDF modes are challenging [17]. Thus,
a proper control strategy is essential to ensure smooth RCCI-CDF mode switching

and emission control.

In [17], open-loop and closed-loop CDF and RCCI mode switching has been studied.
CDF and RCCI modes were achieved using high pressure EGR with natural gas and
diesel fuels. Mean-value engine modelling approach was used for air-path dynamic
model. Two-zone combustion model for CDF and multi-zone RCCI combustion model
were used. Schematic for mode switching control is shown in[2.26] Static input-output

decoupling was used to account for the different dynamics offered by intake air path
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and fuel path, and also to address the interdependence of control inputs and engine
outputs. By using static decoupling, new control inputs (u*) were obtained as a linear
combination of actual control inputs (u). This resulted in five independent single
input-single output (SISO) subsystems. EGR valve and variable-turbine geometry

(VTG) were the two available control actuators for air-path control.

Two PI controllers and a feedforward controller were developed to control EGR ratio
and the pressure difference (dp) across engine. Air-fuel ratio was not closed-loop
controlled. Fuel path control actuator actions included diesel injection timing, diesel
quantity and natural gas quantity to control CA50, IMEP and blend ratio. High
blend ratio results in reduced fuel consumption and low CO5 and NOx emissions [17].
RCCI-CDF mode switching was done by controlling the actuators to track CA50,
IMEP, blend ratio and pressure rise rate. Closed-loop controller was proved to be a

better choice than an open-loop controller.

2.7 Summary

Based on thermal efficiency and engine-out emissions, LTC modes have a potential
to meet the stringent fuel economy and emission targets. However, LTC modes are
prone to excessive pressure rise rate due to autoignition which must be controlled

by adjusting internal or external EGR, fuel injection timings, intake temperature
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and pressure. High MPRR limits the high load operation in LTC modes. Low load
operation in LTC modes is limited due to risk of misfires and partial burns resulting
in high engine torque fluctuations, high cyclic variability, HC and CO emissions.
Overall, the limited optimal operation of LTC modes compared to conventional SI
and CI modes limits the application of these engines. Multi-mode engine is a viable
solution to benefit from the high thermal efficiency and ultra-low emissions of LTC

modes.

A multi-mode engine can be developed by using conventional SI or CI modes along
with one or multiple LTC modes for full load and speed operation. A multi-mode
engine can operate in SI mode for start-up and full load operation while LTC mode
can operate from low to mid load range. Among LTC modes, PPCI offer the highest
load operating range. Each mode of engine operation requires certain inputs to the
engine, as shown in Fig. The optimal engine mode can be selected based on
engine BSFC map and engine-out emission map. The optimization can be done in
a high-level combustion optimizer that selects optimal engine mode and determines
the desired IMEP and CA50 reference trajectories. Then the feedback combustion
controller will adjust engine cycle-by-cycle control inputs, e.g., spark timing, SOI of

pilot and main fuel injections, premixed ratio of fuels, valve overlap, etc.

Several researchers have explored SI-HCCI, CDC-PPCI, HCCI-PPCI, HCCI-ASSCI-

SI and CDF-RCCI mode switching for an optimal multi-mode engine development.
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These studies include rule-based open-loop and model-based closed-loop control of
multi-mode engine with increased efficiency and reduced emissions. The common
challenges in mode transitioning include misfire, partial burn, advanced combustion
causing high pressure rise rates, load fluctuations and engine-out emissions including
NOx, soot, HC and CO. These challenges can be successfully addressed by designing
optimal mode switching control strategies as discussed in this book chapter. Other

emerging studies include electrified LTC powertrains that include mode switching

between LTC engine modes and electric/hybrid/electric modes [106].
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Chapter 3

Closed-loop Predictive Control of a
Multi-Mode Engine Including

HCCI, PPCI and RCCI Modes!

3.1 Abstract

High thermal efficiency and low engine-out emissions including nitrogen oxides (NOx)
and particulate matter (PM) make the low temperature combustion (LTC) favorable

for use in engine technologies. Homogeneous charge compression ignition (HCCI),

1Originally published in SAE Int. J. Fuels Lubr. 16(1):15-36, 2023
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partially premixed compression ignition (PPCI) and reactivity-controlled compression
ignition (RCCI) are among the common LTC modes. These three LTC modes can be
achieved on the same dual fuel engine platform; thus, an engine controller can choose
the best LTC mode for each target engine load and speed. To this end, a multi-mode

engine controller is needed to adjust engine control variables for each LTC mode.

This paper presents model-based control development of a 2.0-liter multi-mode LTC
engine for cycle-to-cycle combustion control. The engine is equipped with port fuel
injectors (PFI) and direct injectors (DI). All combustion modes are achieved with
dual fuels (iso-octane and n-heptane) under naturally aspirated conditions. Using
experimental data, control-oriented models (COMs) are developed for HCCI, PPCI
and RCCI combustion modes on a cycle-to-cycle basis. The COMs for HCCI, PPCI
and RCCI modes can predict CA50 with average errors of 1.3 CAD, 1.5 CAD and
1 CAD, respectively. The average errors in predicting IMEP for HCCI, PPCI and
RCCI modes are 18 kPa, 34 kPa and 43 kPa respectively. Multi-input and multi-
output (MIMO) adaptive model predictive controllers (MPC) with linear parameter
varying (LPV) models are designed for the LTC modes. Combustion phasing (CA50)
and indicated mean effective pressure (IMEP) are controlled by adjusting premixed
ratio (PR) of the fuels, start of injection (SOI) timing, and fuel quantity. The results
show that the designed model predictive controllers are able to track both CA50 and
IMEP in all combustion modes, with average tracking errors of less than 1 CAD and

5.2 kPa, respectively.
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3.2 Introduction

Advancements in compression ignition (CI) engine technology have been made to
improve efficiency and lowering engine-out emissions. One of the major focus in im-
proving CI engine technology is towards development of advanced combustion modes
including Low Temperature Combustion (LTC) technologies. Light duty vehicles
(LDVs) account for 52% of fuel consumption in the transportation sector [45]. A
recent report by the U.S. Energy Information Administration states that new light
duty vehicles running solely on internal combustion engine (ICE) will contribute to
81% of the new vehicles market share by 2050 [45]. This number goes up to 85%
when hybrid electric and plug-in hybrid electric vehicles are taken into account as
they also use an ICE [45]. Therefore, it is essential to optimize the advanced ICE
combustion regimes including LTC modes to improve the fuel economy of LDVs and
to meet the stringent emission legislations. However, the application of each LTC
mode is limited due to the narrow optimal load operating range. To this end, devel-
oping a multi-mode engine is an appropriate option to take the advantages of LTC
modes while providing full speed and load operation. This requires development of

control-oriented models and optimal control methods for a multi mode LTC engine.

LTC modes generally involve lean premixed mixtures which reduce the local fuel rich

zones. Therefore, too high peak in-cylinder gas temperatures are avoided that helps
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in restricting NOx formation. The LTC combustion processes can offer thermal ef-
ficiency comparable to conventional diesel combustion engines [48] [107] and produce
NOx, and PM emissions substantially less than conventional CI engines [108], [109].
LTC includes but not limited to Homogeneous Charge Compression ignition (HCCI),
Partially Premixed Charge Compression Ignition (PPCI), Premixed Charge Compres-
sion Ignition (PCCI), and Reactivity Controlled Compression Ignition (RCCI) com-
bustion modes [I§]. LTC modes can be achieved by using a combination of several
strategies such as preheating of the inducted air [69], [110], fast thermal management
[5], variable valve actuation [I11} [T12], variable compression ratio [5] [46] 113], exhaust
re-compression [112], exhaust gas recirculation (EGR) [19, 20, 69, [110], utilizing dual
fuels [20, 107, 114, 1T5], 116], multiple fuel injections |4, 117], adjusting fuel injection

timing [19, 21], 18] and direct dual fuel stratification [114].

Control of combustion process in the LTC modes is important to avoid partial burns,
misfires, and unsafe high pressure rise rates and knocking [119]. Different LTC modes
are achieved using different strategies. For instance, HCCI mode is more sensitive to
the thermodynamic state of the premixed charge (temperature and pressure of the
air-fuel mixture) [48, 08]. The mixture in HCCI auto-ignites in the absence of any
external trigger such as spark in an SI engine or fuel injection timing in a DI engine
[48, 120]. That is why, HCCI combustion event can result in a very rapid rate of heat
release causing very high pressure rise rates [120]. This limits the maximum achievable

load in an HCCI mode [I2I]. Therefore, control of HCCI process is important for
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a safe engine operation to avoid too high pressure rise rates and restrict peak in-
cylinder gas pressure. PPCI mode is achieved by injecting the fuel during early
compression stroke. Simultaneous reduction of NOx and soot can be achieved by
adding high EGR rates in excess of 70% in a low compression ratio diesel engine
running in PPCI mode [122]. However, it is difficult to obtain high EGR rates in
excess of 70% from the engine’s air handling perspective [120]. NOx and smoke can
be simultaneously reduced by delaying the heat release to the point where the fuel and
air are sufficiently mixed. A study conducted on ethanol PPCI combustion at Lund
University achieved low emissions with 40-47% EGR. However, pilot injection timing
and pilot to main fuel injection ratio were adjusted to limit the pressure rise rates
below 10 bar/CAD [108]. Although, PPCI mode offers low engine-out emissions but
the control of combustion timing and heat release rate are challenging. The maximum
work output reduces by retarding the heat release, therefore, resulting in a trade-off

between thermal efficiency and combustion noise [114].

RCCI mode is realized by using dual fuels of different reactivity levels. This combus-
tion mode offers high thermal efficiency along with low NOx emissions [21], 22} [100].
The ratio of high to low reactivity fuel provides a control over the heat release rate
which results in controlled combustion noise levels [114]. Splitter et. al. explored the
effect of injections on a low load RCCI operation and found out that double injections
reduced CO and HC emissions to 40% [123]. Wu et. al. proposed that combustion

phasing can be controlled by changing the PFI fuel ratio during load transients [23].
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To ensure stable and controlled combustion, it is imperative to control the combus-
tion phasing and load in the LTC modes. Various studies have been conducted on
the modeling and control development of the LTC modes. Overview of prior control
studies carried out on LTC modes are presented in Figure [3.I] These studies are
grouped into HCCI, PPCI and RCCI combustion modes. Here, a brief review of each
group is provided. Combustion phasing and indicated mean effective pressure are
the two important control parameters. Combustion in LTC engine is sensitive to the
change in the thermodynamic states at intake valve closing, such as intake air tem-
perature, residual gas fraction, etc. Uncontrolled combustion may lead to knocking
due to advanced combustion phasing or even a misfire in case of too retarded com-
bustion [22]. CA50 is an important parameter that directly influence IMEP, MPRR,
exhaust gas temperature, and CO and unburned HC emissions [3]. Furthermore,
partial or incomplete combustion results in lower IMEP. This usually causes the next
engine cycle to produce higher IMEP because of the unburned fuel from the previous
engine cycle. This leads to increased coefficient of variation of IMEP which affects
the noise, vibration, and harshness (NVH) performance of the vehicle. Therefore, it
is important to simultaneously control CA50 and IMEP for the optimum and safe

engine operation.

LTC modes can be modeled by using computational fluid dynamics (CFD) and de-
tailed kinetic reaction mechanisms to analyze the combustion dynamics and predic-

tion. Wu et. al. proposed that combustion phasing can be controlled by changing the
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Figure 3.1: Prior studies on the control of LTC modes [4, [5, [7, 18], 19, 20}
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PFI fuel ratio during load transients in RCCI mode [23]. A multi-dimensional CFD
model coupled with kinetics-based combustion model was used to control combustion

phasing during load transition. The computation time of this numerical based study



was around 15h for each case, using three central processing units. Eichmeier et.
al. developed a zero-dimensional phenomenological RCCI combustion model and the
results were compared with experimental data and 3D CFD model. The zero dimen-
sional model was based on reduced order mechanism and each zone was considered as
a constant volume reactor. Computational time was sufficiently reduced by running
the reaction kinetics parallel and using the iteration scheme. The study mentioned
that both the 3D-CFD and zero-dimensional models were highly dependent on the
initial conditions at IVC. The zero dimensional model requires an accurate knowledge
of the initial conditions The prediction accuracy of the developed zero dimensional
model is dependent on the accurate knowledge of the initial conditions [124]. Numer-
ical studies require extensive computational resources and run-time which make them
less appropriate for real-time control applications. Therefore, the present study intro-
duces a computationally efficient physics-based control-oriented modeling approach

for real-time control of LTC modes on cycle-to-cycle basis.

A wide range of studies have been conducted on control oriented modelling (COM)
and controller development for the HCCI mode. Control oriented modelling of the
HCCI combustion includes prediction of ignition timing [98] [125], combustion phasing
[71l, 97, [111], 126l 127], load [83], 125], 127], combustion efficiency [127], exhaust gas
temperature and engine-out emissions [83]. Olsson et. al. developed PID controllers
for a dual fuel HCCT operation to control heating, combustion timing, and IMEP [24].

Haraldsson et. al. also implemented PID controllers using variable compression ratio
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and fast thermal heating as manipulated variables for combustion timing control and
adjusted fuel quantity for load control [5]. Manual PID and linear quadratic gaussian
(LQG) model based controllers were developed for an HCCI engine using dual fuels.
Strandh et. al. compared the performance of PID and LQG controllers along with the
performance comparison of the feedback signals from pressure and ion current sensors.
The study concluded that both controllers worked well for combustion timing control

25].

Bengtsson et. al. used system identification to model an HCCI engine with variable
valve actuation. The study incorporated model predictive control (MPC) framework
for multi-input multi-output (MIMO) control of an HCCI engine with constraints on
control variables and pressure rise rate (dP/df) [26]. Widd et. al. compared the
performance of hybrid MPC and switched LQ) controller for the combustion timing
control of the exhaust recompression HCCI. Due to optimal control provided by the
MPC over the prediction horizon, MPC response showed no overshoot while the LQ
controller response resulted in a large overshoot [27]. Ravi et. al. demonstrated an
LQR controller that is developed based on a physics-based two-state COM for an
exhaust recompression HCCI combustion mode in a gasoline engine [128]. Shaver et.
al. controlled peak pressure and combustion timing using an Hy optimal controller
for a residual-affected HCCI engine. The inducted gas composition and effective
compression ratio were used as control knobs [28]. A study conducted by Kang

et. al. showed that mass fraction of burned gases in the intake and exhaust ports
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can also be used to control combustion phasing indirectly in the HCCI mode [29).
Ravi et. al. used MPC framework to control combustion phasing (CA50) and net
indicated mean effective pressure (NMEP) for an HCCI engine. This study used
variable valve actuation system and split fuel injection strategy to control HCCI. In
addition, constraints on the injection timing, cylinder volume at intake and exhaust
valve closure and maximum allowable rate of change of valve timings, and air to
fuel ratio were implemented. The air-fuel ratio was constrained to avoid too lean
or too rich of a mixture. The controller response for tracking NMEP became slower
with the application of constraints on the air to fuel ratio [4]. Ebrahimi et. al.
implemented MPC to control combustion phasing and load by adjusting valve timing
and fueling rate [30]. In order to avoid misfire or ringing, constraints were applied
on the combustion phasing and load. Bidarvatan et. al. developed sliding mode
controller to control combustion phasing, load and exhaust gas temperature for a
stable HCCI engine operation [31]. This robust discrete sub-optimal sliding mode
controller performed well in the presence of disturbances and showed no steady state

eITrors.

There are several studies conducted on the modeling and control of PPCI engines.
Hall et. al. developed a COM for start of combustion (SOC) prediction for a PCCI
engine [129]. Tunestal et. al. used system identification to model PPCI combustion
[130]. Yao et. al. developed a closed-loop feedback controller for combustion stability

and combustion noise level control for a PPCI engine. Injection timings and EGR
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(%) were used to control maximum pressure rise rate (MPRR) and coefficient of
variation of IMEP (COViyvgp). MPRR and COVyygp were chosen as representatives
of combustion noise level and combustion stability, respectively [19]. Ingesson et.
al. implemented an MPC to limit MPRR while controlling CA50 by adjusting the
pilot ratio and timing of main injection for PPCI operation. The fuel being used was
composed of 80% gasoline and 20% n-heptane by volume. Split injection (an early
pilot injection followed by main injection) strategy was used to reduce ignition delay
which resulted in low MPRR [32]. Yin et. al. developed PPCI combustion control
system for a heavy duty 13-liter diesel engine using a fuel blend (80% gasoline and 20%
n-heptane). A tripple injection strategy was employed along with 45-50% EGR. The
study incorporated an MPC controller for a transient load range of 4-15 bar at 1200
rpm. The controller results showed a trade-off between faster response and overshoot
[20]. Yang et. al. employed a double injection strategy for PPCI operation. An
MPC framework was implemented for CA50 and IMEP control including constraints
on MPRR, soot and NOx. The study included a 5 to 8 bar IMEP range of transient

PPCI operation at a constant engine speed of 1200 rpm [7].

Researchers have also explored control of RCCI engine operation using various feed-
back controllers including PI, LQI, and MPC. There are various parameters which
can be used to control combustion phasing in the RCCI mode. These parameters
include start of injection (SOT), dual fuel premixed ratio (PR), split injections, valve

timings, etc. Kondipati et. al. designed a PI controller to control CA50 for an RCCI

100



engine using either PR or SOI as control inputs [33]. Arora et. al. carried out an
experimental study on mode switching for RCCI-SI-RCCI [18]. A PI controller along
with feed-forward control was implemented for cycle-to-cycle control of CA50 during
transient operation [I8]. An observer-based LQI controller was developed to control
CA50 using PR as the control input. Observer performance under transient RCCI
operation was also examined [34]. The results showed no steady state tracking errors
and good disturbance rejection performance. Indrajuana et. al. investigated RCCI
combustion using natural gas and diesel [22]. RCCI operation was controlled on a
cycle-to-cycle basis by using diesel injection timing, diesel fuel quantity and natural
gas fuel quantity. A robust MIMO feedback controller was developed for engine load,
ignition delay and blend ratio control to achieve low NOx emissions [22]. Raut et. al.
implemented multiple model predictive controllers to control engine load and CA50
during transient operation of an RCCI engine [2I]. SOI was used as control input for
adjusting CA50 while fuel quantity was used to control engine load. Moreover, PR
was used as a scheduling variable for switching between multiple MPCs to increase the
operating range of the RCCI engine [21]. Irdmousa et. al. developed a data driven
COM for an RCCI engine using fuel quantity as the scheduling variable. This study
incorporated linear parameter varying (LPV) model along with MPC controller for
CA50 control. The controller developed on the data-driven model showed similar re-
sponse as compared to physic-based MPC [41]. Batool et. al. developed data-driven

classification models for COVyygp for HCCI and RCCI modes [02]. CA50 and IMEP
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were regulated by designing nonlinear model predictive controller (MPC) frameworks

for HCCI and RCCI modes while constraining COVyygp below 3% [92].

Despite the benefits of high efficiency and ultra low NOx and soot emissions, LTC
modes can suffer from a limited load operation. To address this shortcoming, several
studies have been conducted on mode switching between LTC and conventional SI
and CI modes. Widd et. al. studied SI to HCCI mode switching. A model based
controller was designed and its results showed better performance as compared to PI
controllers [131]. Roelle et. al. developed a multi-mode combustion model for SI to
HCCI transition [52]. Gorzelic et. al. implemented a model-based feedback control for
SI-HCCI mode transition [48]. An online parameter adapting algorithm was appended
to the model-based control platform to reduce the errors while improving robustness
and addressing the cylinder-to-cylinder variability. Nuesch et. al. developed a finite
state machine model to capture HCCI-SI mode switching dynamics and fuel penalties
[132]. Besides the significant reduction in NOx emissions and improvement in fuel
efficiency in the HCCI mode, the mode switching induces penalties in fuel efficiency

while meeting the high torque requests.

This paper presents a unified modeling and control platform to adjust combustion
phasing and load for three LTC modes on the same engine platform. To the best
of the authors’ knowledge, this work is the first study undertaken to control three

LTC modes with an integrated optimal and predictive control setup. An optimizer
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selects the best LTC mode and the designed multi-mode MPC combustion controller
adjusts SOI, PR and fuel quantity to control CA50 and IMEP. The multi-mode
controller focuses on optimal LTC operation in each mode, while mode switching
control is outside the scope of this paper. All the three modes are achieved on a
single engine. The three different LTC modes are achieved using different strategies
and each mode offers different challenges. That is why, it is difficult to have a single
controller framework for all the LTC modes. Linear parameter varying (LPV) models
are identified to capture the LTC dynamics then LPV models are incorporated into
the MPC framework to provide a wide operation range. The designed controllers are

also tested for disturbance rejection properties.

The major contributions in this paper include (i) A unified modeling platform is
developed to include physics based control-oriented models for the three LTC modes to
control the combustion phasing and load for a range of PRs. The models are validated
for steady state and transient conditions; (ii) Three multi-input and multi-output
adaptive MPC controllers are developed for the LTC modes. In order to address
the nonlinear behavior of dual fuel combustion with varying PR and to improve the
controller response for a wide range of load operation, LPV models are developed.
These LPV models are integrated to the adaptive MPC framework. LPV models are
developed for different PRs which capture the nonlinear dynamics of the LTC modes.
The LPV models are then used within the adaptive MPC framework to extend the

operating range and improve performance of the controller; (iii) The disturbance
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rejection performance of the developed MIMO adaptive MPC controllers is verified.

The organization of this paper is as follows: Section II explains the experimental setup
and the specifications of the engine used to collect the experimental data for LTC
modes. This section also includes the operating conditions for each mode. Section
IIT explains the development of control oriented models for each mode on cycle-to-
cycle basis. The following section IV focuses on the development of LPV systems
and adaptive MPC controllers. MPC controllers and Kalman filters are designed for
optimum performance in each mode. Section V presents results and discussions for
multi-mode engine operation. The disturbance rejection performance of controllers
are also assessed. The last section summarizes the major findings from this study

and provide recommendations for future studies.

3.3 Experimental Setup and Engine Data

A GM EcoTec 2.0L engine is used for conducting the experiments, coupled with an
AC dynamometer of 460 hp. The original GDI engine with one direct injection (DI)
system is modified to include two port-fuel injection (PFI) systems and use the orig-
inal direct injection (DI) system, as shown in Figure . Engine specifications are
given in Table [3.1] The engine is run at naturally aspirated conditions without ex-

haust gas recirculation (EGR). PCB piezoelectric pressure transducers are used to
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measure in-cylinder gas pressure with a resolution of 1 CAD. A dSPACE MicroAu-
toBox (MABX) is used as the engine control unit. For the real time feedback of
combustion parameters, Xilinx Spartan-6 field programmable gate array (FPGA) is
used. The intake air is pre-heated to the desired temperature with the help of an
external air heater. Merriam MDT500 air flow measurement system is used to mea-
sure the mass flow rate of the intake air. Experimental setup of the multi-mode LTC

engine is shown in Figure [3.3

N-Heptane Iso-Octane N-Heptane
Tank Tank Tank

Controllable Air
& Heater

HP Fuel LLP Fuel LP Fuel

Pump Pump © Pump
=
=
e Encoder |{
MicroAutoBox® \I Intake Cam Phaser
4= j N o Exhaust Cam Phaser
== Monitoring Y Exhaust
RapidPro® Laptop »
® Pressure Transducer ® Lambda Sensor <= Pressure Regulator
® Thermocouple %4, Fuel Injector

Figure 3.2: Schematic of experimental setup of the LTC engine

The engine is run in three LTC modes including HCCI, PPCI and RCCI by adjusting
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Figure 3.3: Experimental setup of the multi-mode LTC engine
the engine variables and using dual fuels i.e. n-heptane and iso-octane. In HCCI
mode, both iso-octane and n-heptane are injected into intake ports during the exhaust
stroke of the previous cycle via two PFI systems. While n-heptane is directly injected
during the compression stroke for PPCI and RCCI modes. In PPCI mode, the start
of injection (SOI) is kept constant at 100 CAD bTDC while in RCCI mode, the
SOI of n-heptane is varied. For HCCI, PPCI and RCCI combustion modes, intake

air temperature, total fuel quantity and the premixed ratio of fuels are varied. The
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Table 3.1
Engine Specifications

Engine Type GDI, 4 Stroke
No. of Cylinders 4

Cylinder Volume 1998 (cc)

Bore 86 (mm)
Stroke 86 (mm)
Compression Ratio 9.2:1

IVO 25.5/-24.5 (CAD bTDC)
IvVC 2/-48 (CAD bBDC)
EVO 36/-14 (CAD bBDC)
EVC 22/-28 (CAD bTDC)
Valve Lift 10.3 (mm)
Max. Engine Power 164 kW @ 5300 rpm
Max. Engine Torque 353 Nm @ 2400 rpm
Intake Valve Diameter 35.17 (mm)
Firing Order 1-3-4-2

premixed ratio (PR) of the two fuels is calculated using the following equation:

isoLHViso
PR = - (3.1)
misoLHViso + mnhepLHVnhep

where, M, and My, are the mass of injected iso-octane and n-heptane, respectively.
LHVi, and LHVy,e, are the lower heating values of iso-octane and n-heptane,

respectively.

Performance maps for the LTC modes are shown in Fig. on the basis of brake
specific fuel consumption (BSFC). Based on the comparison with baseline SI map,
HCCI combustion in this engine shows 9% improvement in BSFC at low loads for
a speed range of 800-1600 rpm. PPCI mode offers 5% improvement at 6 bar when

compared to the baseline SI engine. RCCI combustion shows upto 14% improvement
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in BSFC for a load range of 6-8 bar as compared to the baseline SI mode. This paper
focuses on developing a model based control platform to allow an optimal engine
operation in HCCI, PPCI and RCCI modes based on the requested speed and load

conditions to offer the best BSFC.

Operating conditions of the data used in this study are shown in Table[5.1l The mea-
sured uncertainties in the values of CA50 and IMEP calculated from the experimental

data are 1 CAD and 7.7 kPa, respectively [133].

Table 3.2
Range of experimental data used for the COM development of the LTC
modes

Parameters HCCI PPCI RCCI

[AT (°C) 40:20:100 40:20:100 40:20:80
Pman (kPa> 96 96 96

Engine Speed (RPM) 800 800 1000

PR (-) 0-40 0-40 10-40

SOI (CAD bTDC) 450 100 20-60

Equivalence ratio, ¢ 0.32-0.67  0.3-0.8 0.32-1

In-cylinder gas pressure (solid lines) and the resulting rate of heat release (dotted
lines) in the LTC modes are shown in Fig. for a sample operating condition for
comparison. Combustion in HCCI mode occurs predominantly in two stages because
of early injections and the homogeneous air-fuel mixture. First stage heat release cor-
responds to the low temperature reactions while the high temperature reactions result
in the second stage combustion. High temperature heat release (HTHR) followed by

low temperature heat release (LTHR) is more abrupt in HCCI mode. Ignition in
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Figure 3.4: Comparison of the engine tested conditions for SI, HCCI, PPCI
and RCCI modes

PPCI mode also occurs in two stages. The LTHR in the heat release rate of HCCI
mode seems higher than the one in PPCI mode. However, the magnitude of heat

released in HCCI mode during low-temperature reactions is lower than that of the
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Figure 3.5: Experimental in-cylinder gas pressure and heat release rate in
LTC modes (N = 1000 RPM, PR = 20, Tman = 313 K, SOIgccr = 25
CAD (bTDC), & = 0.65)

PPCI mode. The cumulative LTHR in PPCI and HCCI modes are 98 J and 53.4
J, respectively. However, the HTHR in PPCI mode is less rapid that results in rel-
atively late combustion phasing as compared to HCCI mode. Due to late injection
of n-heptane, RCCI mode does not exhibit abrupt heat release rate. In addition,
combustion in RCCI mode happens in a single stage with late combustion phasing
compared to HCCI and PPCI modes. That is why, SOI proves to be an effective

control knob in single stage heat release in RCCI combustion along with PR.
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3.4 Control Oriented Models for Combustion

Modes

Dynamic models of the LTC modes need to represent the entire engine cycle. The
process starts from mode selection based on the requested speed and load followed
by the intake valve opening (IVO) to exhaust valve closing (EVC) events, as shown
in Figure [3.0, This study is based on three different LTC modes, that is why, the
particular mode offering the lowest BSFC is first selected from the engine map as
shown in Fig. [3.4 Mode 1, 2 and 3 represent HCCI, PPCI and RCCI, respectively.
Based on mode number, the particular dynamic model is selected to represent the
corresponding engine operation. Step 2 includes the IVO to IVC event. Pressure and
temperature of the air-fuel mixture at IVC for all combustion modes are estimated
using Eq. and Eq. , respectively. To incorporate cycle to cycle coupling,
the temperature at IVC is calculated by taking the residual gas fraction and the

residual gas temperature into account.

N2 ¢b

Pivc = Pma 3.2
. 32)
T‘ivc = (1 - Xrg)T’in + XrgTrg (33)
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Where, N is engine speed, P,, is the intake manifold pressure, T,, is the intake
manifold temperature, ¢ is the fuel-air equivalence ratio, T\, is the residual gas tem-

perature and X,, is the residual gas fraction. X, for the first cycle is estimated using

Eq. (641), [I16):

v 1 72 r.—1 OF |RT,,|P., — P,
= \C360 . N Peun '

ke+1
Pewh ke 1 Te — 1 ‘/ivo Pea:h

( Pm ) + 6 r. 'thot ‘/;1 ( Pm )

Where, OF is overlap factor, r. is compression ratio, R is gas constant, and Vg is
displaced volume. C is given by the following;:

LHV ]klc

¢= 1+CT Mg pke—1
vEmiy e

(3.5)

Where my is the mass of fuel injected and m;, is the sum of mass of air and mass of

fuel.

The air-fuel mixture undergoes auto-ignition in the LTC modes [134]. Start of com-
bustion (SOC) is defined as crank angle where 10% of fuel mass is burned. SOC is
estimated using a modified knock integral model (MKIM) [97]. The MKIM is cali-
brated for each combustion mode separately such that the integral becomes 1 at SOC.
MKIM is integrated from IVC to SOC for the LTC mode using fuel injected via PFI
only, using Eq. . However, the integral of MKIM is divided into two parts for

the LTC modes using both PFI and DI as shown in Eq.(6.43)) [21]. The first part in
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Eq. (6.43) considers the fuel coming from PFI thus integrating from IVC to SOI and

the second part in Eq. (6.43]) incorporates the effect of directly injected fuel, hence,

integrating from SOI to SOC.

GSOC A
it > do =1
eivc C(Pi'”c‘k+1v§)
Bexp T T Vel Ny

ve Al
Bl¢PF[€xp TrooVFc1

/‘esoi da +
0; (C—l (Pivcvk+1v—§)Dl> N,

/esoc de
Co : k Do
Oso0i Ao A3z (CNmiEJrE)(ch’k+lvc)

By (¢pr; + dprexp TrooVEc T Ny

¢pr = (1 — PR).¢

¢pr;r = PR.¢

(3.6)

(3.7)

(3.8)

(3.9)

Where, A, A;, Ay, Az, B, By, By, C, Cy, Cy, D, Dy, Dy and E are the parame-

ters estimated by calibrating the MKIM for the LTC modes. ¢, in Eq. (3.6) is the

total equivalence ratio of the injected fuels. ¢ppr and ¢p; are the equivalence ratios

of iso-octane and n-heptane, respectively.

Pressure (Pg..) and temperature (Tg..) at start of combustion are calculated using a

113



Dynamic plant model for LTC modes

Engine Speed and Load
(N, IMEP)

Mode Selector]

-

Mode Selection

IMEP

Mode
\ 4

Running conditions for current cycle:
Tin, Pman, Ny Mair, Miuet, PR, SO, Pexn

[] Calculation of ¢ and Pivc []

N =2

Y

IVO —» IVC

|

]Compute Tie by including residual gas properties(Ty & Xq )[ ](—

|
7

[ ] Determine 6o using MKIM []

v

] Compute Psoc and Tsoc at Bsoc Using polytropic relation []

[] Estimate residual gas fraction (X,5) and temperature (T,g)

IVC—» SOC
—

[ ] Prediction of CA50 using the Modified Weibe model []

v

[ ] Estimation of Bpq & Beoc []

v

[ ] Calculate Teoc and Peoc [ ]

SOC —»EOC

A
[] Determine Peyo and Teyo USing polytropic relation []

EOC —»EVO

[] Calculate Teye, Mevc @and Xig (Trg = Teve) []

Set Xgand Ty
for
the next cycle

EVO —» EVC

Qutputs:
CA50
IMEP

Figure 3.6: Designed multi-mode dynamic model for the LTC engine
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polytropic relationship, using Eq. (6.47) and Eq. (6.48)).

ke
Psoc = P@'vc (%) (310)
Viee 7
Tsoc - ﬂvc <V_> (311)

Where, k. is the polytropic index of compression. Vi, and V.. are the volumes at

intake valve closing and start of combustion, respectively.

Weibe function is parameterized for each LTC mode for the estimation of CAS50,
using Eq. (6.49). CA50 is defined as the crank angle by which 50% of the fuel mass

is burned.

2, (0) =1 — exp(—a {9 — 95"0] n) (3.12)

04
By = CD (1 + Xo)* ¢ (3.13)
_ Xog
Xo= BGR+ —2 (3.14)

rg
Where, a and n are the constants calculated by parameterizing the Weibe function.
64 is the burn duration estimated by using Eq. . X, is the residual gas fraction.
Temperature at the end of combustion (Te.) is calculated from the temperature rise

due to the fuel burned during combustion, using Eq.(6.53)).

Tooe = Tooe + A T (3.15)

115



LHVfCOC
(1 + XTQ)(QS_lAFRst + ]-)Cv

AT oty = (3.16)

P _ PSOC‘/EOC TeocReoc
eoc
‘/eoc TSOC RSOC

(3.17)

Where, CoC' is the completeness of combustion, AF R,; is the stoichiometric air to

fuel ratio. Pressure and temperature at the end of expansion stroke are calculated

using polytropic relationship, as shown in Eq. (6.56)) and Eq. (6.57)), respectively.

ke

Pevo = Peoc (“;606) (318)
Veoo \ "7

Tevo - Teoc (V_) (319)

Where, k. is the polytropic index of expansion, while V,,, and V,,. are the volumes
at EOC and EVO, respectively. Temperature of the in-cylinder charge at the end of

EVC is calculated using Eq. (6.58):

Vewo )™
Tevc - Tevo <v ) (320)

Where, T, is the temperature at EVC, V,,, and V,,. in Eq. (6.58)) are the volumes
at EVO and EVC, respectively. The mass of residual gases (me,.) trapped in the

cylinder at EVC is calculated using Eq. (6.59)

Pemh‘/evc

Meye =
Rechevc

(3.21)
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Where, P,.; is the exhaust pressure, V..., Te,. and R.,. are the volume, temperature

and gas constant at EVC, respectively. Residual gas fraction (X,,) at the end of

engine cycle is calculated using Eq. (3.22)).

(3.22)

IMEP is calculated using Eq. [83]. my is the sum of mass of air, fuel and

residual gas fraction of the current cycle.

C
IMEP = mtv_v (EUC - Tsoc + Teoc - Tevc) (323)
dis

3.4.1 Fuel Transport Dynamics

This work includes fuel injection via PFIs; therefore, it is important to consider the
port fuel transport dynamics. The fuel injected via PFI undergoes transport dynamics
before entering the cylinder. This transport dynamics of the fuel can be explained by
7 — X model [135]. A portion of the total injected fuel from PFI vaporizes and enters
the cylinder directly while the remaining forms puddle in the intake port. The fuel in
the puddle evaporates slowly and then enters the cylinder. The rate at which the fuel
evaporates from the puddle is proportional to the puddle mass (m,) and inversely

proportional to the evaporation time constant (7). The amount of fuel entering the
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cylinder is determined by using Eq.

1
mcyl = ;mp + (1 - X)mfz (324)

Where, 1i.,; is the mass of fuel entering the cylinder, X is the fraction of the injected

fuel which enters the puddle and ry; is the rate of total fuel injected.

The measurement dynamics and transport delay associated with the lambda sensor
and exhaust gas transport delay to reach the lambda sensor. The lambda sensor can
be modeled as a first order dynamic system lag and exhaust gas transport as a time
delay. The values of T;, and 7, are determined by using system identification. Eq.

[6.5] shows the transfer function for lambda sensor model in Laplace domain.

K, e Tt
G(s) = L2—— 3.25
<S) TmS + 1 ( )

To determine the values of 7 and X, the fuel is injected via PFI. System identification

is used to determine the values of 7 and X using Eq. [3.26]

m(s) _ I+7(1-X)s 1 — (3.26)
myi(s) 1+7s L+ 7ps

Where, m is the amount of the fuel calculated using lambda sensor measurements.
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The values of T, 7,,, X and 7 are determined to be 0.15 s, 0.43 s, 0.09 and 0.06 s,

respectively.

3.4.2 Model Validation

The developed dynamic models for HCCI, PPCI and RCCI combustion modes are
parameterized and validated based on the steady state experimental data. Half of
the experimental data is used for parameterization while the other half is used for the
model validation. HCCI PPCI and RCCI model validations for SOC, burn duration

(BD), CA50 and IMEP prediction are shown in Figures and , respectively.

The developed models are used as virtual plants for design and testing of the con-
troller. For transient validation of HCCI model, step changes in PR and fuel quantity
are provided simultaneously. The experimental data and model outputs are compared
as shown in Figure [3.10} It can be observed that the model is capable of responding
to the step changes in the PR and fuel quantity. Combustion phasing retards with
the increase in PR and IMEP increases as fuel quantity increases. The average error
in predicting CA50 is 1 CAD while the average error in predicting IMEP is 24 kPa
for HCCI. RCCI model is also validated under different transient conditions. Ex-
perimental data and model outputs for RCCI mode are compared for two different

cases as shown in Figures (3.11] and In the first scenario, a step change in SOI is
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Figure 3.7: Experimental validation for HCCI Model under steady state
condition (N = 800 RPM, Tman = 313-373 K, PR =0 - 40). e, is the
average error while o, is the standard deviation of error
provided while keeping fuel quantity constant for PR of 20. For the second case, SOI
of 50 CAD bTDC and PR of 20 are kept constant and fuel quantity is varied. It can

be seen that the model predicts CA50 and IMEP with average errors of less than 2

CAD and 37 kPa, respectively for both cases.

120



SOC (aTDC)

o

o

&

(a) Start of Combustion

(b) Burn Duration

‘ ‘ e =16CAD,o_ =1.3CAD ‘
*eavg =1.1 CAD, O = 1 CAD $ Exp. Datal- o5 a9 Terr 4 Exp. Data | |
® Model ® Model
| | 20 - }
15+
a
ﬁ | S °
% % o 10+
o
7 w %# 7 7
° 5
. %} ﬁ?
r , 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Case # Case #

(c) Combustion Phasing

le. —15CAD,o_ =1CAD
err

¢ Exp. Data| ]
® Model

i

avg

0 10 20 30 40 50 60

Case #

600
550

O 500
<

S st

o

L

S 400
350 |
300 |

250

200

(d) Indicated Mean Effective Pressure

avi

3

e, =35kPa o, ~34kPa
650 - 2Y9

?

rr ¢ Exp. Data| |

% %ﬁ %{
AR
By

;
ﬁ}
;

.

, , , ,
10 20 30 40 50 60
Case #

Figure 3.8: Experimental validation for PPCI Model under steady state
condition (N = 800 RPM, Tman = 313-373 K, PR =0 - 40). eqyq is the
average error while o, is the standard deviation of error

3.5 State-Space Modeling of LTC Modes

The outputs of the nonlinear COM for HCCI and PPCI modes can be represented
on cycle to cycle basis as shown in Eq. (3.34) and Eq. (3.35) whereas outputs for

RCCI mode can be represented as shown in Eq. (3.36) and Eq. (3.37)). The nonlinear

models are computationally expensive. Therefore, the developed nonlinear COMs for
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Figure 3.9: Experimental validation for RCCI Model under steady state
condition (N = 1000 RPM, Tman = 313 K, PR = 0 - 40, SOI = 20-60
CAD bTDC). €avg 18 the average error while o, is the standard deviation
of error

CA50 and IMEP control on cycle-to-cycle basis are linearized around the nominal

operating conditions for each LTC mode. A nonlinear system is defined by the state

and output equations:
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Let (xg,ug) be the states and control inputs at equilibrium point around which the

dynamic system is linearized:

By computing Jacobian matrix of Eq. (3.27) w.r.t the states, we obtained:

5 (1) s Ak 1 (t)
= +
5y (t) 2B A Sz4(t)
_ § L 4 (zou0) L .
df1(t) 3f1(¢)
o w dus(t)
+
dfa(t) o dfa(t) (5U4(t)
| w1 us | (zo.u0) L 1
fi (330, Uo)
f4(ﬂf07 UO)
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For the equilibrium point (xg, uy),

f1(zo, uo)
—0 (3.33)

fa(o, uo)

dx is obtained by solving Eq. (3.32)) for du and x(t) is computed. The linearized

equations for the outputs are obtained in the analogous manner.

Based on the performance characterization, the nominal intake air temperatures are
chosen to be 80, 40 and 60 °C for HCCI, PPCI and RCCI modes, respectively. Pre-
mixed ratio (PR) is used to control CA50 in HCCI and PPCI modes while SOI is
used to control CA50 in RCCI mode. IMEP in each LTC mode is controlled by ad-
justing fuel quantity. In HCCI and PPCI modes, intake air temperature is modelled

as disturbance input while PR is modelled as a disturbance input in the RCCI mode.

CA50441 = f(CAB0, Tape, Pooes IMEP, PR, FQ, Ty (3.34)
IMEP;., = f(CA50, Tsoe, Pae, IMEP, PR, FQ, T, (3.35)
CA50441 = f(CA50, Tuoe, Proe, IMEP, SOI, FQ, PR),, (3.36)

IMEP, | = f(CA50, Tspe, Pooe, IMEP, SOI, FQ, PR); (3.37)

The states of the MIMO COM of HCCI, PPCI and RCCI are CA50, Ty, Psoe and
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IMEP. In addition, CA50 and IMEP are the outputs

PPCI and RCCI.

of the MIMO COM of HCCI,
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Figure 3.10: Experimental validation for the HCCI COM Model under
transient operation (N =800 RPM, Tman = 353K, SOI = 450 CAD bTDC)

The linearization yields the following state space matrices for HCCI model:

0.2067

—0.2798

—3.2405

—0.9657
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0.0194

—0.6555

0.7802
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C = (3.41)
00 0 1
0 0
D= (3.42)
0 0

The state space matrices for the PPCI model are as follows:

0.4602  —0.0516 —0.0009 —0.0102

0.9645  0.7823  0.0147  0.0806
A= (3.43)

0.1369 0.5456 0.8911 0.0987

—1.2572  0.7840 0.0092 0.4497

0.1810  —0.4005

—0.2562 —1.8488
B = (3.44)

—0.1300 —1.6146

0.0705 18.0950

0.0027

0.5479
B, = (3.45)

—0.8427

—1.3600
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C = (3.46)
00 0 1
0 0
D= (3.47)
0 0

Following are the state space matrices after linearizing the RCCI model:

0.0393  —0.0140  0.0052 0.0081

—0.2741  0.0974 —0.0361 —0.0566
A= (3.48)

—-0.3965 —0.1409 —0.0523 —0.0819

0.3743  —0.1043  0.0493  —0.0452

—0.4165 —0.3176

04479  2.4402
B= (3.49)

4.2019 3.1550

21777 28.2946

1 0 0 0
C= (3.50)
00 0 1
0 0
D= (3.51)
0 0
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The linearized systems have been analyzed for open and closed-loop stability. The
discrete-time system is said to be asymptotically stable if eigenvalues of the system lie
within the unit circle [I36]. The eigenvalues of HCCI, PPCI and RCCI are presented
in Table The eigenvalues of the three LTC modes are within the unit circle;

therefore, the systems are open-loop stable. Nyquist stability criteria is used to

Table 3.3
Eigenvalues of linearized discrete-time open-loop system in the three LTC
modes
Modes Eigenvalues
HCCI 0.92, -0.04, 0.08, 0.50
PPCI 0.30, 0.95, 0.61, 0.71
RCCI 0.18 + 01, -0.0002 + 01, -0.071 £ 0.043i

determine the closed-loop stability of the systems. CAB0 is controlled by adjusting
the premixed ratio of the dual fuels while IMEP is regulated by controlling the amount
of injected fuel quantity. Therefore, transfer functions are determined from inputs
to outputs of the system and the frequency response of a unity feedback system
is plotted on Nyquist diagram for each LTC mode. According to Nyquist stability
criteria, if the contour encircles the entire right half plane is mapped through the
transfer functions of the system (G(s)) and unity feedback (H(s)), then the number
of closed-loop poles (Z) of the unity feedback system in the right half plane is equal
to the number of clockwise revolutions (N) around the point (-1 + 0i) of the mapping
minus the number of open-loop poles (P) that lie in the right half plane, i.e., N = Z

- P [136].
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Figure 3.13: Nyquist plots for closed loop stability analysis of i) HCCI, ii)
PPCI and iii) RCCI systems
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Figures [3.13(a) & [3.13|(b) show that the system is closed-loop stable because the
open-loop poles of the HCCI system lie in the left half plane and the point (-1 +
0i) lies outside the contour that maps the entire right-half plane. Therefore, HCCI
system is closed-loop stable. Based on Nyquist stability criteria, the contour mapped
through the transfer functions of the system and unity feedback do not encircle the
point (-1 + 0i) and the number of open-loop poles in right half plane (P) = 0, as
shown in Fig. 3.13|(c) & [3.13(d). This means that no closed-loop pole of PPCI mode
exists in the right half plane, thus; the closed-loop system is stable. Nyquist plots of

RCCI show that the system is stable as the point (-14-0i) lie outside the contours of

the transfer functions, as shown in Fig. [3.13{(e) & [3.13(f).

3.6 Controller Development

The LTC modes under study are operated using dual fuels and changing the premixed
ratio of two fuels affects the combustion process. Due to the highly non-linear nature
of the combustion process, a single MPC can only perform well in a limited region
around the nominal operating conditions. Raut et al. developed multiple MIMO
MPCs, each MPC capable of achieving the desired CA50 and IMEP for a range of
PR. Therefore, PR is used as a scheduling variable to switch between the multiple
MPCs to achieve the desired performance [2I]. In this study, the limited operating

regime of a single MPC is extended without any performance degradation by using the
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linear parameter varying (LPV) models. The LPV models are capable of capturing
the system dynamics which vary as a function of time-varying scheduling parameter.
LPV system is represented as a linear state space model with coefficients being the
function of a scheduling parameter. In this study, the linear parameter varying models
as a function of different values of PR are developed offline for each LTC mode.
The LPV models update the internal predictive model at each control interval and
is used within an adaptive MPC controller to achieve the nonlinear control. The
schematic of designed LPV-MPC system is shown in Figure [3.14 By using LPV
models, development of multiple MPCs can be avoided to cover a wide range of
engine operation. Hence, the dynamic COM for the LTC modes can be represented

in discrete time state space model as a function of PR (scheduling parameter), as

shown in Eq. (5.19) and Eq. (8.23]).

Yy, = C(p) Xy + D(p)Us (3.53)

X, U and Y represent the states, control inputs, and outputs of the system. The

states and outputs for the LTC modes are:

X=\|cA50 T., P, IMEP (3.54)
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T
Y = {OAE)O IMEP]

(3.55)

Control inputs for HCCI and PCCI modes are represented in Eq. (6.62)) while for

RCCI, control inputs are presented in Eq. (3.57). PR in Eq. (5.24) is used as a

scheduling variable for the LTC modes.

T
Urccr = {SOI FQ}
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Pk = {PR} (3.58)

The problem statement includes an optimal control objective of a MIMO system with
a set of constraints on inputs and outputs for each combustion mode. Based on the
targeted performance index, MIMO adaptive MPC controllers are developed for each
combustion mode. An MPC is a real-time model-based optimization framework which
provides flexibility of handling constraints on inputs, outputs and states. An MPC
controller requires information about the reference input over the prediction horizon,
as shown in Eq. . For all LTC modes, the prediction and control horizons are
chosen to be 5 and 3 engine cycles, respectively. The output of the MPC over the
prediction horizon presented in Eq. , can be simplified in terms of states and

control inputs as shown in Eq. ({3.60]).

T
Y= |yk+1lk yk+2k y(k+3lk ylk+4k y(k+5k) (3.59)

Yy = FX), + 6U, (3.60)
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where, the matrices F' and ¢ are computed by using Eq. (5.10) and Eq. (3.62]).

CA
C A2
F=|cAa3

CA*

CAS

CB 0 0 0 0
CAB OB 0 0 0
= |CA2B CAB CB 0 0

CA’B CA’B CAB CB 0

CA*B CA’B CA*’B CAB (B

The objective function is as follows:

J = [(¥=Y)'Q(¥ ~Y;) + UTRU]

=1

(3.61)

(3.62)

(3.63)

where, Q and R are the weight matrices for reference tracking and control variables,

respectively. The optimal solution for control signal is given by:

U=("Q0+R)"'¢"Q(¥ — FX(k))
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The term (¢ Q® + R)1¢T QW in Eq. (3.64)) refers to the set point change. The term
(—TQ® + R)'¢TQFX in Eq. (3.64) corresponds to the state feedback control.
Quadratic programming is used to evaluate the cost function for optimal control

signal in the presence of constraints. The objective function with active constraints

is given by:
1
J = 5UTEU +U'H (3.65)
subject to constraints:
AconsU = Bcons (366)
where,
E=¢"Q¢p+ R, H=¢"Q - FX}) (3.67)

The constraints on the manipulated variables for each LTC modes are applied. Ao,

and B,,,s matrices are given in Eq. (3.68).

Lox1o Umaz — u(k; — 1)
Acons = ; Bcons - (368)

Tox1o Upin + u(k; — 1)

Model predictive controller requires the information about the state variables (X (k;))
at the time (k;). It is expensive to use the sensors to measure all the states of the

LTC engine. Thus, the state variables are estimated via an observer. To this end, a
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Kalm

an filter is used to estimate the unmeasured state variables like Tg,. and P for

each mode. The developed adaptive MPC controllers with LPV systems are simulated

in Matlab/Simulink.
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Figure 3.15: Simulation results of MIMO adaptive MPC for step changes
in IMEP and CA50 (HCCI mode). Operating conditions: N = 800 RPM,
Tman = 353K, Pman = 96 kPa
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3.7 Results and Discussion

The controller developed for HCCI mode is tested by providing step changes in IMEP
and CA50. Measurement noise is added to both the outputs in order to account for the
measurement noise in real engine setup. The controller response is tested for a step of
change of 8 CAD in CA50 and 100 kPa in IMEP. The controller response including the
plant outputs and the manipulated variables are shown in Figure [3.15] It takes one
engine cycle to attain the targeted CA50 for a step change in CA50. However, CA50
reaches the steady state in 3 engine cycles corresponding to the step change in IMEP.
IMEP reaches its targeted value in one engine cycle corresponding to a step change of
100 kPa. The average errors in CA50 and IMEP with added measurement noises are
0.5 CAD and 7.6 kPa, respectively. In addition, the controller outputs remain within
the set constraints of the actuators. For instance, when there is a step change in IMEP
at engine cycle # 72, PR reaches its maximum value of 50 to maintain CA50 to its
optimum value. One of the important performance characteristics of the controller
is its disturbance rejection property. Thus, the designed controller is tested in the
presence of disturbance input. Intake air temperature is modeled as disturbance input
to the plant. A ramp signal for the change in intake air temperature is provided. The
controller performance in the presence of disturbance is shown in Figure [3.16| The
controller shows good disturbance rejection performance. It takes only one cycle for

CA50 and IMEP to regain the steady state performance. In addition, there is no
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significant impact on the average errors of CA50 and IMEP. Controller performs well

in tracking the step changes in CA50 and IMEP in the presence of disturbance input

while meeting the set constraints.
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Figure 3.17: Simulation results of MIMO adaptive MPC for step changes
in IMEP and CA50 (PPCI mode). Operating conditions: N = 800 RPM,
Tman = 313 K, Pman = 96 kPa
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The performance of MPC controller for PPCI mode is validated against the step
changes in both CA50 and IMEP. CA50 and IMEP both reach the targeted value in
1 engine cycle against a step change in CA50. However, it takes 4 engine cycles to

attain the targeted value of CA50 when there is a step change of 120 kPa in required
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IMEP. IMEP takes one engine cycle to gain the steady state for a step change. The
controller performance for reference tracking of CA50 and IMEP is shown in Figure
3.17. The average errors in tracking CA50 and IMEP are 0.2 CAD and 4.7 kPa,
respectively. The controller performance is also tested in the presence of measured
disturbance. The disturbance rejection performance of the controller is shown in
Figure A ramp change in the intake air temperature and a step change in
IMEP are provided simultaneously. The controller is able to reject the disturbance

in one engine cycle while it is able to track the targeted CA50 and IMEP.

For RCCI mode, the MPC controller is tested for two different cases. In the first case,
MPC controller is tested for the fuel with fixed PR of 20. The controller performance
is validated in the presence of two step changes in IMEP at different time steps while
tracking the combustion phasing (CA50) to its optimum value. IMEP reaches the
target in 1 engine cycle while CA50 takes 2 engine cycles to attain the steady state
value. The controller response and plant outputs are shown in Figure [3.19. The
average errors in tracking CA50 and IMEP are 0.2 CAD and 5.2 kPa, respectively.
In the second case, the MPC controller for RCCI is tested for different PR ranging
from 5 to 45. For a step change of 5 in PR, CA50 takes one engine cycle to reach the
optimum value while it takes 2 engine cycle for a step change of 10 in PR. However,
IMEP regains the reference tracking in 1 engine cycle for both the step changes of 5
and 10 in PR. In addition, a step change of 200 kPa in IMEP is provided to test the

controller performance for a range of PR. The controller is capable of tracking CA50
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and IMEP without any performance degradation as shown in Figure |3.20
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3.8 Summary and Conclusions

This paper presents model based control development of three common low temper-
ature combustion (LTC) modes using dual fuels. The engine controller selects the
best combustion regime based on the engine brake specific fuel consumption (BSFC)
performance map. An independent combustion controller is developed for each mode
which uses linear parameter varying (LPV) models to capture the system dynamics
for achieving the non-linear LTC engine control. Major findings from this work for

the tested conditions are:

e Discrete time control-oriented models (COMs) and LPV systems are developed
as a function of dual fuel premixed ratio for each LTC mode. The steady
state and transient validations show that the developed control oriented models
are capable of predicting CA50 and IMEP on cycle-to-cycle basis with average

errors less than 2 CAD and 37 kPa, respectively for each LTC modes.

e For HCCI mode, the developed adaptive model predictive controller (MPC)
uses premixed ratio and fuel quantity to control CA50 and IMEP. Moreover,
premixed ratio is also used as a scheduling variable for the LPV system. Results
show that the adaptive MPC with LPV system is able to track CA50 and IMEP

with average errors of 0.5 CAD and 7.6 kPa, respectively. The controller is also
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tested for disturbance rejection properties.

e For PPCI mode, CA50 is controlled by adjusting premixed ratio while IMEP
is controlled by adjusting fuel quantity. The adaptive MPC controller uses PR
as scheduling variable for the LPV models. The controller performs well in
the presence of measured disturbance. The average errors in CA50 and IMEP

tracking are 0.1 CAD and 1.7 kPa, respectively.

e For RCCI mode, start of injection is used to control CA50 while fuel quantity
is used for IMEP control. Premixed ratio is used as a scheduling variable to
develop the LPV models. The adaptive MPC is able to track CA50 and IMEP

with average errors of 0.2 CAD and 5.2 kPa, respectively.

e The MPC controllers developed for each mode are capable of providing good
performance in controlling combustion phasing for any premixed ratio of fuels
ranging between 0 and 50. This is because the LPV models with premixed
ratio as the scheduling parameter improves the performance of the controller by
capturing the system dynamics. A single MPC controller with an LPV plant
model works well for a wide range of PR both with and without disturbance

inputs.

Overall, developed MPC controllers show promising results for reference tracking of

CAb50 and IMEP for the dual fuel application in the LTC modes.
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Chapter 4

Data-Driven Modeling and Control
of Cyclic Variability of an Engine

Operating in LTC Modesm

4.1 Abstract

Combustion cyclic variability in an internal combustion engine leads to cyclic vari-
ations in the engine torque output and emissions. Combustion cyclic variability is

often characterized by coefficient of variation of indicated mean effective pressure

LOriginally published in IFAC-papersOnLine, 54/20 (2021), pp. 834-839
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(COVimEp) that is used as an indicator of combustion stability. These cyclic variations
are inevitable and cannot be completely eliminated but can be controlled to allow sta-
ble engine operation. This work focuses on control oriented modeling of COVygp to
limit engine cyclic variations in low temperature combustion (LTC) modes. COVygp
is generally stochastic in nature; thus, a data-driven approach is used to develop a
predictive model of COVygp for Homogeneous Charge Compression Ignition (HCCI)
and Reactivity Controlled Compression Ignition (RRCI) modes. This work presents
the development of a cycle-by-cycle model predictive controller for a 2.0 liter multi-
mode LTC engine. Physics-based control-oriented models for combustion phasing
(CA50) and IMEP are augmented with the new data-driven COVyygp model to limit
the cyclic variations below 3% for HCCI and RCCI modes. These models are then
used to design closed-loop non-linear model predictive controllers to control CA50
and IMEP while constraining COVpygp to ensure stable engine operation for varying

load conditions.

4.2 Introduction

Advanced combustion modes including low temperature combustion offers high ther-
mal efficiency and low engine-out emissions. Premixed mixtures in LTC modes reduce

the local fuel rich zones which prevents very high peak in-cylinder gas temperatures
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that in turn, helps in restricting oxides of nitrogen (NOx) formation. The LTC en-
gines can offer thermal efficiency comparable to the conventional diesel engines [107]
and produce NOx, and PM emissions substantially less than conventional diesel en-
gines [I08]. This work focuses on the two common LTC modes i.e.; homogeneous

charge compression ignition (HCCI) and reactivity controlled compression ignition

(RCCI).

Combustion control in the LTC modes is important to avoid knock and too high
maximum pressure rise rate, partial burns and misfires. Combustion phasing CA50
and indicated mean effective pressure IMEP are the common controlled parameters
in the LTC modes [0, 24, 39]. In addition, combustion in LTC modes is mainly
restrained by high cyclic variations and maximum pressure rise rate. Large cyclic
variations are usually observed at low loads in LTC modes [19]. That is why, peak
pressure [35], peak pressure rise rate [26] and cyclic variability [21] [3§] are important

control parameters that need to be monitored for safe and stable engine operation.

Combustion variations on cycle-to-cycle basis are indicated by the coefficient of varia-
tion of indicated mean effective pressure (COVpygp). High cyclic variations in IMEP
result in engine speed fluctuations and affect the noise, vibration and harshness (NVH)
performance of a vehicle [87]. Moreover, cyclic variability increases engine-out emis-
sions [86]. In addition, desirable ultra-lean engine operations with high thermal ef-

ficiency are prone to high cyclic variations. Therefore, it is important to minimize
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combustion cyclic variations to achieve stable combustion in order to allow the maxi-
mum thermal efficiency, and lower engine-out emissions. This study focuses on model
based control of HCCI and RCCI modes by constraining COVypygp to limit the cyclic

variations in the combustion to ensure stable engine operation.

Several studies have been conducted to evaluate the parameters responsible for these
cyclic variations in LTC engines. Peak pressure, location of peak pressure, maximum
pressure rise rate, location of maximum pressure rise rate, combustion phasing and
burn duration are commonly used to quantify the cyclic variations [137]. Jia et.
al. studied the cyclic variations in the LTC modes with main focus on dual fuel
RCCI combustion. The study suggested that cyclic variations in RCCI combustion
can be reduced by retarding the injection timing, increasing the injection pressure
and using boosted intake pressure [01]. Low exhaust gas recirculation (EGR) rate,
high equivalence ratio and high intake temperature provide lower cyclic variations in
HCCI mode [89]. A study conducted on cyclic variations of combustion parameters
for HCCI suggested that the cyclic variations increases by exceeding the research

octane number (RON) of the test fuels beyond 40 [13§].

Kalghatgi et. al. showed a linear regression model using CA50 and equivalence
ratio (¢) to differentiate low and high cyclic variability for HCCI combustion [61].
Hellstrom et. al. developed proportional integral (PI) and linear quadratic Gaussian

(LQG) controllers to regulate CA50 in order to reduce cyclic variability in HCCI
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engine operation [38]. In another study, CA50 was adjusted to ensure stable RCCI

combustion and limiting COVyygp for varying load and speed conditions [21].

To the best of the authors’ knowledge, this is the first study undertaken to develop a
learning based engine cyclic variability classifier to create a predictive model and non-
linear MPC for LTC engines to control load and combustion phasing while stabilizing
the engine combustion. This paper focuses on developing an approach to categorize
stable and unstable combustion into different classes on the basis of the COViyrp
using supervised learning algorithm for HCCI and RCCI modes. The contributions

of this work include:

1. Development of a control oriented predictive model for COVyygp using super-

vised learning classification algorithm for HCCI and RCCI combustion modes;

2. Development of a nonlinear MPC for an HCCI engine regulating CA50 to ensure

stable combustion while delivering requested IMEP;

3. Development of a nonlinear MPC for an RCCI engine to control CA50, IMEP

and constraining COVygp.

The organization of this paper is as follows: Section 2 covers the experimental setup,
engine specifications and the range of experimental data used in this study. The data
driven modelling of COVygp for HCCI and RCCI modes is explained in Section 3.

In Section 4, nonlinear model predictive controller development is described. The
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results are presented in Section 5. Section 6 summarizes the major findings of this

work.

4.3 Experimental Setup and Data

A GM 2.0L, 4-cylinder gasoline direct injection EcoTec engine coupled with a 460hp
AC dynamometer is used in this study. The original engine is modified to include two
port-fuel injection (PFI) systems and one direct injection (DI) system, as shown in
Fig. [3.3] The engine is run at wide open throttle under naturally aspirated conditions
without external exhaust gas recirculation. An air heater is used to pre-heat the intake
air to the desired temperature. In-cylinder gas pressure is measured with a resolution
of 1 CAD using PCB piezoelectric pressure transducers. A dSPACE MicroAutoBox
(MABX) is used as the engine control unit. A Xilinx Spartan-6 field propgrammable

gate array (FPGA) is used for the real time feedback of combustion parameters.

The LTC modes are achieved in this engine by adjusting engine control variables and
using two fuels including n-heptane and iso-octane. In HCCI mode, both iso-octane
and n-heptane are injected during the exhaust stroke of the previous cycle via two
PFI systems. While in RCCI mode, iso-octane is injected during intake stroke via
PFI and n-heptane is directly injected during the compression stroke. For HCCI

and RCCI combustion modes, intake air temperature (IAT), total fuel quantity (FQ)
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and the premixed ratio (PR) of two fuels are varied. Start of injection (SOI) timing

of n-heptane is also varied in RCCI mode. The premixed ratio of the two fuels is

calculated using (5.1):

isoLH iso
PR = MisoLHY (4.1)
misoLHViso + mnhepLanhep

where, m;s, and Mmype, are the mass of injected iso-octane and n-heptane, respec-
tively. LHV,s, and LHV 3¢, are the lower heating values of iso-octane and n-heptane,

respectively.

Operating conditions of the engine data used in this study are shown in Table [5.1]
These include 210 steady state HCCI operating points and 300 steady state RCCI
operating points.

Table 4.1

Range of experimental data used in this paper for developing control
models for HCCI and RCCI modes

Parameters HCCI RCCI
IAT (°C) 40-100 40-80
Pan (kPa) 96 96
Engine Speed (RPM)  800-1600 800-2200
PR (-) 0-40 10-40
SOI (CAD bTDC) 450 20-60

Equivalence ratio, ¢(-) 0.32-0.67 0.32-1.00

The engine data is recorded for 100 consecutive cycles at different steady state oper-

ating conditions. The COVyygp is a measure of variability in the IMEP and is defined
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as the ratio of standard deviation of IMEP to the mean of IMEP. It is calculated by:

OIMEP

COV}MEP<%> = x 100. (42)

HIMEP

where, puryep and o7y pp are the mean and standard deviation of IMEP, respectively.

The in-cylinder pressure data from all operating conditions are analyzed and com-
bustion parameters are determined. Figure {4.1| shows in-cylinder pressure traces for
100 consecutive engine cycles running in HCCI mode. Figure shows unstable
combustion with partial burns and misfire in a number of the engine cycles for HCCI

mode. This unstable combustion results in very high COVyygp of 10.8%.

High cyclic variations may occur due to slower burning cycles which result in reduced
work output. In this work, a predictive model is developed to confine the engine

cyclic variations below 3%.

4.4 Data-Driven Modeling of COV\gp

In this work, machine learning classification is used to develop a model to predict
engine combustion stability level based on COVyygp. The data can be classified into
three distinct classes based on COVyygp to indicate stable, semi-stable and unstable

combustion. Each class is provided with combustion stability index (CSI) based on
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Figure 4.1: In-cylinder pressure traces for 100 consecutive steady-state

cycles of HCCI engine operating at FQ = 11.2 (mg/cycle), PR = 20 (-),
Tman = 353 (K); COVyygp = 10.8%, CSI = 3

COVivep. The data points with COViyep < 3% are grouped into class-I having CSI
of 1. These data points showed stable and complete combustion as shown in Fig. [4.2]
Class-II consists of data points with 3 < COVygrp < 5% with CSI of 2. These include
engine operation with some of the cycles have abnormal combustion (e.g., high MPRR
or light knocking) as shown in Fig. . Depending on engine load, an engine can
tolerate COVivep by 5% without any major oscillations in torque delivery or vehicle
driveability concerns. Therefore, class-II is considered semi-stable. The data points

having COVygp > 5% are grouped into class-IIT with CSI of 3 to represent unstable
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Figure 4.2: In-cylinder pressure traces for 100 consecutive steady-state

cycles of HCCI engine operating at FQ = 12.7 (mg/cycle), PR = 40 (-),
Tman = 373 (K); COVygp = 0.71%, CSI =1

combustion, see Fig. . Class-III contains some data points with misfire and/or

partial burns. Partial burn usually occurs when the burning rate is sufficiently slow

and combustion is not completed by the time exhaust valves open [139].

(Classification is a supervised machine learning algorithm which categorizes the data
into different classes. There are various algorithms which can be used for classification
such as logistic regression, support vector machines (SVMs), neural networks (NN),

Naive Bayes, K nearest neighbors (KNN), boosted decision trees and random decision
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Figure 4.3: In-cylinder pressure traces for 100 consecutive steady-state

cycles of HCCI engine operating at FQ = 18.2 (mg/cycle), PR = 0 (-),
Tman = 313 (K); COVygp = 4.6%, CSI = 2

forests. We investigated SVM, KNN, Naive Bayes and neural networks classifiers and
their accuracy were compared. In this study, support vector machine (SVM) is used
for multi-class classification based on providing the best prediction accuracy. SVM
works well with small data sets [140]. SVM is a vector space based machine learn-
ing approach that maximizes the margin between two classes [I41]. The COVyygp
predictive modeling is formulated as a non-linear multi-class classification problem as

the classes are linearly inseparable. SVM maps the data (z; € RP) in the input space
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Figure 4.4: Classification of engine combustion stability using support
vector machines for COVyygp data

(X) to a feature space F:

F={¢(x):z; € X} (4.3)
flz) = Zwi¢($) + o (4.4)

i=1
The linearly inseparable data in the input space (X) can be linearly separated in
the feature space (F) [142]. These linear boundaries provide better separation and
translates into nonlinear boundaries in the input space (X) [143]. The classifier is
given by:

G(x) = sign(f(x)) (4.5)

Lagrange dual objective function is of the form:

2

i=1 j=1

Lp = max Z o — E Z Z a0y (), ¢(xj)) (4.6)
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Subject to the constraints

The dual optimization problem is solved by maximizing Lp using quadratic program-

ming. The solution of the optimization problem is given by:

flz) = Z aiyi(p(z), d(x:)) + Bo (4.9)

where, «;, 8y and y; are the Lagrange multipliers, bias and class labels, respectively.

C is box constraint to limit the values of Lagrange multiplier.

yif(xi) =1 (4.10)

The transformation to feature space (F) and computation of their corresponding inner
product can be computationally expensive. Therefore, kernel trick is used to compute
the inner products in the feature space without any transformation as shown in Fig.
[4.4] This requires a kernel function that can be computed efficiently. Kernel function

(K) is a function, such that for all z;,z; € X

K(zi, ;) = (9(2:), ¢(x5)) (4.11)
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K should be a symmetric positive semi definite function. The commonly used nonlin-

ear kernel functions in the SVM are polynomial ([5.18)), radial basis (Gaussian) (4.13)

and sigmoid ([4.14]).

K(xi,25) = (1+ (w5, 25))° (4.12)
K(i,7;) = exp(—|z; — ;]| (4.13)
K(z;,x;) = tanh(k1(x;, x;) + Ka) (4.14)

4.4.1 COVivep Modeling for HCCI Mode

For HCCI, SVM is used to train the model for COVygp classification using lin-
ear, polynomial and radial basis kernel functions. Combustion parameters including
CA50, burn duration (BD), peak pressure (Ppax), location of peak pressure (@pmax),
IMEP, maximum pressure rise rate (MPRR), location of maximum pressure rise rate
(OmprR ), premixed ratio (PR), fuel quantity, intake air temperature and engine speed
were initially used in developing COVygp classifier. CA50 has a linear relationship
with (fpmax) and (Onprr)- Pmax, MPRR and engine speed didn’t improve the predic-

tion accuracy of the model. Therefore, this study uses CA50, IMEP, premixed ratio,
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fuel quantity and intake air temperature as features to develop a control oriented
model for the COVyygp for the HCCI mode as shown in Fig. @ HCCI engine data
for 210 different operating conditions are used for training and testing. 72% of data
is used for training the model and the remaining 28% is used for testing. The data
is standardized before training because of different scales of the predictor variables.
Otherwise, the predictor variable with the largest range would dominate. The classifi-
cation models are tuned by varying the kernel scale and box constraint (C). The choice
of C is a trade-off between variance and bias. The models are trained using 10 fold
cross validation approach to prevent over-fitting. Sequential minimal optimization
is used as a solver for the optimization problem. The radial basis (Gaussian) kernel
function showed better results as compared to linear and cubic polynomial

kernel functions.

The trained classification model consists of three classifiers, one for each class using
one-vs-all classification technique. The confusion matrices for the training and test
data sets are shown in Fig. and [L.5p, respectively. Class-I and II show one
misclassified data point for each class while class-I11T shows 100% accuracy. Overall,
the developed model shows 96.5% accuracy in predicting engine CSI (combustion

stability index).
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Figure 4.5: Confusion matrix for COVyygp classification for HCCI and
RCCI modes

4.4.2 COVIMEP Modeling for RCCI Mode

Similar to the HCCI mode, COVyygp classification model for RCCI mode is developed
using SVM. The engine variables used in the RCCI mode are the start of injection
timing of n-heptane, premixed ratio of fuels, intake air temperature and fuel quantity.

Engine data at 300 different steady state operating conditions are used. Similar to
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the HCCI mode, the COVpygp for RCCI mode is also grouped into three distinct
classes. The COVygp prediction for the RCCI mode is modeled using CA50, IMEP,
SOI, PR, fuel quantity and intake air temperature as predictors as shown in Fig.
4.4 Addition of Py, MPRR and engine speed as predictors to the model did not

improve the prediction accuracy.

72% of the data from three classes are used for training the model and remaining
28% are used for testing. Data standardization, 10 fold cross validation and one-
vs-all classification technique are used to train the model. The kernel scale and
box constraint are varied to tune the trained model. Three classifiers are trained
by solving the objective function using sequential minimal optimization (SMO). The
cubic kernel function showed better results as compared to linear and Gaussian

kernel functions.

Confusion matrices are plotted for both training data set and test data set as shown
in Fig. 4.5c and Fig. [4.5d. The trained model has prediction accuracy of 98.7% for
class-I, 96% for class-II and 98.5% for class-III. The trained model is validated for
80 different test conditions. The test data for class-I and III show 100% prediction
accuracy. However class-1I shows two misclassifications with prediction accuracy of

92.8%.
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Figure 4.6: Schematic of nonlinear MPC and plant model

4.5 Non-Linear Model Predictive Control Devel-

opment

To control cycle-by-cycle CA50 and IMEP, experimentally validated control oriented
models (COMs) are used from our prior works |21} [31]. The objective of this work is to
control CA50 and IMEP while ensuring combustion stability by limiting the COVyygp
below 3%. For both HCCI and RCCI modes, COMs are augmented with data-driven
models to constrain COVyygp. Crank angle for 50% fuel mass fraction burned CA50,
temperature at start of combustion (Tg..), pressure at start of combustion (Pg.)

and indicated mean effective pressure IMEP are chosen as the states of the MIMO
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nonlinear HCCI and RCCI COMs. The outputs for both HCCI and RCCI modes are

CA50, IMEP and COVyygp. The control structure is shown in Fig.

The nonlinear COM of HCCI and RCCI modes can be represented as follows:

w(k+1) = f(a(k), u(k)) (4.15)
y(k) = f(z(k) (4.16)
where:
T = [C’AE)O Twe  Paoe IMEP]T (4.17)
upcor = {PR FQ}T (4.18)
Urcer = [501 FQ PR}T (4.19)
y = [(JAE)O IMEP COV[MEP]T (4.20)

The developed COMs are used in a nonlinear model predictive control (NMPC) plat-
form to control the LTC engine in HCCI and RCCI modes. The NMPC uses real-time
iterative optimization of the plant model over a finite number of time steps and yields
an optimized control strategy for a provided reference input. The first element of the
optimal control sequence is provided as a feedback control for the next sampling inter-
val. The prediction and control horizons for both HCCI and RCCI modes are chosen

to be 5 and 3 engine cycles, respectively. The cost function is designed by penalizing
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the control efforts and least square error of reference tracking as shown in (4.21))

N
7=y %(Yk — Rs)"Q(Y: — Rs) + U'RU,, (4.21)

k=1

subject to the constraints on COVyygp and actuators limits
h(z(k),u(k)): CSI —1=0 (4.22)

AconsU S Bcons (423>

Combustion stability index (CSI) is used to specify the classes that is based on

COVpyep. Constraint h(x(k),u(k)) is a nonlinear equality constraint on COVyygp

which is given by (4.24)) and (4.25) for HCCI and RCCI modes, respectively.

CSIncer = hucer(x(k),unccr(k)) (4.24)

CSIrcer = hrecr(x(k), upccor(k)) (4.25)

Rs is the reference signal for CA50 and IMEP available for next 5 time steps.

Rs = [CA50,.; IMEP,.]|" (4.26)

Q and R are the tuning weights. Q is a positive semi definite diagonal matrix while
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R is positive definite diagonal matrix.

—Tox10 Upin + u(k; — 1)
A= . B= (4.27)

Tox10 Unaz — U(k?z —1)
This nonlinear programming problem (NLP) is solved in Matlab by using “fmincon”
command and specifying sequential quadratic programming (SQP) algorithm. SQP
solves this minimization problem with an active nonlinear constraint. SQP is an
iterative approach to search for a local optimal solution [144]. The QP subproblem
is formulated to account for the local properties of the NLP for each iteration step

using quasi-Newton method. The subproblem is of the following form:

. 1
min Vi, u)AU + AU HAU (4.28)
over AU € R"
subject to
h(zy, uo) + Vh(xg, ug)T AU = 0 (4.29)
g(xr, uo) + V(g ug) AU < 0 (4.30)

The solution of this subproblem is used to form a new iteration.

U(j + 1) = U(j) + aAU (k) (4.31)
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where, « is a scale factor that determines the length of the search step in direction of
AU. « is determined by line search approach subject to the decrease in original NLP

merit function.

H is the PD Hessian matrix, computed by taking the second derivative of J(x(k),u(k))

w.r.t U

5?Y oYy

5Y
H = 205755 w90 QY = Bs) + 2055 ww,u0) Q55 w000 (4.32)

4.6 Results and Discussions

4.6.1 Results for RCCI Mode

In RCCI, there are three control knobs available to control combustion. CA50 can
be controlled by adjusting either SOI or PR. SOI is used as manipulated variable to
control CA50 while premixed ratio is adjusted to provide stable combustion. Fuel
quantity is used to control IMEP. Constraint on COVyygp is added along with the
actuator constraints. Figures and show the controller performance with and
without constraint on COVyygp. During first 300 cycles, the controller is capable

of tracking CA50 and IMEP but the optimal solution lies in the region of unstable

169



Plant

(a) == = Ref

—_
(6)]

CA50
(CAD aTDC)
)

0 100 200 300 400 500 600

0 100 200 300 400 500 600
(c)

c <>]<J 3 ]
o O
— C
= £
> _.2'\ - 2 L i
-g = = Without Constraint With Constraint
58 >« >
O CD 1 B l l l l

0 100 200 300 400 500 600

Engine Cycle (#)

Figure 4.7: Controller response for reference tracking of CA50 and IMEP

with and without constraint on COVyygp for RCCI mode. Combustion

stability index of 1, 2 and 3 indicates COVygp < 3%, 3 < COVivep < 5%

and COVygp > 5%, respectively.
combustion as the constraint on COVyygp is inactive. However, when the constraint
on COVpygp is activated, the controller adjusts the premixed ratio while tracking
CAb50 and IMEP to provide an optimal solution in the region of stable combustion,

as it can be seen in Fig. during 300-600 cycles. Moreover, the controller is capable

of reference tracking CA50 and IMEP with settling time of one engine cycle.
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Figure 4.8: Control inputs of the NMPC for the results in Fig.

4.6.2 Results for HCCI Mode

Nonlinear MPC controller is implemented in Matlab for the reference tracking of CA50
and IMEP while constraining COVpygp for HCCI mode. The outputs and states are
computed using engine plant model and provided as feedback to the controller. In

HCCI mode, premixed ratio, fuel quantity and manifold temperature are the available
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control actuators. Manifold temperature shows very slow response; thus, it cannot
be used to control the parameters on cycle-to-cycle basis. PR is used as manipulated

variable to control CA50, and IMEP is controlled by adjusting the fuel quantity.

Moreover, COVygp model is added to the plant model to predict the combustion
stability and to provide feedback to the controller. Figures and show the
controller response for tracking CA50 and IMEP with and without constraint on
COVyygp. For the first 100 cycles, when the IMEP is 250 kPa and CA50 is 13 CAD
(aTDC), the model predicts unstable combustion as the combustion stability index
is 3. This means that the COVygp for these 100 cycles is greater than 5%. For the
next 100 cycles, the combustion is stable as CSI is 1 (COVpygp <3%). However, the
controller shows good performance for reference tracking of CA50 and IMEP. It takes
one engine cycle to reach the target IMEP while CA50 takes four engine cycles to reach
the reference value. For cycles 301-600, the constraint on COVygp is activated. The
controller tracks IMEP well but it adjusts CA50 such that the combustion stability
index remains 1. As it can be seen in Fig. , when the constraint on COViymp
becomes active, premixed ratio regulates CA50 to avoid constraint violation. Hence,

COVnyep stays below 3% ensuring stable combustion.
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Figure 4.9: Simulation results for reference tracking of CA50 and IMEP
with and without constraint on COVyygp for HCCI mode. Combustion
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4.7 Conclusions

In this work, a data-driven predictive model of combustion stability classification is

developed for the low temperature combustion (LTC) modes in a 2-liter 4-cylinder
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engine. The engine data at 510 operating conditions were used to develop and assess
the model. Support vector machine (SVM) is used to classify COVyygp and create
a predictive model of the engine combustion stability. CA50, IMEP, premixed ratio,
fuel quantity, intake manifold temperature and start of injection (for RCCI only) are
used as predictors to classify COVyygp into three different classes including class-I
if COVivep < 3%, class-11 if 3 < COVivep < 5% and class-IIT if COViygp > 5%.
Experimental data with COVyygp > 5% mostly showed either partial burn or misfire.
The developed combustion stability models for both LTC modes show more than 97%

prediction accuracy.
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Using the combustion stability models, closed-loop nonlinear model predictive con-
trollers are designed for HCCI and RCCI combustion modes. The optimal control
action is determined using SQP algorithm. The nonlinear MPC controller for HCCI
is capable of tracking CA50 and IMEP in the absence of constraint on COVyygp and
regulates CA50 whenever needed for keeping the combustion stable. For the RCCI
mode, SOI and fuel quantity are used to control CA50 and IMEP. In the presence
of active constraint on COVypygp, the designed controller adjusts premixed ratio to
ensure stable combustion during engine load changes. These allow the multi-mode

LTC engine to run stably in both HCCI and RCCI modes.
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Chapter 5

Machine learning approaches for
identification of heat release shapes
in a low temperature combustion

engine for control applications

5.1 Abstract

This paper presents application of machine learning classification algorithms to iden-

tify the type of heat release for combustion control in a low temperature combustion
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engine for optimal engine operation. Low temperature combustion (LTC) is among
advanced combustion technologies which produce low nitrogen oxides (NOx) and soot
emissions compared to the conventional combustion engines and offers high thermal
efficiency. LTC regimes are susceptible to high in-cylinder pressure rise rates which lie
outside the engine safe zone. This limits the operating range of LTC engine. However,
multi-regime controlled combustion can provide extended operating range of the high-
efficiency LTC engine. Thus, it is imperative to understand and identify the different
shapes of heat release traces to control these complex engines. This paper studies ma-
chine learning approaches for identification and classification of different heat release
shapes for the engine operation with multiple combustion regimes. Experimental data
from an LTC engine was collected and the in-cylinder pressure measurements were
used to calculate heat release rate (HRR). The heat release rate traces for over six
hundred engine operating conditions were analyzed and classified into three regimes
based on the different shapes as a function of fractions of early and late heat release.
Supervised (i.e., Decision Tree, K-Nearest Neighbors and Support Vector Machines)
and unsupervised (i.e., Kmeans clustering) machine learning approaches were used
to develop algorithms to segregate these regimes. Kmeans clustering was not suc-
cessful in classifying the HRR types. Among different supervised machine learning
techniques, Support Vector Machines was found as the best method with an overall
classifier prediction accuracy of 92.4% for identifying the heat release shapes. Fur-

thermore, three classifiers were also trained based on the combustion performance
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parameters which can be used as scheduling variables for developing predictive mod-
els of the multi-mode LTC engine for real-time control. The classifiers trained by
using K-Nearest Neighbors algorithm showed 97% prediction accuracy. These clas-
sifiers are then used to achieve the simultaneous reference tracking of combustion
phasing (CA50) and indicated mean effective pressure (IMEP) while constraining

maximum pressure rise rate (MPRR) below 8 bar/CAD using LPV-MPC framework.

5.2 Introduction

Advanced combustion strategies including low temperature combustion (LTC) modes
offer high thermal efficiency and low engine-out emissions. Light duty vehicles (LDVs)
contribute to 52% of the fuel consumed in the transportation sector in the U.S.
[45]. Moreover, the U.S. Energy Information Administration predicted that the new
light duty vehicles running solely on internal combustion engines (ICEs) will still be
contributing to 81% of the market share by 2050 [45]. Therefore, it is imperative
to optimize the advanced ICE combustion strategies which would not only improve
the fuel economy of LDVs but also help in meeting the stringent emission legislation.
Because of the advantages over the conventional spark ignition (SI) and compression
ignition (CI) engines, LTC strategies have been the focus of research for over the last

two decades [145].
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LTC modes offer thermal efficiency comparable to conventional diesel engines [107]
while producing substantially lower NOx and particulate matter (PM) emissions [10§].
The common LTC modes are homogeneous charge compression ignition (HCCI), pre-
mixed charge compression ignition (PCCI), partially premixed charge compression
ignition (PPCI), and reactivity controlled compression ignition (RCCI). Different
strategies have been employed to realize LTC modes such as variable valve actuation
[4, T11], variable compression ratio [5], preheating the intake air [69], fast thermal
management [5], exhaust re-compression [146], exhaust gas recirculation (EGR) [69],

dual fuels [107], and split fuel injection strategies [4, 117].

LTC modes encounter challenges of combustion timing control, high maximum pres-
sure rise rate (MPRR) and high cyclic variations [61]. These challenges can be ad-
dressed by developing a model-based controller framework for the LTC modes to en-
sure safe engine operation. Model-based controllers require control-oriented models
(COMs) for the LTC engine. LTC engine can be modeled as white-box models, black-
box models or grey-box models. Physics-based mathematical models are categorized
as white-box models. These dynamic engine models require separate calibrations
for each LTC mode and are often computationally expensive for the real-time cycle-
to-cycle engine combustion control. Black-box models are essentially data-driven
models. The common black-box approaches used to model LTC modes found in the
literature are system identification [25, 26] and machine learning (ML) algorithms

[41], 44], B3], 147, [148]. These models do not require the detailed physics of the system
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inherent to the mathematical models. Therefore, they are simpler as compared to
white-box models. System identification can either be based on output information
only e.g., frequency domain decomposition, or includes input as well as output infor-
mation of the system. e.g., eigensystem realization. However, using both input and
output information provides better model accuracy. ML algorithms are data-driven
regression or classification models. Grey-box modelling approach combines the white-
box and black box models together to represent an engine model [83]. ML algorithms
require sufficient and appropriate data and often high training time to develop the
model. In addition, these models can only make accurate predictions within the train-
ing dataset range. A trained and validated model can readily be used for making new
predictions and/or for control purposes. The trained models are computationally
inexpensive and do not require any physical assumptions, initial or boundary con-
ditions. Moreover, ML algorithms can easily handle multi-dimensional data which
is not the case in most of the empirical models. Stochastic nature of combustion in
ICEs, in-cylinder temperature gradients, turbulent air-fuel mixing, amount of residu-
als trapped from the previous engine cycles, and in-cylinder non-linear thermo-kinetic
reactions are some of the physical phenomena which are difficult to predict and in-
corporate in the white-box models [I148]. On the other hand, ML can predict the
outputs of interest with significant accuracy without knowing the actual dynamics
involved in the process. Here, ML is used in this study to develop a model for the

automatic prediction and classification of the type of combustion event in the LTC
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engine operation to tackle the complex and multi-dimensional heat release rate data

in multi-mode LTC engines.

ML can be used for regression which gives quantitative outputs, and classification
which can make qualitative predictions [149]. These approaches can be categorized
as supervised and unsupervised learning algorithms. A supervised learning algorithm
is provided with the outputs together with the inputs. However, unsupervised learn-
ing approach is only provided with the input information and the algorithm detects
the pattern in a principled way by clustering the data and generates the output la-
bels [I50]. Compared to supervised learning algorithms, the validity of the output
inferences are hard to ascertain in unsupervised learning algorithms which do not of-
fer direct measure of success [149]. ML regression and classification algorithms have
been widely used in engine modeling [151], [152], control [153], optimization [43] and
monitoring [I54]. In [44], a control oriented model was developed using least square
support vector machine (LS-SVM) algorithm to control combustion phasing (CA50)
and indicated mean effective pressure (IMEP) while constraining MPRR below 6
bar/CAD with a model predictive controller (MPC) framework in an RCCI engine.
In the study in reference [92], a supervised learning based classification algorithm was
used to model the stochastic cyclic variations in HCCI and RCCI engine operations.
Cyclic variations in the engine torque affect the smoothness in engine torque delivery

and the noise, vibration and harshness (NVH) performance of vehicle [87]. These

181



cyclic variations are often indicated by coefficient of variation of indicated mean ef-
fective pressure (COVyygp). A nonlinear MPC controller was designed in reference

[92] to constrain the COVyygp below 3% while controlling CA50 and IMEP.

In LTC modes, high MPRR usually occurs due to advanced combustion. Delaying the
rate of heat release helps in reducing high MPRR. One of the important parameters
in the LTC engine operation is the optimal fuel injection timing which determines
the level of fuel premixing. This affects not only the rate of heat release but also the
HC and CO emissions [I55]. In a dual fuel LTC operation, a homogeneous air-fuel
mixture is formed due to the injection of low reactivity fuel during intake stroke.
However, premixed ratio of dual fuels and injection timing of high reactivity fuel
have paramount effects on the combustion event. Premixed ratio of fuels determines
the level of reactivity gradient while start of injection timing of high reactivity fuel
determines the level of mixture homogeneity and fuel stratification in the cylinder
[134]. In addition, intake air temperature and equivalence ratio are also contributing
towards different types of combustion events. Authors in [I34] investigated the rate
of heat release in a dual fuel operated LTC engine by providing a timing sweep of
the directly injected fuel. Early injection timings (around -145 CAD aTDC) resulted
in HCCI-like rapid combustion. Peak heat release rate was significantly reduced
by retarding the injection timing to -50 CAD aTDC. While abrupt heat release in
early stage with a tail near the end of heat release was observed when the injection

timing was around -15 CAD aTDC [134]. In [I23], an early injection timing in a
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low load RCCI operation resulted in fully premixed air-fuel mixtures. This provided
the best efficiency with low emissions. It was observed that injection timings earlier
than -70 CAD aTDC resulted in spray liner impingement. The study suggested
that the cylinder liner impingement can be avoided by using double fuel injections
at later injection timings which helped in reduction of CO and HC emissions and
improved thermal efficiency [123]. A study conducted in reference [55] used decision
tree, convolution neural network (CNN) and Kmeans clustering to classify the rate
of heat release rate in five distinct groups. The prediction accuracy achieved from
CNN and decision tree was 70% and 74.5% respectively. Another study classified the
combustion events obtained from four different gasoline and diesel fuel blend ratios
into three modes by analyzing different heat release shapes [I56]. The start of injection
of diesel fuel was varied between 6 to 46 CAD bTDC. Dual fuel mixture with 70%
gasoline provided a prolonged ignition delay which resulted in reduced NOx emissions.
Furthermore, fuel mixture with 70% gasoline resulted in increased indicated efficiency
when compared with diesel combustion [156]. This study suggested that fuel injection
timing and blend ratio of fuel can be the effective means of controlling the combustion
event to the desired heat release rate while limiting MPRR and engine-out NOx and

soot emissions [156].

To the best of authors’ knowledge, this is the first study undertaken to investigate and
classify heat release shapes into three types for extensive LTC operation for over 630

different operating conditions and to develop a model predictive control framework
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using the classification model to achieve a multi-mode LTC engine operation. This
leads to a classification problem which can cluster the different HRR traces into
different classes. ML based classification algorithms are used to distinguish between
different types of HRR based on the shape and the attributes. This work is based
on the comprehensive investigation of low temperature combustion events as a result
of variation in the start of injection (SOI) timing of high reactivity fuel, premixed
ratio of the two fuels (PR), intake air temperature (Ty,.n), and fuel quantity (FQ).
Based on the in-cylinder pressure data, the heat release rates are computed and
characterized. The characterization is done on the basis of combustion metrics which
includes start of combustion (CA10), combustion phasing (CA50), burn duration
(BD), maximum pressure rise rate (MPRR), peak in-cylinder pressure (P,.y ), location
of peak pressure (fppax), maximum in-cylinder temperature (Tp.x), and COViygp.
Furthermore, the engine operation can be optimized by implementing a supervisory
controller to maximize the indicated thermal efficiency. Based on the demanded
load and speed, the engine operation can be optimized by maximizing the indicated

thermal efficiency while limiting MPRR and COVyygp.

The contributions of this work are as follows:

1. Rule-based classification of LTC heat release traces into three distinct classes

based on the fraction of early and main heat release;

2. Characterization of different types of heat release rate based on the combustion
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performance metrics corresponding to each class;

3. Development of supervised and unsupervised machine learning algorithms to

identify the heat release rate shapes;

4. Designing of model predictive control framework based on the trained classifi-

cation model to control the multi-regime engine operation.

The organization of this chapter is as follows: Section 2 comprehends the experimen-
tal setup, engine specifications and the range of experimental data used in this study.
Data mining is used to analyze different combustion events based on the in-cylinder
pressure data in Section 3. This section also includes the distinct combustion at-
tributes corresponding to each heat release type evaluated on the basis of statistical
parameters. In Section 4, supervised and unsupervised learning algorithms are used
for the identification of heat release shapes and their classification into the respective
group. Section 5 presents the results and discussions on the developed algorithms.
Section 6 includes the model predictive control of LTC engine using the trained clas-
sification model. Section 7 summarizes the major findings of this work. Future work

and applications of these algorithms are discussed in Section 8.
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5.3 Experimental Setup

Low temperature combustion is achieved in a 2.0, GM EcoTec engine using dual fuels.
The engine is coupled to a 460 hp AC dynamometer. The 4-cylinder gasoline direct
injection (GDI) engine is modified by appending port fuel injection (PFI) systems
as auxiliaries, as shown in Fig. [3.3] The naturally aspirated engine is run at wide
open throttle (WOT) condition. A controlled electric heater is used to achieve the
desired temperature of the intake air. In-cylinder gas pressure is measured at 1 CAD
resolution using PCB piezoelectric pressure transducers. A dSPACE MicroAutoBox
(MABX) serves as the engine control unit while the real-time combustion feedback

control is achieved with Xilinx Spartan-6 field programmable gate array (FPGA).

Dual fuels of different reactivity are used to realize different LTC modes. The fuels
used in this study are n-heptane (high reactivity) and iso-octane (low reactivity). The
port fuel injectors are used for iso-octane injection during the intake stroke while direct
injection system is used for the n-heptane. The engine is run at different operating
conditions by varying total fuel quantity (FQ), intake air temperature (Tp,a,), start
of injection (SOI) timing of n-heptane and the dual fuel premixed ratio (PR). The
premixed ratio of the two fuels is calculated using Eq. (5.1)):

misoLHviso

PR =
misoLHviso + mnhepLHVnhep
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where my,p¢, and LHV ¢, denotes the mass and the lower heating value of the injected
n-heptane, respectively. While m;s, and LHVj,, are the mass and lower heating value

of iso-octane, respectively.

Steady state engine data is recorded for 100 consecutive cycles for all operating
conditions. Cycle-by-cycle combustion metrics are calculated. These include start
of combustion (CA10), combustion phasing (CA50), burn duration (BD), indicated
mean effective pressure (IMEP), maximum pressure rise rate (MPRR), and COVygp.

COVuep is calculated by:

COViprpp(%) = ZMEL o 100, (5.2)
HIMEP

where pyypp and o7y pp are the mean and standard deviation of I M E P, respectively.

The range of experimental data for the LTC engine used in this study is shown in

Table B.1]
Table 5.1

Range of operating conditions used for LTC engine operation
Parameters Range
Intake temperature, Tyan (°C) 40-100
Manifold pressure, Ppa, (kPa) 96
Engine speed, N (RPM) 800-2300
Premixed ratio, PR (-) 20-60
Start of injection, SOI (CAD bTDC) 15-100
Fuel quantity, FQ (mg/cyc) 9-40
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5.4 Heat Release Rate Analysis of Low Tempera-

ture Combustion

Low temperature combustion results in different heat release rate (HRR) shapes as a
consequence of variations in the engine operating conditions. These heat release rate

traces can be classified into three distinct classes based on their shapes, as shown in

Fig. .1}
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Figure 5.1: Three types of normalized heat release rates in LTC operation
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5.4.1 Rule-based Classification

In-cylinder pressure data provides the information about the combustion event. Heat
release rate and combustion performance metrics are computed from the in-cylinder
pressure data. After visualizing the distinct shapes, a rule-based approach is adopted
for classification. The three distinct HRR shapes showed single stage (type 1) and
two stage combustion (type 2 and 3). The three distinct HRR shapes are shown in
Fig. [5.1] The rule-based strategy is devised on the basis of start and end of the main
stage HRR [I57]. The crank angles for start and end of the main HRR are identified
for individual traces and entered into the data files, as shown in Fig. [5.2] Fractions of
early and late heat release are calculated on the basis of the crank angles of start and
end of main heat release [I57]. Fraction of early heat release (HReayny) is calculated

as the percentage of total heat release which occurs before the main stage HR using

Eq. .3

SOM
HR
HReo1y = 501 100 5.3
W misoLH‘/;so + mnhepLHVnhep 8 ( )

where SOM is the crank angle for the start of the main HR, and SOI is crank angle

for start of injection of n-heptane.

The percentage of late heat release (HRy,te) is determined as the ratio of amount of

heat release during the end of main stage heat release and the crank angle where 90%
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of the total heat is released to the total energy content of the fuel. HRy4 by using

Eq. (.4

CA90
HR
HRygpe = EoM 100 5.4
fat misoLHV;so + mnhepLHVnhep 8 ( )

where EOM is the crank angle for the end of main stage heat release.

Heat release rate provides most of the important attributes peculiar to a combustion
event. Based on the experimental data, the values for the fractions of early (HReay)
and late HR (HRj,t) are determined for different types of HRR. A rule-based approach

is adopted to classify the HRR shapes into three distinct classes. This approach can
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HRiate < 17% Type-l
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Figure 5.3: Rule based classification of HRR

be shown in the form of a simple decision tree, as shown in Fig. [5.3l The HRR traces

are classified as follows:

e Type-1: HReany < 5% and HRypee < 17%

e Type-2: HReany > 5%.

e Type-3: HReany < 5% and HRjue > 17%.

HRR in type-1 occurred in single stage with shorter burn duration. This type of

HRR does not show any significant low temperature reactions. Type 2 HRR has low
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temperature heat release followed by main stage combustion. Type-3 heat release
shape has a main stage heat release followed by diffusion combustion. This type of

HRR is similar to the heat release in the conventional diesel combustion.

To understand the HRR shapes, experimental data at 636 different engine operating
conditions was analyzed. Iso-octane is injected during the intake stroke for all the
operating conditions which homogeneously mixes with the air. The level of mixture
homogeneity is dependent on the premixed ratio. For higher premixed ratios, majority
of the fuel mass is injected during the intake stroke which has enough time to mix
homogeneously with air. Type-1 HRR is observed when the SOI ranges between 35-
60 (CAD bTDC). Type-1 heat release has relatively shorter burn duration, higher
peak pressure and maximum pressure rise rate as compared to type-2 and type-3.
Furthermore, 86% of the type-1 data have equivalence ratio (¢) > 0.65. Injection
of n-heptane during early compression stroke, (i.e., SOI > 60 CAD bTDC) resulted
in a premixed two-staged combustion. For higher PRs, majority of the fuel mixes
with air homogeneously and early injection of n-heptane forms a premixed air-fuel
mixture leading to low temperature heat release followed by high temperature heat
release. 68% of the type-2 heat release traces can be associated to the SOI > 60 (CAD
bTDC). In addition, more lean air-fuel mixture resulted in type-2 combustion with
advanced combustion onset compared to type-1 and type-3. Around 70% of data in
type-2 category has ¢ < 0.65. Late injection of n-heptane near TDC is responsible

for diffusion type combustion. Unlike conventional diesel combustion, combustion in
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type-3 still offers finite amount of ignition delay.

5.4.2 Characterization of HRR Types

Based on the rule-based classification, HRR traces are divided into three distinct
types. Heat release traces are characterized based on combustion performance pa-
rameters. Among 636 data points, HRR with type-1 consists of 131 data points,
type-2 has 132, and type-3 has 373 data points. Table summarizes the statisti-
cal analysis of HRR pertaining to start of combustion. Start of combustion (CA10)
provides information about onset of combustion. It is defined as the crank angle at
which 10% of the total amount of heat is released. An advanced CA10 is a result of
an early heat release rate which can result in excessive pressure rates. That is why,
it is important to control the heat release rate. Type-2 has the most advanced CA10
as compared with types 1 and 3, as shown in Fig. [5.4] The advanced combustion ini-
tiation is type-2 is because of the early injection of n-heptane which resulted in more
premixed mixture. Type-1 and type-3 have retarded combustion initiation compared
to that of type-2. CA10 distribution in type 1 HRR is fairly symmetrical. However,
distribution of CA10 in type 2 and 3 are negatively skewed. Kurtosis value of a nor-
mal distribustion is 3. Based on kurtosis values of type 1 and 2, the distributions of
CA10 are very close to a normal distribution. However, type 3 has excess kurtosis

which makes it leptokurtic distribution with heavier tails as compared to the normal

193



distribution.

Table 5.2
Analysis of HRR traces based on CA10 (CAD aTDC)
Parameters Type 1l Type 2 Type 3
Median (CAD) 5 0 4
Mean (CAD) 4.6 -1.2 3.7
Std. Deviation (CAD) 5.5 5.2 2.0
Skewness (-) -0.1 -0.6 -1.2
Kurtosis (-) 2.6 2.9 8.3
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Figure 5.4: CA10 distribution

Combustion phasing (CA50) is defined as the crank angle where 50% of heat release
occurs. CAB0 is an important combustion parameter to avoid high pressure rise rates
and to achieve maximum work output. The statistical analysis of HRR types based

on CA50 is presented in Table CA50 in type-2 is more advanced followed by
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Table 5.3
Analysis of HRR traces based on CA50 (CAD aTDC)

Parameters Type 1 Type 2 Type 3
Median (CAD) 8 6 7
Mean (CAD) 7.6 4.9 7.4
Std. Deviation (CAD) 6.5 4.8 2.3
Skewness (-) 0.0 -0.6 -0.7
Kurtosis (-) 2.7 3.2 8.2

type-3 and type-1, respectively, as shown in Fig. This can be attributed to the
higher premixed ratio of fuels in type-2 and type-3 as compared to type-1. Similar
to CA10 distribution, type 1 shows symmetrical distribution of CA50 while type 2
and 3 are moderately skewed. The kurtosis value for type 1 and 2 show that the
distribution tails are close to the normal distribution while distribution of type 3 has
heavier tails as compared to the normal distribution.
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Figure 5.5: CA50 distribution
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Table [5.4] shows the quantitative analysis of the burn duration in each combustion
type. Type-1 has shorter burn duration compared to type-2 and type-3. That is why,
the maximum pressure rise rate and peak in-cylinder pressure are higher in type-1 as
compared to type-2 and type-3 combustion. The major factor contributing to type-1
HRR is the injection timing of n-heptane which creates fuel stratification; thus, the
HRR resulted in a single stage combustion event. Burn duration in type-3 is the
longest because of premixed and diffusion combustion, as can be seen in Fig. [5.6
The distribution of burn duration in type 1 and 3 are moderately skewed however
type 2 shows normal distribution. The kurtosis value of type 1 is very close to that of
normal distribution. However, type 2 has a kurtosis value of less than 3 which means
that the distribution tails are lighter than that of a normal distribution while type 3

shows heavier tails as compared to that of a normal distribution.

Table 5.4
Analysis of HRR traces based on burn duration
Parameters Type 1l Type 2 Type 3
Median (CAD) 11 18 22
Mean (CAD) 12 17 21
Std. Deviation (CAD) 4.9 7.1 3.3
Skewness (-) 0.7 -0.3 -1.0
Kurtosis (-) 3.2 2.0 4.1

Table |5.5| summarizes the statistical analysis of peak in-cylinder pressure correspond-
ing to each HRR type. Type-1 shows the highest peak pressure among the three
types with type-3 showing the lowest, as shown in Fig. [5.7] This can be explained by

the fact the heat release in type-1 occurs in single stage as compared to type-2 and
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Figure 5.6: Burn duration distribution
type-3. Furthermore, the SOI timing of n-heptane in type-1 is mostly in the range
of 35 to 60 CAD bTDC. This creates mixture stratification which results in local
rich air-fuel mixture, promoting reaction initiation. This also explains the shorter
burn duration in type-1 as compared with type-2 and type-3. A similar observation
was made in [I5] where start of injection of gasoline (RON 87) in the range of 35 to
50 CAD (bTDC) resulted in rapid combustion event due to mixture stratification.
Type 1 and 3 show moderately skewed distributions while type 2 shows symmetrical
distribution. All the three types have kurtosis values of less than 3 which means that
the distribution tails are lighter than that of normal distribution. Table shows
the location of peak pressure (6p,, . ) corresponding to each HRR type. The location

of peak pressure in Type-2 is advanced followed by type-3 and type-1, respectively.
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Table 5.5

Analysis of HRR traces based on peak cylinder pressure (Ppax)

Parameters Type 1l Type 2 Type 3
Median (kPa) 4300 3800 3500
Mean (kPa) 4200 3900 3500
Skewness (-) -0.7 0.3 0.3
Kurtosis (-) 2.7 2.1 2.7
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Figure 5.7: Peak pressure (Pyax) distribution

Figure [5.9| shows the combustion temperature in the three types of HRR. The statis-
tical analysis of maximum in-cylinder temperature is presented in Table 5.7, Type-1
resulted in the highest combustion temperature. This is because of the single stage
combustion leading to high maximum in-cylinder pressure as compared to type-2

and type-3. Type-2 and type-3 offer much lower combustion temperatures which are

favorable in avoiding NOx.
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Table 5.6
Analysis of HRR traces based on location of peak cylinder pressure (6p,, . )

Parameters Type 1l Type 2 Type 3

Median (CAD aTDC) 13 10 11
Mean (CAD aTDC) 12.4 9.5 11.6
Std. Deviation (CAD) 6.4 4.8 2.5
Skewness (-) 0.3 -0.3 3.5
Kurtosis (-) 2.6 3.5 4.4
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Figure 5.8: Location of peak pressure (6p,,,. ) distribution
Type-1 shows higher maximum pressure rise rate as compared to type-2 and type-3.
However, type-2 shows typical premixed combustion with advanced combustion phas-
ing but lower MPRR, compared to type-1. This is because of the staged combustion
in type-2. Heat release rate in type-1 is the highest. Combustion in type-1 happens
in single stage with enhanced reaction rates and shorter burn duration. Type-3 shows

the lowest average MPRR because of premixed and diffusion combustion. Table
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Table 5.7
Analysis of HRR traces based on peak cylinder temperature (Tyax)

Parameters Type 1l Type 2 Type 3
Median (K) 1800 1480 1500
Mean (K) 1700 1480 1550
Skewness (-) -0.3 0.1 0.6
Kurtosis (-) 2.6 2.5 3.9
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Figure 5.9: Peak in-cylinder temperature (Ty,,x) distribution

provides an overview of statistical analysis of HRR types on the basis of variations in

MPRR.

Coefficient of variation of indicated mean effective pressure (COVyygp) is a measure
of cyclic variability and combustion stability. It is important to limit the COVygp
below 5% to reduce the load fluctuations. The engine COVyyrp > 5% also affects

the Noise, Vibration and Harshness (NVH) performance of vehicles. Majority of data
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Table 5.8
Analysis of HRR traces based on maximum pressure rise (MPRR)

Parameters

Type 1 Type 2 Type 3

40

Median (bar/CAD) 5.8 3.8 3.9
Mean (bar/CAD) 5.6 4.8 4.0
Std. Deviation (bar/CAD) 2.4 2.6 1.1
Skewness (-) 0.3 0.9 0.5
Kurtosis (-) 24 2.7 3.1
Type-1 45 Type-2 250 Type-3
200

Number of occurrences

0 5
MPRR (bar/CAD)

10

150

100 r

50

Figure 5.10: Maximum pressure rise rate (MPRR) distribution

points of LTC operation show COVyygp below 5% with type-1 showing the minimum

variation in IMEP followed by types 3 and 2, respectively.
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Table 5.9
Analysis of HRR traces based on COVyygp

Parameters Type 1l Type 2 Type 3
Median (%) 2.2 4.3 3.9
Mean (%) 2.7 5.4 4.6
Std. Deviation (%) 1.7 2.9 2.5
Skewness (-) 1.7 14 14
Kurtosis (-) 6.1 5.9 6.5
60 Type-1 50 Type-2 140 Type-3
45|
50 120
40 +
n | 1 100+
§ 40 3
0]
- 30
3 80 |
Q
0 30 25 |
: ol
8 20
E 20
S 15| 1 a0l
10}
10 20l
5 L
0 0 0

0 5 10 15 20
COV yep (%)

Figure 5.11: COVpygp distribution

5.4.3 Optimal Engine Operation

In order to optimize dual-fuel LTC engine operation, indicated thermal efficiency,
maximum in-cylinder gas temperature, maximum pressure rise rate and COVyygp

are selected as performance metrics. Majority of the operating conditions resulting
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MPRR, (¢) Tmax, and (d) n for different HRR types

in type-2 HRR showed the maximum indicated thermal efficiency followed by type-3
and type-1 HRRs, respectively, as shown in Fig. |5.12] Formation of NOx can be pre-
vented by avoiding very high in-cylinder gas temperatures [119]. 47.5% data points
in type-3 and 43.5% data points in type-2 resulted in the maximum in-cylinder gas
temperature below 1500 K. For the prevention of NOx formation, the desired HRR
type can be selected based on the maximum in-cylinder temperatures. In addition,
COVnyep below 5% is desired for smooth engine operation and reduced engine-out

emissions [119]. 90% of the data points in Type-1 HRR resulted in COVyygp below
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5%. Similarly, MPRR is another important parameter which is limited below 8 bar /-
CAD to prevent engine knocking and combustion noise. All the operating conditions
corresponding to type-3 combustion resulted in MPRR below 8 bar/CAD. Therefore,
an optimal engine operation can be achieved by maximizing the indicated thermal

efficiency subject to the constraints on COVygp and MPRR.

5.5 Heat Release Rate Classification

Supervised and unsupervised machine learning methods can be used for the classifica-
tion of data. Supervised machine learning approach is provided with the class labels
together with the features to classify the data into specific classes. However, the
unsupervised learning approach analyzes the data and clusters the data into different
groups without any prior knowledge of class labels. In this study, both unsupervised
and supervised classification algorithms are used for the classification of heat release

rate shapes.

5.6 Unsupervised Learning - K-means Clustering

K-means clustering is a popular and heuristic unsupervised machine learning tech-

nique. This approach is provided with a data vector containing ‘m’ observations to
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classify the data into ‘k’ clusters [I50]. The centroid/mean of each cluster is iden-
tified by averaging the data. Each observation is then given a class label of the
nearest centroid/mean. In this study, heat release traces are provided as input to
the algorithm. K-means clustering is an iterative process which starts with random
initialization of the means (i.e., c1,ca,...cx) for each cluster based on heat release rate
data. Since, traces are intended to be segregated into three bins, k is initialized to 3.

This algorithm adopts the following procedure:

1. After initializing the means for each cluster, the Euclidean distance between the
observations and each mean is computed. Each data point is assigned to the

nearest mean based on the minimum FEuclidean distance.

argming.c dist(z — ¢;)? (5.5)

where O is the collection of means and the i"® mean is represented by ¢;.  cor-

responds to the data points assigned to the cluster based on Euclidean distance.

2. Each observation is then assigned a class label of the nearest mean based on

the minimum Euclidean distance.

3. Once the cluster labeling is completed, mean for each cluster is recalculated

and updated to iterate the algorithm until it converges. The set of data points
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assigned to it cluster is S;.

1
|5il

The objective is to minimize the sum of Euclidean distance so that no data point
switches among the clusters. This algorithm is, therefore, iterated to identify the
means of different clusters for the heat release data. Instead of clustering the heat
release traces on the basis of shape, this algorithm clustered the traces based on
the magnitude of heat release. To address this issue, the heat release traces are

normalized.

The result of k-mean clustering is shown in Fig. for three different bins. K-
means algorithm was unable to cluster the heat release traces based on the shape.
The algorithm was able to cluster type-1 heat release traces together to some extent.
However, there is no clear pattern distinction between the clustered type-2 and type-3
heat release traces. K-means clustering did not prove to be a promising approach for
classification of heat release shapes based on the following observations. There was
no apparent distinction among the three clustered heat release rate shapes. This can
be referred to the fact that k-mean algorithm assumes the clusters to be spherical.
This approach fails if the data clusters into different geometrical shapes rather than
spherical. Furthermore, the data sizes are different for each type of heat release.

This affects the performance of k-means algorithm because it gives more weight to
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the bigger cluster. It is difficult to justify the k-means clustered heat release shapes

based on their unique characteristics. Therefore, it can be concluded that k-means

approach can not cluster the heat release traces based on their shapes.
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Figure 5.13: K-means classification of heat release rate traces

5.7 Supervised Learning

(Classification is a supervised machine learning algorithm which categorizes the data

into different classes. There are various algorithms which can be used for classification

such as logistic regression, support vector machines (SVMs), neural networks (NN),

Naive Bayes, K nearest neighbors (KNN), boosted decision trees and random decision
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forests. Decision tree and KNN are powerful classification tools which are easy to
execute and are highly interpretable [150]. SVM is an efficient learning algorithm
which can handle a high dimensional data frame [142]. Therefore, decision tree, KNN
and SVM learning algorithms were investigated and their accuracies were compared
for the classification of heat release rate shapes. Normalized heat release rates and

their corresponding class labels are provided as input to train the models.

In addition to the classification based on normalized heat release traces, the study is
extended to the development of predictive classifiers pertaining to three different heat
release rate shapes which can be directly used for real-time control purposes. These
classifiers can readily be used as scheduling parameters to develop linear parameter
varying (LPV) control-oriented models (COMs) for LTC modes. Then, a multi-input
multi-output (MIMO) adaptive model predictive controller can be developed based
on LPV COMs [44]. A single MIMO adaptive model predictive controller (MPC)
can be an effective framework in providing a broad range of control actions over
the entire LTC operation. Multiple linear MPCs may be required to cover the dual
fuel LTC engine operation for a range of premixed ratios because the COM is only
accurate near the operating conditions around which it is linearized [8]. To this end,
start of combustion (CA10), burn duration (BD), and control inputs i.e., dual fuel
premixed ratio (PR), start of injection (SOI), fuel quantity (FQ) and intake manifold
temperature (T),.,) are chosen as the input features for the classification algorithms,

as shown in Fig. [5.14] The required input feature data is available on cycle-to-cycle
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basis which makes the classification model favorable to be used for the real-time

control purpose.

Input Vector Classification Algorithm HRR Type
[CA107 Decision Tree 1 Type-1 | \
BD or L
PR - ‘
— i K-Nearest Neighbors 5 | J\
X = sor o : ez © |\
F Q Support Vector Machines :
L Tonan | Type-3 J‘K¥

Figure 5.14: Schematic for the HRR classification using supervised learning
algorithms

Type-1 has 133 data points, type-2 has 134 data points while type-3 has 373 data
points. Due to imbalanced data set, synthetic minority oversampling technique
(SMOTE) is used to oversample the data from the minority classes by finding k
nearest neighbors to create synthetic data. 73% of the data is used for training the

models and remaining 27% data is used to validate the model using test data.

5.7.1 Decision Tree

Decision tree is one of the powerful supervised learning algorithms which is not only

highly interpretable but also provides extremely accurate results. Decision tree works
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in sequential hierarchy. A decision tree consists of nodes, edges/branches and leaf
nodes. The nodes evaluate the conditions of the features and the outcome of one node
is connected to the other via edges/branches. Leaf nodes receive the final outcome
of the decision tree in the form of class labels. Decision tree used for classification
of heat release rate traces employs recursive binary splitting at each node. The cost
of split is calculated to evaluate the accuracy of split at each node. The goodness

of split is determined by evaluating the cost function (G) which is given by the Eq.

(5.7).

G=1-i(p?) (5.7)

where p;. is the proportion of class inputs of a specific group. The lower value of G
corresponds to high level of purity which requires higher value of p,. Decision tree

evaluates the information gain at each split for its highest value. It is determined by

using Eq. (5.8)).

Gain(S, A) = Entropy(S) — EValues(A)%Entropy(Sv) (5:8)

where S and A denote the set of occurrences and the features, respectively. The
subset of S is denoted by S, when a particular classification value becomes equal
to A. The all the possible values of A in the training data are denoted by term

Values(A). The measure of uncertainty in the random variable and the impurity of the
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collection is determined by entropy. The decision tree method for HRR classification
is implemented in MATLAB using binary recursive approach and two different models
are trained. One model is trained for the HRR shape detection which is provided with
the normalized heat release rate data. The second model is developed by using CA10,
burn duration, premixed ratio, SOI, fuel quantity and intake manifold temperature as
features to train the classifiers for different HRR types which can be used for control
oriented modeling. Feature vector and class labels are provided as inputs to the
model. The model is trained with 5-fold cross-validation. Decision tree often faces
overfitting problem. A deep tree consisting of many leaves usually results in a highly
accurate model with trained data set. However, this highly accurate model does not
guarantee similar accuracy with test data set. Therefore, either pre-pruning or post-
pruning is done. Pre-pruning limits the tree depth by tuning the hyperparameters.
These hyperparameters include the maximum number of splits, the minimum parent
and leaf sizes. The decision tree is then trained by using optimized hyperparameters.
For post-pruning, the optimal pruning level is determined by minimizing the loss of
cross validation. The trained model is then pruned to the optimal level. Post-pruning
approach is adopted in this study. 73% of the data is used for training the model

while remaining 27% is used to validate the trained model.
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5.7.1.1 K-Nearest Neighbors

K-nearest neighbors (KNN) is a powerful supervised learning approach used for both
classification and regression. KNN categorizes the data by computing their distance
to the training data points. The data points lying in a closer proximity are grouped
together. This approach does not require a model. It is a memory-based technique in
which & training points (z,), r=1,2,....k, in the closest proximity of the query point
(x¢) are identified. The query point is then classified based on the majority of k
neighbors [I49]. Euclidean distance (d;) is determined by using Eq. in the
feature space:

di = ||z; — wol| (5.9)

KNN algorithm is run for different values of k. Increasing the value of k makes
the predictions more stable because of the majority votes resulting in more accurate
predictions. However, the increase in k after a certain limit results in an increased
error. Therefore, the value of k is chosen such that it gives the minimum error while
providing better prediction accuracy. k is usually selected to be an odd number for
tie breaker. The input features are usually standardized. Here, 5-fold cross-validation
is used and the KNN classification model is implemented in MATLAB. Exhaustive
search algorithm is used in this approach. The main advantage of using KNN is its

simplicity as it does not require optimization of hyperparameters. However, increased
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data volume makes this approach significantly slower. Normalized heat release rate
traces and the class labels are input to the algorithm. The algorithm is trained with
73% of the data. Furthermore, three classifiers corresponding to each heat release

class are also trained as scheduling variables.

5.7.2 Support Vector Machines

Support vector machine (SVM) is a supervised machine learning approach used for
multi-class classification. This is a vector space based approach which maximizes the
margin between two classes. Because of linearly inseparable data, the trained model
is formulated as a non linear multi-class classification problem in which SVM maps

the data from the input space (X)) to a feature space F:

F={¢(z) 2z, € X} (5.10)
flz) = Zwiqb(a;) + By (5.11)

where z; € RP is the data in the input space.

The linearly inseparable data in the input space (X) can be transformed into linearly

separable data in the feature space (F') which provides better separation [143]. The
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classifier is represented by:

G(x) = sign(f(x)) (5.12)

The dual optimization problem is solved by maximizing the following Langrange

objective function using quadratic programming;:

Lp = max Z o — é Z Z ;Y y; (), o)) (5.13)

i=1 j=1

Subject to:

D gy =0; 0<a; <C (5.14)

J

Equation (/5.15)) represents the solution to the dual optimization problem [142].

flz) = Z aiyi(d(z), ¢(z:)) + Bo (5.15)

where «; represents Lagrange multipliers, (3 is the bias and y; are the class labels. C
is box constraint which limits the values of Lagrange multiplier. The best hyperplane

separating the data points is given by Eq. [5.16}

yif () > 1 (5.16)
where x; is the support vector on the boundary for y; f(z;) = 1.
Kernel trick is adopted to avoid the transformation to feature space (F) and the
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computation of their corresponding inner product which can be very expensive. A
kernel function is required for efficient computation which computes inner products

in the feature space without any transformation. Kernel function (K) is of the form:

K(wi, x5) = (¢(x:), ¢(x;)) (5.17)

K is a symmetric positive semi definite function. The common nonlinear kernel func-
tions are radial basis (Gaussian), sigmoid and polynomial. Among different kernel

functions, polynomial function (Eq. [5.18]) showed better accuracy.

K (i, 7)) = (1 + (2, 25))° (5.18)

For the HRR shapes, a polynomial function of order two showed the better prediction
accuracy as compared to other kernel functions. Three classifiers are trained by using
CA10, burn duration, PR, SOI, fuel quantity and T,., as features. The trained
classifiers using polynomial kernel function of cubic order provided the best prediction

accuracy.
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5.8 Results and Discussions

5.8.1 Classification Based on Normalized Heat Release Rates

The trained decision tree model showed an overall accuracy of 74% for the training
data with 5-fold cross validation using normalized heat release rate traces. The ac-
curacies for class-1, class-2 and class-3 were 73%, 80%, and 68%, respectively. The
trained model is validated using test data set. The predictions of the model for each
class are shown in the form of confusion chart as shown in Fig. [5.15h. The model
showed 74% overall accuracy in predicting the classes. Class-1, class-2 and class-3

showed 79%, 76% and 67% prediction accuracies, respectively.

The trained KNN model showed an overall accuracy of 89.9% with 5-fold cross val-
idation. Overall prediction accuracy of the model is calculated as the ratio of true
positive predictions to the total number of predictions made. The overall prediction
accuracy for model validation using test data is 88.2%. The validation results show
the prediction accuracy of 100% for class-1, 79.4% for class-2 and 85.1% for class-3
using the test data set. The model prediction results are presented in the form of

confusion chart as shown in Fig. [5.15b.

The trained SVM model showed an overall accuracy of 94% in predicting the HRR
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shapes using the normalized heat release rate data. Class-1 showed a prediction accu-
racy of 94.5%, class-2 showed 94.1% while class-3 showed 92.9% prediction accuracy
for the training data set. The model is validated against the test data set. The
results are shown in Fig. [5.I5k. Class-1 showed two misclassified data points. Class-
2 showed four misclassifications while class-3 showed five misclassified data points.
However, the model showed overall prediction accuracy of 92.4% with the test data
set. Among the three models used for classification of heat release shapes, support
vector machines provided the best prediction accuracy. The trained model can suc-
cessfully classify the heat release traces into three different types for the LTC engine

with a prediction accuracy of 92.4%.

5.8.2 Classification Based on Combustion Performance Pa-

rameters and Control Inputs

In the previous section, classification algorithms are developed to segregate different
types of heat release rate by simply providing the experimental data of the normal-
ized heat release rates as input to the model. Instead of manually identifying the
crank angles for start and end of main stage heat release and the corresponding cal-
culations of the fractions of early and late heat release, the developed classification
algorithm can readily identify the shape and type of heat release rates. This classi-

fication model can be used for offline data processing as well as an online updating
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Figure 5.15: Confusion chart for classification of HRR shapes using (a)

Predicted Class

Decision tree, (b) KNN, and (c¢) Support vector machines algorithms

learning algorithm for control applications. Moreover, a classification algorithm as
a function of the combustion performance parameters and control inputs is also de-
veloped. This classification approach can be used as a feedforward or supervisory
controller to achieve the desired type of combustion event based on maximum indi-
cated thermal efficiency, low MPRR and COVpygp. In addition to this, the developed

classifiers can also serve as scheduling variables for control oriented modeling of LTC
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engine. Therefore, decision tree, K-nearest neighbors, and support vector machines

algorithms are explored to develop the classification models.

Decision tree is used to model the three classifiers for each HR type using the input
features. The validation of the decision tree model is represented in the form of a
confusion chart as shown in Fig. [5.16p. The model shows an overall prediction accu-
racy of 79.6%. Class-1, class-2 and class-3 showed 82.2%, 69.6% and 87% prediction

accuracy, respectively.

The trained KNN model showed an overall accuracy of 96.9% with 5-fold cross val-
idation. The validation of the model is represented in Fig. [5.16p. Class-1 showed
100% prediction accuracy. Class-2 showed a prediction accuracy of 97% while class-3

showed 95% prediction accuracy. The overall prediction accuracy of the model is

97%.

SVM is also used to model the three classifiers, one corresponding to each class. One-
vs-all classification approach is used for training. Hyperparameters are optimized to
train the model. The trained model showed an overall accuracy of 96.6%. The model
is validated using the test data and the results are shown in Fig. [5.16f. Class-1 showed
one misclassified data point. Class-2 showed 2 misclassifications while class-3 showed
seven misclassified data points. The overall prediction accuracy of the model with
test data showed 94%. Among the three supervised machine learning approaches,

KNN and SVM algorithms showed comparable accuracy for the trained data set.
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However, KNN showed better prediction accuracy for the test data set compared to

SVM. Decision tree model did not provide good accuracy.
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Figure 5.16: Confusion charts to characterize prediction accuracy of the
trained classifiers for the HRR types using (a) Decision tree, (b) KNN, and
(c¢) Support vector machines algorithms
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5.9 Application of Classification Algorithm

(Classification algorithm based on combustion performance parameters and control
inputs is used to develop linear parameter varying (LPV) state space representation
of the LTC engine. Based on the transient LTC data, least-square support vector
machines (LS-SVM) is used to develop the state space control-oriented model [44].
The classification model obtained using SVM is used to compute the HR type. Using
data-driven algorithm, transient engine data is used to obtain the LPV models as a
function of the heat release rate type. The trained LPV models can be represented

as follows:
Y = C(pr) Xk + D(pi)Us (5.20)

where X, U and Y represent the states, manipulated variables, and the outputs of
the system. p is the heat release type which is used as a scheduling variable and k
refers to the current engine cycle. The states, outputs, manipulated variables, and

the scheduling parameter for the LTC engine model are:

X=\|cAa50 T., P.. IMEP MPRR (5.21)
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T
Y = {CA50 IMEP MPRR] (5.22)
T
U= {SOI FQ PR] (5.23)

Pr = [HRtype} (5.24)

A model predictive control (MPC) framework is then developed to achieve the control
of combustion phasing (CA50) and indicated mean effective pressure (IMEP) while
limiting MPRR below 8 bar/CAD. MPC is an optimal control framework which
provides the flexibility of handling the constraints. These constraints can be applied
on output parameters, manipulated variables, and states of the system. Based on the
desired reference trajectories of CA50 and IMEP, the controller computes the optimal

manipulated variables using the LPV models.

A quadratic cost function is developed for the optimal control objective of tracking
CA50 and IMEP subject to constraint on MPRR. Quadratic programming is used to
obtain the control response. The cost function consists of three terms which are as

follows:

J(k) = Jy(k) + Jau(k) + J.(k) (5.25)

where J, is the cost function for the output reference tracking, Ja, is the cost function
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associated with the control actions, J. is the cost for constraint violation, and k is

the current engine cycle.

The cost function associated with the output reference tracking is as follows.

5 =Y ‘m {— (R (k + ilk) — Y;(k + z’|k>]} (5.26)

In the equation, m represents the prediction horizon, [V, corresponds to the plant
outputs.

Ul = [uklk)”  w(k+1k)"  ulk+m—1]k)" ] (5.27)

Rj(k+i|k) and Y;(k +i|k) refer to the j' reference signal and plant output at the i*"

time step. The variables to be controlled are scaled before tuning the controller by

Y

a factor s¥. QY represents the tuning weights for each plant output at the " time

step.

The cost function corresponding to the manipulated variables and their rate change

is represented by Eq. [5.28

J

Ny m—1 RAU 2
JAu(k) = {% [uj(k + Z|k) - uj,target(k + Z|k))]} (528)

where N, refers to the number of manipulated variables. Manipulated variables are

scaled by a factor of s¥, and Rfj“ is the tuning weight for the manipulated variables
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rate of change at the i'* time step.

J. is the cost to tackle the constraint violation.

Je(k) = peey, (5.29)

where € is the slack variable at k£ time step and p represents the associated penalty
weight. MPC is designed for a prediction horizon of 5 engine cycles and control

horizon of 3 engine cycles.

To ensure knock free engine operation, constraint on MPRR is applied. In addition,

the constraints are also applied on the manipulated variables.

MPRR < 8(bar/CAD) (5.30)

25 (CAD bTDC) < SOI < 60 (CAD bT'DC) (5.31)
10 (mg/cycle) < FQ < 35 (mg/cycle) (5.32)

10 (=) < PR < 45 (—) (5.33)

Figures and show the tracking performance of MPC and the corresponding

optimal control actions. The desired trajectories for CA50 and IMEP are provided
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with simultaneous step changes. CA50 can be controlled by manipulating SOI and
PR. A simultaneous change in SOI and PR can be observed for a step change of
CAb50 and to keep MPRR below the set limit. SOI is retarded to track the CA50
from 8 CAD aTDC to 15 CAD aTDC. The reference tracking of IMEP is achieved
by adjusting the fuel quantity. At 120" engine cycle, when CA50 is advanced from
15 to 8 CAD aTDC, an increase in MPRR can be observed. PR is increased to keep
the MPRR below 8 bar/CAD. The control actions are also within the set limits. The
HRR type is computed based on the outputs which is used as scheduling variable for
the LPV state space systems. The optimal control actions result in the HRR types
2 and 3 for the desired CA50 and IMEP. The controller is capable of tracking the
reference trajectories of CA50 and IMEP with root mean square errors of 1.2 CAD

and 9.3 kPa, respectively. The maximum value of MPRR observed is 6.5 bar/CAD.

Basina et. al. developed a MPC framework to control RCCI engine operation using
premixed ratio (PR) as a scheduling variable [44]. The controller was tested for
reference tracking of CA50 and IMEP while constraining MPRR, below 5.8 bar/CAD
[44]. The controller performance was limited to 650 kPa IMEP [44]. When the
desired IMEP was increased beyond 650 kPa, the controller failed to track CA50 and
IMEP effectively. In order to validate the performance of the controller designed in
this work, step changes in CA50 and IMEP from 7 to 12 CAD (aTDC) and 500 to
720 kPa are provided, respectively. Figures and show the performance of

MPCs, namely MPC-1 and MPC-2. MPC-1 is the framework designed in this work
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Figure 5.17: MPC performance for tracking CA50 and IMEP while con-
straining MPRR below 8 bar/CAD

and MPC-2 is the controller developed by Basina et. al. [44]. MPC-2 could not
track both CA50 and IMEP when a step change in IMEP was provided. MPC-2 was
not able to provide zero steady state errors for the desired IMEP of 720 kPa and
the constraint on MPRR was also violated. However, MPC-1 successfully tracked
the changes in the reference trajectories of CA50 and IMEP in one engine cycle with

zero steady state errors. MPC-2 showed sluggish response as compared to MPC-1.

226



(a)

o)
o
]
1
|
<|

sol
(CAD bTDC)
&

25 Il — Il — - Il L
0 20 40 60 80 100 120 140 160 180
b
35 T T ™ T ( ) T T T T

FQ
(mg/cycle)
N
(6]

10 | -— - | - — | |
0 20 40 60 80 100 120 140 160 180
(c)

Input

= = [ ower limit

275 - - .

o —~ Upper limit
o - Pp
10 1 — I 1 — — 1 L

0 20 40 60 80 100 120 140 160 180
Engine Cycle (#)

Figure 5.18: Optimal manipulated variables for the tracking of desired
CA50 and IMEP while constraining MPRR below 8 bar/CAD

MPC-1 tracked CA50 and IMEP with root mean square errors of 0.4 CAD and 3.9
kPa, respectively. However, MPC-2 showed root mean square errors of 2.9 CAD and
40.3 kPa in tracking CA50 and IMEP, respectively. The maximum pressure rise rate
observed in both cases was 6.5 bar/CAD. Based on the results, the controller MPC-1
designed with HRR type as scheduling variable showed better performance and a

wider tracking range as compared to the MPC-2 [44].
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Figure 5.19: Performance comparison of model predictive controllers
(MPC-1 and MPC-2) for tracking CA50 and IMEP while constraining
MPRR. (MPC-1: Controller designed in this work; MPC-2: Controller de-

signed in reference [44])

5.10 Summary and Conclusions

Heat release shapes of low temperature combustion (LTC) are investigated for over

600 different operating conditions from a 2.0 liter, 4-cylinder dual fuel LTC engine.
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Figure 5.20: Comparison of the optimal control actions of MPC-1 and
MPC-2 for the tracking of CA50 and IMEP while constraining MPRR.
(MPC-1: Controller designed in this work; MPC-2: Controller designed in
reference [44])
Premixed ratio, fuel quantity, start of injection timing of n-heptane and intake man-
ifold temperature are varied. The resulting combustion events are analyzed based on
the in-cylinder pressure data. Rule-based classification is used to categorize the heat

release rate traces into three distinct types by computing the fractions of early and

late heat release rates. Detailed statistical analysis on the heat release rate traces
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is carried out based on the combustion performance parameters. These combustion
performance parameters include CA10, CA50, burn duration, maximum pressure rise
rate, peak pressure, location of peak pressure, peak temperature and COVyygp. The

main findings of this work are as follows:

e Three distinct types of heat release rate (HRR) shapes are identified in the LTC
engine operation. These HRR types represent different combustion character-
istics which can be classified as a function of fractions of early and late heat

release.

e Type-1 HRR showed single stage heat release rate with shorter burn duration,
higher peak in-cylinder pressure, and higher maximum pressure rise rate as
compared to type-2 and type-3 HRRs. Furthermore, type-1 showed minimum
COVivep among the three types. Combustion in type-2 HRR occurred in two
stages with advanced combustion phasing as compared to type-1 and type-3.
Type-2 offered lower combustion temperature as compared to type-1 and type-
3. Combustion in type-3 HRR showed main stage heat release together with

diffusion type combustion tail.

e K-means clustering, an unsupervised approach, is used to group the heat release
rate traces into three classes. The results showed that k-means algorithm can

not classify the traces distinctly.

e Among supervised learning algorithms, decision tree, K-nearest neighbors and
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support vector machines are used to develop classification models for the HRR
types using normalized heat release traces. SVM provided better accuracy com-
pared to the other two supervised machine learning algorithms. The trained
SVM model can predict the heat release rate type with a prediction accuracy

of 92.4%.

Three classification algorithms, decision tree, KNN and SVM are used to train
the models. The classifiers are trained using start of combustion, burn duration,
premixed ratio, start of injection, fuel quantity and manifold temperature as
features. KNN and SVM showed better accuracy as compared to decision tree
model. However, KNN is proved to be the best in predicting the heat release

traces with an overall accuracy of 97%.

An MPC framework is developed to demonstrate the application of classifica-
tion algorithm for control applications. The output of SVM classification model
is used to develop the LPV state space representation of RCCI. Based on the
developed LPV system, a model predictive controller is designed to track CA50
and IMEP while constraining MPRR. The controller was capable of tracking
CAb50 and IMEP with root mean square error of 1.2 CAD and 9.3 kPa, respec-

tively while limiting MPRR below 8 bar/CAD.

The controller performance is compared with the one designed in the study
[44] for the RCCI engine by providing same reference trajectories for CA50

and IMEP under same operating conditions. The controller designed in this
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work showed better overall tracking performance and wider operating range. It
also showed faster response with zero steady state errors while satisfying the

constraints on MPRR and actuators.
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Chapter 6

Control Oriented Modeling of

SI-RCCI-SI Mode Switching

This chapter explains the development of control oriented modeling for a multi-mode
engine. This multi-mode engine operates in conventional spark ignition (SI) mode
and reactivity controlled compression ignition (RCCI). RCCI offers higher thermal
efficiency and lower NOx emissions as compared to the baseline SI engine. However,
the major challenge associated to the RCCI mode is the limited operating range.
Low load in RCCI mode is limited due to high cyclic variations while high load is
restricted due to high maximum pressure rise rates (MPRR). Therefore, SI mode is
required to run the engine where RCCI operation is not stable or ideal. To this end, an

optimized engine map is developed based on the indicated specific fuel consumption
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and engine-out CO, THC and NOx emissions for SI and RCCI modes. The desired
mode corresponding to the demanded net mean effective pressure (NMEP) is selected
based on the optimized engine map. Therefore, a control-oriented multi-mode engine

model is developed to achieve closed-loop control of the mode switching operation.

6.1 Optimal Engine Operation

Figures and show the comparison of baseline SI and RCCI modes, respec-
tively. Iso-octane is used to operate the engine in SI mode while iso-octane and
n-heptane are used to achieve RCCI operation. Iso-octane is injected via port fuel
injectors and h-heptane is injected using direct injectors. For the same engine speed
and load, RCCI mode offers lower specific fuel consumption as compared to SI mode
over the load range of 300-700 kPa. Figures and show the CO (ppm), THC
(ppm) and NOx (ppm) emissions in SI and RCCI modes, respectively. The emission
data is collected by running the engine with NVO and by heating the intake air at
60° C. By comparing Fig. and [6.3] we can observe that RCCI mode resulted in
ultra-low NOx emissions as compared to SI mode. However, CO and THC emissions
are lower in SI mode as compared to RCCI mode. Low combustion temperatures in
LTC modes result in incomplete combustion, thus resulting in relatively higher CO
and HC emissions. Emission data in RCCI mode is collected by providing sweeps of

start of injection (SOI) timing of n-heptane and premixed ratio (PR) of the two fuels
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for different engine speeds. CO, THC and NOx emissions are lower with early SOI.

However, CO and THC emissions increases when SOI is close to the TDC. B

ISFC ISFC
(a) SI Mode (g/kWh) (b) RCCI Mode (9/kWh)
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Figure 6.1: Comparison of SI and RCCI combustion modes in terms of
specific fuel consumption

Based on optimal engine map based on ISFC and emission data, RCCI mode can
provide safe operation in the range of 300-600 kPa. Above 600 kPa, RCCI mode
results in high MPRR causing engine knock. RCCI operating range can be extended
to high load by adding external exhaust gas recirculation (EGR) and/or using multiple
fuel injections. In the current study, RCCI mode running at naturally aspirated
conditions without EGR is coupled to the SI engine to provide a load range of 300-

600 kPa.
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Figure 6.2: CO (ppm), THC (ppm) and NOx (ppm) emissions, and MPRR

in SI mode

6.2 Engine Modeling Overview

The multi-mode engine platform is essentially a 2.0 liter 4 cylinder gasoline direct
injection (GDI) engine equipped with two-additional sets of port fuel injectors for each
cylinder and variable valve timing (VVT). There are four main actuators pertinent
to SI mode, RCCI mode, and mode transition engine operation. These actuators

include cam phasing, throttle, ignition coil and fuel injection systems. The response
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Figure 6.3: CO (ppm), THC (ppm) and NOx (ppm) emissions, and MPRR
in RCCI mode

time of these actuators are shown in Fig. Spark timing actuation is very fast and
can effectively provide cycle-to-cycle control of combustion phasing. Direct injectors
have also relatively fast response time. Injection timing is commonly used for cycle-
to-cycle control of combustion phasing in LTC modes. VVT and throttle offer high
response time which affect mode switching engine operation. To avoid the VVT
dynamics during mode transition, the valve timings are changed from the typical SI

mode to the phased RCCI mode before the mode switching. The typical and phased
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Figure 6.4: Response time of different actuators
valve timings are presented in Table [6.1 However, throttle dynamics is inevitable.

Therefore, it is imperative to take throttle dynamics into account.

Table 6.1
Parked and Phased Valve Timings

Valve Timings Parked Phased
IVO (CAD bTDC) -24.5 25.5
IVC (CAD bBDC) -48 2
EVO (CAD bBDC) -14 36
EVC (CAD bTDC) -28 22
Valve Lift (mm) 10.3 10.3
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Figure 6.5: Engine dynamics pertinent to SI mode, RCCI mode, and mode
switching operation

It is important to consider engine related dynamics into account during control-
oriented modeling of mode switching engine operation. In addition, different engine
related dynamics The common engine dynamics include thermal dynamics, chemi-
cal kinetics and flow dynamics. These engine related dynamics are function of time.
Fig. [6.5] shows the prominent dynamics related to SI mode, RCCI mode and mode
switching engine operations. Thermal dynamics are the slowest dynamics. Moreover,
RCCI mode and SI-RCCI mode switching operation show high sensitivity towards
thermal dynamics. Stable RCCI mode and SI-RCCI mode switching operations are
achieved after engine warmup and by preheating the intake air. In addition, RCCI
mode is achieved at negative valve overlap (NVO) to trap residual gases at the end of

engine cycle. RCCI mode is sensitive to the thermodynamic states at IVC. Therefore,

239



residual gas fraction and temperature play a vital role in SI-RCCI mode switching
and RCCI mode operation. Hot residual gases from the SI mode often result in
advanced combustion in RCCI mode during mode transition. This causes excessive
pressure rise rate during mode switching. In addition, auto-ignition of air-fuel mix-
ture in RCCI mode often result in engine knock. RCCI mode produce ultra-low NOx
emissions. However, RCCI mode results in high CO and HC emissions. Low exhaust
temperatures and lean air-fuel mixing in RCCI mode affect the performance of cat-
alytic converter. In SI mode, high HC, CO and NOx emissions are produced. Intake
manifold dynamics is substantial in SI mode and during RCCI-SI mode switching
operation. Port fuel transport dynamics also significantly affect SI mode and RCCI
to SI mode transitions. Therefore, it is imperative to take the engine dynamics into

account during control-oriented modeling of a multi-mode engine.

6.2.1 Throttle Dynamics

In RCCI mode, lean air-fuel mixture is desired. That is why, RCCI mode requires
wide open throttle (WOT). However, throttle dynamics plays a significant role during
mode switching and it is an important actuator in SI mode to provide stoichiometric
air-fuel ratio for the desired load. Throttle is essentially a spring loaded butterfly
valve which is actuated with a DC motor via an H-bridge. Due to bidirectional

mode switching, throttle response from SI to RCCI mode and from RCCI to SI mode
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is observed. It takes a few cycles to reach the steady state position from partial
open to WOT and vice versa. Throttle dynamics does not significantly affect the
transitioning from SI to RCCI mode. However, the throttle response from RCCI
to SI mode switching is more critical as it can result in misfired cycles or unstable
combustion. Whenever the mode is switched from RCCI to SI mode, throttle valve
moves from WOT to the commanded throttle position. It takes at least 3 engine
cycles at 1200 RPM to attain the desired throttle position. The first two cycles after
mode switching result in a very lean air-fuel mixture; thus, causing misfire and partial

burn. Therefore, it is imperative to take throttle dynamics into account

Throttle is modeled as a first order linear system.

G(s) = (6.1)

where G(s) is the transfer function from input 7 is the time constant. 7 is defined as

the response time to reach 63% of the targeted value. 7 is equal to 84ms.

Figure shows the throttle dynamics modeled as a first order system, measured

throttle response and the commanded position.

In addition, whenever the change in throttle position is commanded from WOT to

partial opening below 30%, it takes longer settling time to reach the desired position.
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Figure 6.6: Comparison of measured and modeled throttle response
This increases cyclic variations in SI mode. The high idle position of the throttle valve
is at 30% opening. Therefore, gain scheduling PI controller is designed to improve
the settling time for the throttle valve position above and below 30%. The controller

gains are made relatively aggressive for the throttle valve position range of 0-30%.

6.2.2 Fuel Transport Dynamics

Fuel transport dynamics is a significant phenomenon associated with the port fuel
injection (PFI). In one cycle, a portion of the fuel injected via PFI vaporizes and enters

the cylinder directly in one cycle. The remaining fuel makes a puddle on the surface
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of intake ports and intake valves. The fuel from the puddle then vaporizes slowly and
enters the cylinder. Based on this assumption, the fuel transport dynamics can be
represented as a state space 7 — X model [135]. The rate at which fuel evaporates
and leaves the puddle is assumed to be proportional to the puddle mass and the
evaporation time constant (7). It is represented as follows:

1

where m,, is rate of change of the puddle mass, 7 is the evaporation time constant of
the fuel, X is the fraction of injected fuel entering the puddle and 14, is the rate of fuel
injected from PFI. 7 and X vary during engine warm up and during transient engine
operating conditions. 7 is a function of intake manifold pressure, intake manifold
temperature and the engine speed. The fraction of fuel directly entering the cylinder
is also a function of intake port temperature. The values of 7 and X are determined

to be 0.7s and 0.635, respectively.

The rate of the fuel entering the cylinders is the sum of rate of fuel entering the

cylinder directly and the rate of the fuel leaving the puddle. It is denoted by 772¢ cy.

) 1 )
Mfoeyl = ;mp + (1 — X))y (6.3)
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The port fuel dynamics can be modeled as follows:

6.2.3 Lambda Sensor Model

In order to maintain stoichiometric air-fuel ratio in SI mode and during RCCI-SI
mode switching, it is important to consider the measurement dynamics and transport
delay of the lambda sensor. Lambda sensor is mounted on the exhaust pipe after
exhaust manifold. FExhaust gases take finite amount of time to reach the lambda
sensor. The measurement dynamics and transport delay associated with the lambda
sensor can be modeled as a first order dynamic system lag and exhaust gas transport
time delay. The exhaust gas transport time delay is denoted by 7T}, while the sensor
lag is represented by 7,,. Equation [6.5] shows the transfer function for lambda sensor
model in Laplace domain.
_ erisTL

Gr(s) = ) (6.5)

where G, is represents the lambda sensor model and K, is the gain. The input to
the model is the air-fuel ratio input to the cylinders and output of the model is the
measured air-fuel ratio. The parameters T, and 7, depend on the engine speed and

load. System identification is used to determine the parameters K, Ty, and 7,, from
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Figure 6.7: Comparison of Lambda sensor model response with the mea-
sured data

the measured data at engine speed of 1200 RPM. The model is parameterized by
providing the input air-fuel ratio for SI-RCCI-SI mode switching. The values of K,
T;, and 7, are determined to be 1, 0.3s and 0.22s, respectively. Figure shows the
comparison of modeled lambda response to the actual lambda sensor measurements

for different engine loads.

6.3 Dynamic Modeling of a Multi-Mode Engine

Dynamic model of the SI-RCCI-SI mode switching is developed for the entire engine
cycle from intake valve opening (IVO) to exhaust valve closing (EVC) events. Based
on the requested speed and load, the optimal mode is selected. This study is based on

SI-RCCI-SI mode switching, that is why, the particular mode offering the lowest SFC
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is first selected from the engine map as shown in Fig. [6.1 Mode 1 and 2 represent SI
and RCCI, respectively. After mode selection, the engine is run in the desired mode.
Throttle dynamics and VV'T dominantly affect the mode switching. Therefore, valve
timings are adjusted in the SI mode prior to the mode switching to minimize the
fluctuations in engine load. Combustion in SI mode is not significantly affected by
cycle to cycle coupling of the residual gases trapped in the cylinder. However, RCCI
mode is greatly affected by the cyclic coupling and the temperature and pressure
at the IVC. Furthermore, the combustion temperatures are relatively higher in SI
mode as compared to RCCI mode which results in higher temperature of the trapped
residual gases and the cylinder wall at the end of SI cycle. This in turn increase the
temperature of the mixture at the IVC and result in advanced combustion for the
first few cycles after SI to RCCI mode switch. For RCCI to SI mode switching, SI
mode is not much affected by lower exhaust gas temperature and lower cylinder wall
temperature. However, throttle and intake manifold dynamics may cause misfire or
partial burn cycles. In addition, the control actuators to control combustion phasing
(CA50) are different in SI and RCCI modes. In SI mode, optimal combustion phasing
(CA50) is achieved by adjusting the spark timing. However, start of injection (SOI)
timing and premixed ratio of the dual fuels modulate CA50 and MPRR in RCCI
mode. Similarly, throttle position is adjusted such that stoichiometric air-to-fuel
ratio (A = 1) is maintained in the SI mode. However, RCCI mode is achieved at

WOT. Therefore, SI and RCCI models are developed to account for the cycle to cycle
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coupling, actuator dynamics and process dynamics in SI-RCCI-SI mode switching.

Before going into the details of dynamic modeling, following assumptions are made:

e The mixture is treated as an ideal gas.

e The rate of change of temperature in the intake manifold is negligible

e Cylinder to cylinder variations are ignored and average flows are considered.

e The specific heat of the air during intake and compression strokes are consid-
ered as that of atmospheric air. However, the specific heat of the mixture after
combustion are determined by considering an appropriate combustion temper-

ature.

6.3.1 SI Model

SI model includes the modeling of intake manifold dynamics and the entire engine

cycle starting from intake valve opening (IVO) to exhaust valve closing (EVC).

6.3.1.1 Manifold Dynamics and Flow Restrictions

The air is assumed to be an ideal gas, therefore, it is described by the ideal gas law:

Pman‘/;l = miRTman (66)
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where P,,,, is the intake manifold pressure, V; is the intake manifold volume, m; is
the mass of air in the intake manifold, R is the gas constant, and T,,,, is the intake

manifold temperature.

Assuming negligible change in the intake manifold temperature, the time derivative

of the Eq. can be written as:

dpmom o RTman dmz
d — V; dt

(6.7)

The rate of change of mass of air in the intake manifold is the difference of air flow
rate through the throttle and the air flow into the cylinder. It can be written as

follows:

dmi

dt

— mth - mcyl (68)

where 771y, is the air flow rate (g/s) through the throttle and 1., is the air flow rate

entering the cylinder (g/s) .

The air flow rate through the throttle is modeled using the modified orifice equation

for compressible flow.

Pman

g, = Aeff\/R?Qﬁ (6.9)
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where 7 is the specific heat ratio, P, is outlet pressure, P; is the inlet pressure, A.ss
is the effective area with respect to the valve position. A.s is estimated using the

following correlation:

Aeff = (alpman -+ GQPT[;Z” + G4Uth/100 + CL5>CL6 (610)

where Uy, is the throttle valve position and P,,,, is the intake manifold pressure in

bar.

The air flow rate entering the cylinder is given as:

np;ValN
2

Meyr =

(6.11)

where 77 is the volumetric efficiency of the engine, p; is the density of air, V; is the
displacement volume, and N is the engine speed. Substituting Eq. and into

Eq. 6.7

T (6.12)



Volumetric efficiency is given by:

21y /N

= PVl (RT) (613)

Ui

Volumetric efficiency is a nonlinear function of intake manifold pressure, speed, valve
area, lift, and timing [139]. This can be reduced to a simple function of the intake

manifold pressure [I58] and defined in terms of 7;:

P, atm

= —7; 6.14
where P, is the atmospheric air pressure.
Ns = @Pman +b (6.15)

where a and b are the parameters to be determined. Substituting Eq. into Eq.

. Patm V;iN
cyl — 75 ls555-~1 man 616
Ml =P, o 2RT (6.16)
Simplifying Eq. gives the following:
: PumVaN
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Parameters a and b are determined using regression to estimate the air mass flow rate

entering the cylinder.

Mass of intake air (my;,) is determined using the following:
Miiy = —— W (6.18)

where N, is the total number of cylinders.

6.3.1.2 Cylinder Charge Conditions at IVC

Pressure and temperature of the air-fuel mixture at IVC for both combustion modes

are estimated using Eq. (6.19) and Eq. (6.20)), respectively. To incorporate cycle

to cycle coupling, the temperature at IVC is calculated by taking the residual gas

fraction and the residual gas temperature into account.
Pivc = aPman + ﬁ (619)

jji'uc = (1 - Xrg)Tmam + XrgTrg (62())

where N is engine speed, Pj,. is pressure at intake valve closing, Uy, is the throttle

position, T,y is the intake air temperature, T, is the residual gas temperature and
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X, is the residual gas fraction. X,, is estimated using Eq. (6.41)), [116]:

aq

v _ JLaV2re=1 OF |RTu|Pesn = Pul (Pwh>’“%il
Ve300 T N Fer " P (6.21)
7 -\ 1\
1 7’0—1 V;vo Pe:ph ke
+ Vok " Drot v, i N )

where OF' is overlap factor, r. is compression ratio, R is gas constant, and Vq is

displaced volume. C'is given by the following:

C=|1+ (6.22)

LHV ]13
cUTmann’Z—;.rfc—l

where my is the mass of fuel injected and m; is the sum of mass of air and mass of
fuel. OF' is the function of intake and exhaust valve diameters and lifts. The first
term (o) in Eq. accounts for the backflow of charge from the exhaust port
into the cylinder during valve overlap period. The second term (ay) accounts for the
residual mass trapped in the cylinder at IVO [159]. In order to determine the OF,
simulations are run in GT-POWER for different valve timings to obtain X,,. OF is
then determined from the Eq. using the X,, obtained from simulations for the

valve timings of SI and RCCI operation.
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6.3.1.3 Polytropic Compression and Start of Combustion

Ignition timing in homogeneous SI engine typically employs a map-based control
algorithm strategy which needs substantial calibration efforts [I60]. Heat release in
SI mode can be divided into two stages. The first stage of heat release is the early
flame development stage which is the time duration from ignition timing to the start of
combustion (SOC). The second stage of heat release is the rapid burning stage which
is duration from SOC to the time when the bulk of air-fuel charge is burned [160].
Different modeling approaches have been adopted to model combustion process in SI
engine. These include 0-D combustion models, 3-D combustion models, physics-based
combustion models and empirical combustion models. In this study, an empirical
modeling approach is adopted to estimate SOC. SOC is defined as the crank angle

where 10% of mass fraction is burned. SOC is given by the following empirical model:

SOC = a1 + a2 Ppan + asUp, + a4 PranUsn + as AU, (6.23)

where ay, as, as, a4, and as are parameters obtained by regression. Uy, is the throttle
valve position and AU, is the spark timing with respect to the spark timing of 40

CAD bTDC. q; is a function of engine speed given by Eq. (6.24)):

a; = 30.35 — 0.16 N + 5.8 N (6.24)
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Temperature (Ts,.) and pressure (Ps,.) at SOC are determined using polytropic rela-

tionship, given by Eq. (6.25) and Eq. (6.26)):

Vive ) 7

Tsoc = ﬂvc (V ) (625)
Vive |

Psoc = Pivc (V ) (626)

where k. is the polytropic index of compression. Vi, and Vg, are the volumes at

intake valve closing and start of combustion, respectively.

6.3.1.4 Combustion Phasing

Combustion phasing (CA50) is defined as the crank angle by which 50% of the fuel
mass is burned. Mass fraction burned rate can be represented by Wiebe function. It
is essentially a function of crank angle, burn duration and start of combustion. Wiebe

function is given by:

2, (0) =1 — ea:p(—a {9 _95] n) (6.27)

where a and n are the constants determined by parameterizing the Weibe function.
Osoc is the crank angle at start of combustion, #4 is the burn duration. CA50 can

be determined by parameterizing the Wiebe function. 63 estimated by using the
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following correlation:

ed - bl + b2Pman + bSEvc (628)

CA50 can also be estimated from start of combustion and burn duration using Eq.

10.291

CA50 = SOC + 0.50, (6.29)

Temperature at the end of combustion is determined by adding T5,. and the temper-

ature rise due to the combustion of air-fuel mixture, using Eq.(6.30)).

Teoc - Tsoc + A Tcomb (630)

where AT, is the temperature increase due to the combustion of fuel.

LH
AT‘comb = e Vf (631)
Myotal Cov

where LHV} is the lower heating value of fuel, 7. is combustion efficiency, myoq is

total mass of in-cylinder charge, and ¢, is the specific heat at constant volume.

Pressure at the end of combustion is determined as follows:

Teoc
Peoc = mtotachome_ (632>
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where R, is the gas constant and V.. is the volume at end of combustion. My
is the mass of air (mg;, ), mass of fuel (my) and mass of residual gases in the cylinder.

Myotal 1S given by:

Mair + my

Miotal = (1 _ Xrg) (633)

6.3.1.5 Polytropic Expansion and End of Cycle Outputs

Pressure and temperature at the end of expansion stroke are calculated using poly-

tropic relationship, as shown in Eq. (6.34)) and Eq. (6.35]), respectively.

Veoe ™

Pevo = Peoc <v ) (634)
Veoo \ ™7

Tevo = Teoc (V ) (635)

where k, is the polytropic index of expansion, while V,,, and V,,. are the volumes at
end of combustion (EOC) and exhaust valve opening (EVO), respectively. Tempera-
ture of the in-cylinder charge at exhaust valve closing (EVC) is calculated using Eq.

(6.36):

Vewo )™
Tevc - Tevo <V ) (636)

256



where T,,. is the temperature at EVC, V,,, and V,,. in Eq. (6.58)) are the volumes at
EVO and EVC, respectively. IMEP is calculated using Eq. (6.37)). m; is the sum of

mass of air, fuel and residual gases.

IMEP = mt‘;_v (Evc - Tsoc + Teoc - Tevc) (637)
dis

Net mean effective pressure (NMEP) is calculated by subtracting pumping mean

effective pressure from gross indicated mean effective pressure, given by:
NMEP =IMEP — (P.yp, — Pran) (6.38)

where P, is the exhaust pressure.

6.3.2 RCCI Model

6.3.2.1 Cylinder Charge States at IVC

The dynamic model for RCCI mode includes the IVO to EVC events. Pressure and

temperature of the air-fuel mixture at IVC for both combustion modes are estimated

using Eq. (6.39)) and Eq. (6.40)), respectively. To incorporate cycle to cycle coupling,

the temperature at [VC is calculated by taking the residual gas fraction and the
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residual gas temperature into account.

va - a-Pman + 6 (639)

Tive = (1 - Xrg)Tman + XrgTrg (640)

where N is engine speed, Pj,. is pressure at intake valve closing, Uy, is the throttle
position, T,y is the intake air temperature, T,, is the residual gas temperature and

X, is the residual gas fraction. X,, is estimated using Eq. (6.41)), [116]:

aq
N

~

s _ L aV2re=1 OF |RT,un|Pest — Pul (Pexh)’“?il
N C360 r. N Peon B

(6.41)
cJu\g
1Tc_1 ‘/ivo -Pemhé
C' r. '¢t0t ‘/d ( Pm )

where OF' is overlap factor, r. is compression ratio, R is gas constant, and Vq is

displaced volume. C'is given by the following:

LHV ];3

me ke—1
cUTmmm—;.rcc

C=1+ (6.42)

where my is the mass of fuel injected and m; is the sum of mass of air and mass of

fuel. OF is the function of intake and exhaust valve diameters and lifts.
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6.3.2.2 Polytropic Compression and Start of Combustion

The air-fuel mixture undergoes auto-ignition in the LTC modes [134]. Start of com-
bustion (SOC) is defined as crank angle where 10% of fuel mass is burned. SOC' is
estimated using a modified knock integral model. The integral of MKIM is divided
into two parts to incorporate the effects of both PFI and DI as shown in Eq.
[21]. The first part () in Eq. is the integration of MKIM from IVC to SOI
incorporating the fuel injected via PFI during the stroke and the second part (f2) in

Eq. (6.43) integrates the fuel injected via DI into the model to determine SOC.

B1

A\
~ Y

/esni d& +
0; <C—1(P"“C’k+1”—§>m ) Ny

ve Al
Bi¢pprexp

Ti'uc‘/ckc_l
. (6.43)
’/9505 df ) -1
. Pivc, U]g 2 2 N
Os0i BQ(QS]éQFI + qsg?’[)exp(( Tivf\t’}tf)l ) (E1P%+E2 )N
¢pr = (1 —PR)¢ (6.44)
bprr = PRO (6.45)

where Ay, Ay, A3, By, By, Cy, Co, Dy, Do, Fy and FE5 are the parameters estimated
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by calibrating the MKIM for the RCCI mode. ¢pp; and ¢p; are the equivalence ratios

of iso-octane and n-heptane, respectively. ¢ppr and ¢p; are determined using Eq.

and Eq. [6.45] v, is given by:
-‘/;;’UC
V()

(6.46)

Ve =

where V() is the volume of cylinder at crank angle (0).

Pressure (Pg..) and temperature (Tg..) at start of combustion are calculated using a

polytropic relationship, using Eq. (6.47) and Eq. (6.48)).

Vive

Psoc = Pivc (V_) (647)
Viee ) 7

Tsoc - T‘ivc (V_) (648)

where k. is the polytropic index of compression. Vi, and Vg, are the volumes at

intake valve closing and start of combustion, respectively.
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6.3.2.3 Combsution Phasing

Weibe function is parameterized for the estimation of CA50, using Eq. (6.49). CA50

is defined as the crank angle by which 50% of the fuel mass is burned.

T, recr (0) =1 — ea:p(—a {9 — 93“} n) (6.49)

where a and n are the constants determined by parameterizing the Weibe function.

04 is the burn duration estimated by using Eq. .
04 = f(Tive, PR, SOI,my) (6.50)
The correlation in Eq. is defined as follows:
f(Tive, PR, SOI, my) = 21Tjpe + 22 PR + 23501 + zgmy + 25 (6.51)
where zy is the function of PR.

29 = Q1 + OéQPR + OégPRc4 (652)

Equations [6.43], [6.49| and [6.51] are parameterized over the engine speed range of 1000-

1600 rpm.
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Temperature at the end of combustion (Te) is calculated from the temperature rise

due to the fuel burned during combustion, using Eq.(6.53)).

Teoc = Tsoc +AT (653)
LHV:CoC
ATy = 20 (6.54)
Myotal Cv
P, soc‘/eoc TeocReoc
Peoc = (655)

‘/eoc TSOC RSOC

where CoC' is the completeness of combustion.

6.3.2.4 Polytropic Expansion and End of Cycle Outputs

Pressure and temperature at the end of expansion stroke are calculated using poly-

tropic relationship, as shown in Eq. (6.56)) and Eq. (6.57)), respectively.

Veoo \ ™

Pevo = Peoc <V_) (656)
Veoo \ ™7

Tevo = Teoc (V ) (657)

where k., is the polytropic index of expansion, while V,,, and V,,. are the volumes at

EOC and EVO, respectively. Temperature of the in-cylinder charge at exhaust valve
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closing (EVC) is calculated using Eq. (6.58):

Vewo \ ™7
Tevc = Te'uo (V_> (658)

where T.,. is the temperature at EVC, V,,, and V,,. in Eq. (6.58)) are the volumes
at EVO and EVC, respectively. The mass of residual gases (me,.) trapped in the

cylinder at EVC is calculated using Eq. (6.59)

Pewh‘/evc

Meye =
Rechevc

(6.59)

where P..; is the exhaust pressure, V..., Tey. and R.,. are the volume, temperature
and gas constant at EVC, respectively. IMEP is calculated using Eq. [83]. my

is the sum of mass of air, fuel and residual gas fraction of the current cycle.

IMEP = mt‘;_v (EUC - Tsoc + Teoc - Tevc) (660)
dis

6.3.2.5 Maximum Pressure Rise Rate Modeling

Auto-ignition in low temperature combustion may result in abrupt heat release rate
with short burn duration which leads to very high pressure rise rates. Therefore, it is
important to regulate maximum pressure rise rate below safe limits to avoid engine

knocking. Pressure rise rate is modeled using first law of thermodynamics given by
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Eq. [6.61}

dQu _ pdV _ dU

do do — do

(6.61)

where P is in-cylinder pressure, V is the cylinder volume, and U is the internal energy.

d@,/df is the net apparent heat release rate.

dUu dr

where m is the mass of working fluid in the cylinder, ¢, is specific heat at constant

volume, T is the temperature.

Applying the ideal gas law:

P dVv T
& gy =i (6.63)

where R is specific gas constant. By substituting Eq. and into Eq.

dQn
do

Co. - dV ¢, dP
=0+ )Py + 5V (6.64)
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iQ, ~ AV 1 _.dP
- pt bt 6.65
0 -1 d8 Ty—1"ds (6.65)

where 7 is the specific heat ratio.

@, is the difference between the energy content of the fuel (Q.,) and heat transfer

from the system (Qp).

dQn  dQc  dQn
o — do do (6.66)

The normalized heat release rate can be determined from the mass fraction burn rate

using Wiebe function. It is given by:

Q(0> _ 0, forf < 9300
Qtotal

1 — exp(—a(ee)m ) forf > By,

d

where (o101 18 the total energy content of fuel. It is given by:

Qtotal - 77c7nf-[/]{‘/ (667)

where my is mass of fuel and LHV is the lower heating value of fuel. The heat
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transfer rate dQp;/d0 is given by:

dQn  h.A
= oI T) (6.68)

where, N is the engine speed, A is the area of combustion chamber, T, is the cylinder
wall temperature, and h,. the convective heat transfer coefficient. Woschni correlation

is used to compute h,:

he = 3.26 B2 Y-8 ~0-55,,08 (6.69)

where, B is the cylinder bore and w is the mean piston gas velocity.

Vd Tsoc

soc'Y soc

w=C,S,+ C2 (P - P,,) (6.70)

where Vj is the displacement volume, P is the instantaneous in-cylinder pressure, P,
is the motoring pressure, P, Tso. and Vi, are the pressure, temperature and volume
at start of combustion, C; and C, are the constants associated to the engine strokes,

and S, is the mean piston speed.

Support vector machine (SVM) algorithm is also used to model MPRR in RCCI

mode. SVM is used to mode MPRR due to the following reasons:

e Wiebe model is parameterized for different ranges of SOI which makes it difficult
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to use for control purposes
e MPRR prediction accuracy of the physics based model is relatively low.

e MPRR data for RCCI mode is available for over 700 different operating condi-

tions.

e SVM provided better prediction accuracy. It is computationally inexpensive

and easy to use for control purposes.

MPRR is an important parameter to be controlled in RCCI mode. Therefore, sup-
port vector machine algorithm is used to improve the prediction accuracy for better
cycle-to-cycle control. SVM is a machine learning algorithm which can be used for
regression and classification. The method is explained in detail in Section [5.7.2
SVM regression technique is used to model MPRR using CA50, SOI, PR and FQ as

features. The model is trained using second order polynomial kernel function.

K(zi,z;) = (14 (x;, xj))2 (6.71)

The hyperparameters are optimized for better accuracy using 5-fold cross validation.
The model can predict MPRR with accuracy of 0.4 bar/CAD for SOI range of 30-80

CAD (bTDC), PR range of 10-40, and engine speed range of 1000-1600 RPM.
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6.4 Model Validation

6.4.1 SI Model Validation

SI model is calibrated for different operating conditions for engine speed range of 1000-
1600 RPM. The model is validated for 35 different steady state conditions. Figure
shows the prediction of start of combustion (SOC) for SI mode. The average error in
predicting SOC is 0.9 CAD. Figure shows the estimation of burn duration () for
SI model with an average error of 1 CAD. Figure [6.10| shows the prediction of CA50
for different operating conditions. The average error in predicting CA50 is 0.4 CAD.
The net mean effective pressure (NMEP) model predictions are shown in Fig. [6.11]

The average error in predicting NMEP is 10 kPa.

Figure shows the comparison of maximum pressure rise rates observed in SI mode
and the model response. The average error observed in predicting MPRR is 0.4 bar/

CAD.
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Figure 6.8: SOC model validation for different steady state conditions in
SI mode

6.4.2 RCCI Model Validation

RCCI model is calibrated for different operating conditions for engine speed ranging
from 1000-1600 RPM. The model is validated for 35 different steady state conditions
for PR ranging between 10-40 (-) and SOI ranging between 30-80 (CAD bTDC).
Figure [6.13] shows the prediction of start of combustion (SOC) using modified knock
integral model. The error bars show the experimental data and the corresponding
average SOC. The average error in predicting SOC is 1.8 CAD. Figure shows
the estimation of burn duration (6;) for RCCI model with an average error of 2.8
CAD. Figure [6.15] shows the prediction of CA50 using Wiebe function for different

operating conditions. The average error in predicting CA50 is 1 CAD. The net mean
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Figure 6.9: 0; model validation for different steady state conditions in SI
mode

effective pressure (NMEP) model predictions are shown in Fig. [6.16f The average

error in predicting NMEP is 35 kPa.

Figure shows the comparison of experimental data, MPRR model using Wiebe
function and SVM model. The average error between measured MPRR and Wiebe

model predictions is 1.6 bar/CAD. However, the average error for SVM model is 0.4

bar/CAD.

6.4.3 Model Validation for SI-RCCI-SI Mode Switching

SI and RCCI dynamic models are combined together to develop a control oriented

model for mode switching. The SI-RCCI-SI mode switching model is validated against
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Figure 6.10: CA50 model validation for different steady state conditions
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Figure 6.11: NMEP model validation for different steady state conditions
in SI mode

the open-loop mode switching experimental data. Open-loop mode switching is car-

ried out by presetting the fuel quantity, premixed ratio, SOI, throttle position and
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Figure 6.13: SOC model validation for different steady state conditions in
RCCI mode

spark timing before commanding mode switch. The simulation of SI-RCCI-SI mode
switching is carried out in Simulink. Figure shows the model prediction for
CA50 in ST and RCCI modes at 1200 RPM. The first two cycles after SI-RCCI mode

switching showed advanced CA50. This can be explained by the fact that residual
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Figure 6.14: 0; model validation for different steady state conditions in
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Figure 6.15: CA50 model validation for different steady state conditions
in RCCI mode

gases at the end of SI cycle and cylinder wall temperatures are relatively higher as

compared to the steady state RCCI engine operation. This results in advanced CA50
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Figure 6.16: NMEP model validation for different steady state conditions
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Figure 6.17: MPRR model validation for different steady state conditions
in RCCI mode

for the first two cycles of RCCI mode. The average error in CA50 prediction is 2
CAD. The model is capable of predicting NMEP during SI-RCCI mode switching as
shown in Fig. [6.19, However RCCI-SI mode switching resulted in one misfired cycle

which can be associated to the intake manifold dynamics and throttle dynamics. The
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average error in predicting NMEP for both modes is 16.9 kPa. Figure [6.20] shows
the A prediction during mode switching. The model could not predict the misfired
cycle during RCCI-SI mode switching and consequently A\ prediction does not show
it either. Figure shows MPRR predictions. The experimental data showed an
average MPRR of 5.7 bar/CAD in RCCI mode while the model predicted an aver-
age MPRR of 5.3 bar/CAD. The average error in MPRR prediction is 0.3 bar/CAD.

Figure shows the manifold pressure prediction with an average error of 0.4 kPa.
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Figure 6.18: Model validation for CA50 during SI-RCCI-SI mode switching

Figure [6.23] shows the comparison of experimental data and model output for CA50

prediction. Figure [6.23] shows that the dynamic model is capable of capturing the
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Figure 6.19: Model validation for NIMEP during SI-RCCI-SI mode switch-
ing
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Figure 6.20: Model validation for A during SI-RCCI-SI mode switching
advancement in CA50 from SI to RCCI mode switching. The average error for SI-
RCCI-SI mode switching is 2 CAD. The model validation results for NMEP are shown

in Fig. [6.24] The average error in predicting NMEP during mode switching is 12.5
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Figure 6.21: Model validation for MPRR during SI-RCCI-SI mode switch-
ing
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Figure 6.22: Model validation for Py, during SI-RCCI-SI mode switching
kPa. From SI to RCCI mode switching, extra fuel is injected for one cycle to avoid
misfire or partial burn. That is why, the first SI cycle after mode switch shows high

NMEP. Same amount of fuel is added in the simulation to validate the model response.
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A is important parameter in SI mode to maintain stoichiometeric air-fuel ratio. Fig.
shows the prediction of A for SI and RCCI mode switching. The average error in
estimating A is 0.1. Fig. [6.26|shows the model response for predicting MPRR. MPRR
is an important variable to consider during control development to avoid damage to
the hardware. Fig. [6.27] shows the intake manifold pressure prediction for both SI

and RCCI modes. The average error in predicting P, is 0.3 kPa.
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Figure 6.23: Model validation for CA50 during SI-RCCI-SI mode switching

The SI-RCCI-SI model shows good prediction accuracy for the parameters of interest.
Therefore, the model is used to develop the closed-loop control framework for mode

switching operation. The controller development is explained in the next chapter.
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Figure 6.24: Model validation for NIMEP during SI-RCCI-SI mode switch-
ing
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Figure 6.25: Model validation for A during SI-RCCI-SI mode switching
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Figure 6.26: Model validation for MPRR during SI-RCCI-SI mode switch-
ing
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Figure 6.27: Model validation for Py, during SI-RCCI-SI mode switching
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Chapter 7

Model Predictive Control of

SI-RCCI-SI Mode Switching

This chapter focuses on the development of control framework for SI-RCCI-ST mode
switching. The dynamic control oriented model developed in Chapter [6] is linearized
at nominal operating conditions to develop state space representation. Here a model
predictive controller is developed for mode switching operation to track the desired
CA50 and NMEP while limiting A in SI mode near stoichiometry and constraining

MPRR below 8 bar/CAD in RCCI mode to avoid knocking.
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7.1 State Space Representation

The aim of this work is to provide smooth SI-RCCI-SI mode switching operation.
The states for SI and RCCI modes are selected based on the dynamics involved in

the mode switching. The selected states of the system are as follows:

1. Combustion phasing (C'A50)

2. Temperature at intake valve closing (Tj,.)

3. Intake manifold pressure (P,qn)

4. Net mean effective pressure (NM EP)

5. Ratio of actual air-to-fuel ratio to the stoichiometric air-to-fuel ratio, A

6. Maximum pressure rise rate (M PRR)

Combustion phasing (C'A50) and net mean effective pressure (NM EP) are the pa-
rameters to be controlled in both SI and RCCI modes, and during mode switching.
Intake manifold pressure (P,.,) and temperature at intake valve closing (7T},.) are
the states common to both modes to incorporate the effects of the air-path dynamics
and trapped residual gases at IVC. A is the ratio of actual air to fuel ratio (AF Rye)
to the stoichiometric air to fuel ratio (AF Rg). The SI mode requires A =1. There-

fore, A\ is a parameter of interest in SI mode and during RCCI-SI mode switching.
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Table 7.1
Nominal operating conditions for linearized COM of SI engine

Parameters Value
CA50 (CAD aTDC) 11.6
Tive (°C) 367.6
Pman (kPa) 84.4
NMEP (kPa) 506.5
A () 1.02
Usp (CAD bTDC) 40
Uu (%) 25
FQ (mg/cyc) 18.9

It is constrained to avoid too lean or too rich air-fuel mixture in SI mode. The SI
mode operation of the engine didn’t show significant high M PRR, therefore, it is
selected as a state to be constrained only in RCCI mode. The nonlinear COM can

be represented in discrete time as follows:

where, x represents the states of the system, u represents the control inputs, y are
the output variables of the system, and f(x,u) is the nonlinear function of states and

control inputs.

The nonlinear COM is linearized for SI and RCCI modes at two different operating

conditions, representative of each mode. The nominal operating conditions for SI and

RCCI linearized models are presented in Tables [7.1] and [7.2]
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Table 7.2
Nominal operating conditions for linearized COM of RCCI engine

Parameters Value
CA50 (CAD aTDC) 1.5
Pman (kPa) 96
Tive (°C) 340.5
NMEP (kPa) 518.5
MPRR (bar/CAD) 7.5
SOI (CAD bTDC) 40
PR (-) 30
FQ (mg/cyc) 18.5

The linearized discrete state space model for SI and RCCI modes can be expressed

as follows:

X(k+1) = AX (k) + BU(k) (7.3)

Y (k) = CX (k) + DU(k) (7.4)

where, X and U for SI mode are given by Eq. (7.5) and Eq. (7.6)), respectively:
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The plant matrices for SI mode are as follows:

- 0.04 0.0033 0.0069 —0.0042 —1.15_
0.0173 0.124 0.263 —0.158 —43.58
A= _0.334 —0.0024 —0.051 0.0031 0.843 (7.7)
—0.0019 —0.0134 —0.0285 0.17 4.72
—0.013 —9.37¢05 —0.00019 0.000119 0.329
-—1.0 —1.09 —0.375-
0 5.81 —3.33
B=1| o —0.046 0.905 (7.8)
4.77 19.68 14.64
0 —0.055 0.043

X and U for RCCI mode are given by Eq. (7.9) and Eq. (7.10]), respectively:

T
X = {OAE)O Tive Pron MPRR IMEP] (7.9)
T
U= {SOI PR FQ} (7.10)
T
Y = [CA5O IMEP A MPRR] (7.11)
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The plant matrices (A, B, C, D) for RCCI mode are as follows:

0.185
—0.039
A= 0017

—0.015

—0.0126

—0.025

0.500

—0.0023

0.002

0.0171

—0.51

0

0

0.016

0.00118

—0.0036

0.0077

—0.032

0.0288

0.0244

0.157

—0.00079

0.000003

—0.061

—0.0136
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0.005

0.0035

0.0027

0.0100

0.0033

—1.002

1.47

—0.047

0.47

18.83

0.022

—0.048

0.002

—0.0018

—0.0153

(7.12)

(7.13)

(7.14)

(7.15)



Table 7.3
Open-loop system eigenvalues of linearized SI and RCCI modes in
discrete-time

Modes Eigenvalues

SI 0.41, 0.16, -0.039
0.039 4 0.048i
0.039 - 0.048i1

RCCI 0.50, 0.18, -0.034
-0.012, 0.012

1 0 0 0 0

C=lo 0 0 1 0 (7.16)

D= |g 0 0 0 (7.17)

The open-loop stability for SI and RCCI modes are determined from the eigenvalues
of the state space system in discrete time. Eigenvalues for SI and RCCI state space
models are presented in Table The roots of the characteristic equation lie within

unit circle. This makes the systems open-loop stable.
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7.2 Gain Scheduling Model Predictive Controller

Model predictive controller (MPC) is an optimal control algorithm which computes
optimal control actions over the control horizon for a given trajectory in a predic-
tion horizon. For controlled mode switching operation, CA50 and NMEP are the
parameters to be controlled while constraining A and MPRR in SI and RCCI modes,
respectively. A gain scheduling MPC framework is developed to control CA50 and
NMEP in SI and RCCI modes and during mode switching. A gain scheduled MPC
helps in achieving a nonlinear control action using linear MPCs. In addition, following

are the reasons behind choosing gain scheduling MPC framework:

e SI mode uses single fuel thus uses only port fuel injectors.

e RCCI mode uses port fuel injection and direct injection systems to achieve dual
fuel engine operation. This requires optimal premixed ratio of the two fuels and

start of injection timing in RCCI mode.

e SI mode runs at stoichiometric air-fuel ratio which requires throttle control.

However, RCCI runs under lean conditions with WOT.

Figure shows the schematic of the control architecture used in this study. A
supervisory controller provides the mode switching signal for the optimal model based

on the SI-RCCI engine maps. It decides the optimal mode of operation based on the
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Figure 7.1: Schematic of supervisory controller, gain scheduled MPC and
Kalman filter for State estimation for a multi-mode engine

desired engine load and speed. The output of supervisory controller goes into the
gain scheduling MPC framework to activate the corresponding controller. Two MPC
controllers are designed one for SI and one for RCCI mode. MPC uses receding
prediction horizon algorithm which continuously solves the constrained optimization
problem for the optimal control actions. The prediction and control horizons are
selected based on the mode transition cycles. It usually takes 3 engine cycles to
complete the SI-RCCI-SI mode transition. Thus, the prediction horizon is selected
to be 5 engine cycles while control horizon is kept to be 3 engine cycles. The state

space system for the prediction horizon (m) and control horizon (n) can be written
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as follows:

Xipmpp = A" (k) +A™ ' BAu(k) + A" ?BAu(k+)...+ A" " BAu(k+n—1) (7.19)
T
AU = [Au(k) Au(k+1) ... Au(k+n— 1)] (7.20)
T
Y = {y(k + 1k ylk+2/k yk+3k ylk+4lk ylk+ 5\k)} (7.21)
Y, = F X + oUyg (7.22)

Eq. (7.23) and Eq. (7.24) are used to compute the matrices F' and ¢ for prediction

and control horizons of 5 and 3 engine cycles, respectively.

CA
CA?
F=|ca3 (7.23)
C A

CA>
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CB 0 0 0 0
CAB CB 0 0 0
¢$=|CA2B CAB CB 0 0 (7.24)

CA3B CA’B CAB CB 0

CA*B CA*B CA’B CAB (B

The objective function of the controller is to minimize the tracking errors for CA50 and
NMEP subject to constraints on A\, MPRR and the corresponding control signals. In
SI mode, constraints are applied on A, Uy, Uy, and FQ. In RCCI mode, constraints
are applied on MPRR, SOI, PR and FQ. A quadratic cost function developed for

MPC consists of two main terms which are as follows:

J(k) = Jy (k) + Jau(k) (7.25)
subject to the constraints o o
Ey m

E,| AU < |, (7.26)
By 3

where .J,, (k) is the cost function corresponding to the reference tracking of the desired
output parameters at time k, the term Ja,(k) is associated with the cost of control

actions at k' engine cycle.
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The cost function for the output reference tracking is as follows:

J, (k) :Z {iyﬂ [R;(k +i|k) —Yj(k:+i|k:)]} (7.27)

In the equation, m refers to the prediction horizon, NV, refers to the number of system
outputs. R;(k +i|k) and Y;(k + i|k) refer to the j™ reference signal and the corre-
sponding plant output at the i time step. 3? is the scaling factor for the variables
to be controlled. Qaj represents the tuning weights for each output at the i** time

step. .

The cost function corresponding to the manipulated variables and their rate change

is represented by Eq. ([7.28)).

Jau(k) = Z { ’]u [w; (k4 ilk) — wjarget (K + z\k))]} (7.28)

j=1 =0

where RZ-AJV is the tuning weight associated with the rate of change of manipulated
variables at the i** time step. s% is the scaling factor for the manipulated variables.

N, is the total number of manipulated variables.

Constraints on the maximum and minimum limits and rate change of manipulated

variables (AU) can also be imposed. The constraint on the rate change of manipulated
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variables can be expressed as follows:

AU™™ < AU(k) < AU™ (7.29)

Eq. (7.29) can be written for all future control signals within the prediction horizon
[161]. The inequality constraints on rate change of manipulated variables can be

written as:

~AU(k) < —AU™™" (7.30)
AU(K) < AU™™ (7.31)

Similarly, constraints corresponding to minimum and maximum limits of control sig-

nals can be expressed as follows:

—(Cru(k — 1) + CLAU (k)) < —U™n (7.32)

(Cru(k — 1) + CLAU(k)) < U™ (7.33)

where, C} and C, are matrices associated to each control signal, U™" and U™ are
the elements of a column vector consisting of N, elements of upper and lower limit

of corresponding control signal. Constraints applied on A in SI mode and MPRR in
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RCCI mode are expressed as follows:

Y™ < FX (k) + AU < Y™ (7.34)

Eq. (7.26]) can be written for the constraints:

—CYy -1 —d
Ey = By = 1B = (7.35)
Cs I )
U™ 4 Cru(k — 1) —AU™mn —ymn + FX(k)
m = 12 = 33 = (7.36)
umer — Cru(k — 1) AU™eT ymer — FX (k)

The following constraints are applied in SI mode:

0.95 (=) < A < 1.25 (—) (7.37)

60 (CAD bTDC) < U,, < 20 (CAD aTDC) (7.38)
12 (mg/cycle) < FQ < 35 (mg/cycle) (7.39)

5 (%) < U, <45 (%) (7.40)

To ensure knock free engine operation, constraint on MPRR is applied. In addition,
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the constraints are also applied on the manipulated variables.

MPRR < 8 (bar/CAD) (7.41)

25 (CAD bTDC) < SOI < 60 (CAD bTDC) (7.42)
10 (%) < PR <45 (—) (7.43)

11 (mg/cycle) < FQ < 24 (mg/cycle) (7.44)

A quadratic cost function developed for the optimal control objective of tracking CA50
and IMEP subject to constraints respective to each combustion mode. Sequential

quadratic programming (SQP) is used to obtain the optimal control response.

7.3 Kalman Filter Design

The system requires states to be either measured or estimated for feedback control.
Not all the states can be measured on the system. Also, some measurements can be
noisy. Therefore, an observer is designed to estimate the states to improve the noisy
measurements [162]. In this work, the measured outputs of the system, i.e., CA50
and NMEP, are used to estimate the states of the system. Due to the noisy intake

manifold pressure measurements, the estimated intake manifold pressure is used as
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state measurement. Similarly, transport delay is associated to A sensor measurement.
Therefore, estimated A is used as state measurement. Kalman filter is an optimal
state estimation algorithm which suppresses the measurement noise [162]. Kalman

filter uses the state space model of the system which is given by:

X(k+1) = A(k)X (k) + B(k)U (k) + Gy (k) (k) (7.45)

The measurement equation is give by:

Y (k) = C(k)X (k) + va(k) (7.46)

where vy (k) and vy(k) are the uncorrelated white noises with zero mean and covari-

ances Vi (k) and Va(k).

Kalman filter requires recursive estimations of the states at time k just before and

after the measurement y(k). The estimate of the states at time k can be of the form:

X (k)Y = M(k)X (k)™ + L(k)Y (k) (7.47)

where X (k)™ and X (k)* are the states before and after the measurement, respectively.

M and L are the time varying gains to be determined for optimal estimates.
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The filter error e(k)™ after the measurement can be written as follows:

e(k)™ = X (k) — X (k) (7.48)

where e(k)~ is the filter error before the measurement.

Given the expectation value of noise is zero. The expectation value of the errors is

required to be zero. Taking the expectation value of Eq. ((7.49):

Mk) = I — L(k)C(k) (7.50)

Based on this requirement, the estimator equation becomes:

A A~ ~

Xk = X (k)™ + L)Y (k) — C(k) X (k) (7.51)

The error covariance matrix is defined as:

Q(k)* = Be(k) e (k)* (7.52)
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The error covariance measurement update equation is as follows:

Q(k)* = [I = L(k)C(MQ(K) ™[I — L(k)C (k)" + L(k)Va(k)L" (k) (7.53)

The noise covariance matrix is defined as:

Va(k) = Eva(k)vy (k) (7.54)

The measurement error and noise are not correlated. Kalman gain L(k) is obtained

by minimizing the error covariance matrix. Optimal Kalman gain is given by:

L(k) = Q(k)~C (k)[C(k)Q(k)~C" (k) + Va(k)] ™! (7.55)

Kalman filter is designed to estimate the states of the system for cycle-to-cycle control
using the measured outputs. Actual engine setup is equipped with in-cylinder pressure
transducer, intake manifold pressure sensor, and lambda sensor to measure the in-
cylinder pressure, intake manifold pressure and A, respectively. CA50, NMEP, and
MPRR are obtained from in-cylinder pressure data on cycle to cycle basis. There is a
transport delay associated to the A measurement. To maintain A\ near stoichiometric
AFR on cycle-to-cycle basis, estimated A is used. In addition, it is difficult to measure

the temperature at IVC. Therefore, using CA50 and NMEP measurements, all the
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other states of the system are estimated using Kalman filter.

7.4 Simulation Results

Figure[7.2)shows the performance of MPC for step changes in CA50 and NMEP in the
SI mode. These are the simulation results to validate the controller performance at
1200 RPM and intake air temperature of 60 °C. A step change in CA50 is provided
from 9.5 to 12 CAD aTDC and a step change in NMEP is provided from 400 to
550 kPa. The controller is capable of tracking CA50 and NMEP with average error
of 0.2 CAD and 9.9 kPa, respectively. The controller is capable of keeping the A
value closer to 1.05. The constraints are applied on A to keep it between 0.95 and
1.25. The lower limit on A is set to avoid too rich air-fuel mixture while the upper
limit of A\ is set to avoid too lean mixture which results in high COVyygp.  The
optimal control inputs of the MPC for SI mode are shown in the Fig. [7.9] Spark
timing is retarded to track the change in CA50. Similarly, fuel quantity is adjusted
to achieve the desired NMEP. In SI mode, fuel is injected via PFI. Thus, the optimal
fuel quantity from MPC is input to the feedforward controller to incorporate the
port fuel dynamics. The feedforward controller is essentially the inverse of the fuel
transport dynamics. In order to maintain the stoichiometric A value, a change in

throttle position is commanded. Manipulated variables stayed within the set limits.
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Figure 7.2: Simulation results for CA50, NMEP and A control to validate
MPC performance in SI mode

Figure shows the comparison of the model outputs and the Kalman filter estima-
tions. Process noise and sensor measurement noise are added to the model outputs
based on the experimental data. The estimations of Kalman filter for CA50, NMEP,
A, and P, are compared with the model outputs. The average error is calculated
for the measured and estimated states. The average errors for the estimated CA50,

NMEP, A\, and P, are 0.3 CAD, 9.4 kPa, 0.03 and 0.3 kPa, respectively.
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Figure 7.3: Manipulated variables of MPC for the results in Fig.
The performance of MPC for RCCI mode is also validated by providing simultaneous
step changes in CA50 and NMEP. Figure shows tracking performance of MPC. A
step change in CA50 is provided form 4 to 7 CAD aTDC. The controller is capable of
tracking CA50 with an average error of 0.1 CAD. At 100" engine cycle, a step change
NMEP is provided from 450 to 580 kPa. This leads to an advanced CA50 for the
corresponding cycle due to relatively slow response of controller to vary SOI. This also

resulted in increased MPRR. The constraints on rate change of manipulated variables
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Figure 7.4: Comparison of plant model outputs and Kalman filter state
estimations

are relaxed. The simultaneous adjustment of SOI and PR reduced the MPRR and
controlled CA50 in the subsequent cycles as shown in Fig. The average error
in tracking NMEP is 10 kPa. The controller maintained MPRR below 8 bar/CAD.
Figure[7.6[shows the variations in manipulated variables to control CA50 and NMEP
and to constrain MPRR below the set limit. The controller response also shows that

the control inputs stay well within the set limits.
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Figure 7.5: Simulation results for CA50, NMEP and MPRR control to
validate MPC performance in RCCI mode

Figure [7.7] shows the performance of Kalman filter for state estimations. CA50,
NMEP and MPRR are measured from the in-cylinder pressure measurements on
cycle-to-cycle basis. Measurement noises are added to the model outputs based on
the experimental data to design Kalman filter. Kalman filter takes process and mea-
surement noises into account. Results show that the Kalman filter estimated the

states to a great extent. The average error between the measured and estimated
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Figure 7.6: Manipulated variables of MPC for the results in Fig. |7.5
outputs is computed. The average error for CA50, NMEP and MPRR is 0.35 CAD,

9 kPa and 0.1 bar/CAD, respectively.

Figure|7.8|shows the controller performance for reference tracking of CA50 and NMEP
while constraining A in SI mode to stoichiometric value and limiting MPRR below 8
bar/CAD in RCCI mode. The controller performance is validated for engine speed

of 1200 RPM. When the NMEP is switched from 275 kPa to 450 kPa, the mode
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is changed from SI to RCCI. The controller is gain scheduled MPC which provides
the control action based on the actuators used in the respective modes.
first 100 engine cycles, CA50 and NMEP are controlled in SI mode while the X is
maintained close to 1. Spark timing is adjusted to track CA50. Fuel quantity and
throttle position are adjusted to track NMEP and maintain A. When the mode is

switched from SI to RCCI, the throttle position is changed to 90%. SOI and PR
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Figure 7.8: Simulation results to validate MPC performance for SI-RCCI-
SI mode switching

are adjusted simultaneously to track CA50 and maintain MPRR below 8 bar/CAD.
NMEP is controlled by modulating fuel quantity. The average error in tracking CA50

and NMEP is 0.2 CAD and 10.8 kPa, respectively.
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Figure 7.9: Manipulated variables of MPC for the results in Fig.

7.5 Experimental Results

7.5.1 Tracking Performance in RCCI Mode

Figure [7.10] shows experimental validation of the reference tracking performance of

gain-scheduled MPC to control CA50 and NMEP in RCCI mode. A step change in
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NMERP is provided from 540 to 620 kPa while maintaining constant CA50. Controller
tracks CA50 and NMEP with an average error of 0.5 CAD and 9.9 kPa, respectively.
The controller is also capable of limiting MPRR below 8 bar/CAD. COVyugp for the
first 50 cycles of NMEP is 1.8%. From 51" to 145" engine cycles, the COVymgp of

NMEP is 2.4%. COVnurp of NMEP is 2.5% for engine cycle between 146-200.

Reference Measured ‘
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Figure 7.10: Experimental results for closed-loop control of CA50 and
NMEP while constraining MPRR below 8 bar/CAD in RCCI mode
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7.5.2 SI-RCCI-SI Mode Switching Results

SI-RCCI mode switching at constant NMEP is carried out while a step change in
desired CAbH0 is provided. The measured outputs of the engine are shown in Fig.
and the corresponding controller response are presented in Fig. [7.12] The
cyclic variations in CA50 during SI mode are observed to be high even with constant
spark timing. These variations increase with an aggressive spark timing controller.
Therefore, the weight on change in spark timing is adjusted for less aggressive control.
Controller tracks CA50 in SI mode with an average error of 3.8 CAD. The mode
switching MPC framework successfully tracks the changes in CA50 from 13 CAD
(aTDC) in SI mode to 3 CAD (aTDC) in RCCI mode in 3 engine cycles. The average
error in tracking CA50 is 0.5 CAD in RCCI mode. The first 3 engine cycles after the
mode switching show a slight increase in NMEP but reaches the steady state value in
the 4t engine cycle. The average error in tracking NMEP is 8.7 kPa with COVyyep
of 2.9% in SI mode. In RCCI mode, the average error in tracking NMEP and the
corresponding COVyygp is 10.6 kPa and 3.0 %, respectively. The average error and
COVymep during RCCI mode are calculated from 160" (the first mode switching)
cycle to the 300" engine cycle. COVyyep for both SI and RCCI modes is 3.25 %. A
is constrained between 0.95 - 1.25 (-). The results show that MPRR stays well below

8 bar/CAD during RCCI engine operation.
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Figure 7.11: Experimental results for closed-loop control of CA50 and
NMEP during SI-RCCI mode switching

An SI to RCCI and back to SI mode switching is carried out as shown in Fig. [7.13]
A step change in NMEP is provided from relatively low NMEP of 350 kPa (SI mode)
to medium NMEP of 450 kPa (RCCI mode) to high NMEP of 750 kPa (SI mode). A
step change in CA50 is provided from 11 CAD (aTDC) to 7 CAD (aTDC). From SI
to RCCI mode switching, CA50 and NMEP are changed simultaneously. As soon as

mode is switched from SI to RCCI, throttle is commanded to open to 90 %. First few
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Figure 7.12: Control actions during SI-RCCI mode switching for the results

in Fig.
cycles of mode switching showed an advanced CA50. This can be associated to the
high cylinder wall temperature and high temperature of residual gases. As a response
to advanced CA50, SOI is retarded for a few cycles to retard CA50. The average
error in tacking CA50 in RCCI mode is 1 CAD. It reaches the desired NMEP in one
engine cycle from SI to RCCI mode. Hot residual gases trapped at the end of SI cycle

and high in-cylinder wall temperature make the SI to RCCI mode switching smooth.

311



‘- = = Reference Measured‘
[ €—— S| ——><—— RCCl ——>1&—— S| ——>
20
2 ol
o 1" I
5:";“10 b I
O 6 - = ( Ul ‘ |
T o

MPRR
(bar/CAD)
(&)}

0 50 100 150 200 250 300 350
Engine cycle (#)

Figure 7.13: Experimental results for closed-loop control of CA50 and
NMEP during SI-RCCI mode switching

The premixed ratio of the two fuels does not change much in the RCCI operation

because the MPRR is below the set limit. The average MPRR in RCCI mode is 3

bar/CAD.

For RCCI to SI mode switching, a higher NMEP of 750 kPa is requested. Fuel quan-

tity from the MPC passes through the inverse fuel dynamics. For the first cycle,
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Figure 7.14: Control actions during SI-RCCI mode switching for the results

in Fig.
NMEP reaches a maximum of 800 kPa. The controller reduces the fuel quantity in
subsequent cycle to bring the NMEP to the desired value. However, due to port fuel
transport dynamics the NMEP takes 14 engine cycles to reach the steady state. The
port fuel transport dynamics are prominent even in the presence of a feedforward
controller. This can be attributed to the variations in values of 7 and X during tran-

sient engine operation. The first few cycles after RCCI to SI mode switching shows A

313



Table 7.4
Average error in tracking CA50 and NMEP, and COVyyEgp during
SI-RCCI-SI mode switching

Mode CA50 NMEP
Mean | Error,,, | Mean | Error,,, | COVnugep
(CAD) | (CAD) | (kPa) (kPa) (%)
SI 10.9 2.9 352.7 8.5 3.1
RCCI 7.2 1 454.3 9.5 2.7
SI 7.4 2.9 748.1 9.5 3.2

values greater than stoichiometric air-fuel ratio. The response of the controller can be
improved by providing time varying 7 — X model according to the engine operating
conditions. Table[7.4] presents the summary of the results for CA50 and NMEP in SI
and RCCI operations. The COVyygp for SI mode is 3.1%. The COVpygp of RCCI
mode including the transient cycles of SI-RCCI mode transition is 2.7%. Similarly,
COVpyep of SI operation after the RCCI-SI mode switching is 3.2% including the

transient mode switching cycles.

SI-RCCI-SI mode switching is carried for medium NMEP range. Step changes in
CA50 and NMEP are provided as reference signals during mode switching. The sum-
mary of the results are presented in Table [7.5] From SI to RCCI mode switching,
CA50 is changed from 10 CAD (aTDC) to 7 CAD (aTDC) as shown in Fig. [7.15
During SI mode, controller modulates spark timing to achieve CA50 control. The
average error for tracking CA50 is 2.6 CAD in SI mode. During SI to RCCI mode
switching, the first cycle shows an advanced combustion phasing which is predomi-

nantly due to hot exhaust gases and high temperature of in-cylinder walls from SI
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mode. However, the subsequent cycles show retarded combustion phasing. The av-
erage error in tracking CA50 is 0.5 CAD including SI-RCCI mode switching cycles
and steady state RCCI operation. The average error in reference tracking of NMEP
in SI mode is 7.7 kPa. The high cyclic variations in CA50 do not affect NMEP in
SI mode. The COVxygp is 1.8% in SI mode. During SI to RCCI mode transition,
an increase in NMEP is observed during first few cycles. The possible reason can be
the fuel flow from the intake manifold puddle formed by the PFI during SI mode.
The average error in tracking NMEP is 11.2 kPa in RCCI mode including the mode
transition cycles with COVyygp of 2.8 %. A and MPRR are constrained in SI and
RCCI modes, respectively. The results show that A and MPRR satisfy the set limits.

Table 7.5
Average error in tracking CA50 and NMEP, and COVyyEgp during
SI-RCCI-SI mode switching

Mode CA50 NMEP
Mean | Error,,, | Mean | Erroray, | COVimep
(CAD) | (CAD) | (kPa) (kPa) (%)
SI 9.3 2.6 401.5 7.7 1.8
RCCI 7.0 0.5 500.7 11.2 2.8
SI 10.3 2.8 402.7 8.6 4.8

From RCCI to SI mode switching, intake manifold airflow dynamics, throttle airflow
and actuator dynamics, and port fuel transport dynamics play a vital role. With feed-
forward transient controller, port fuel transport dynamics can be overcome. However,
addressing throttle response and intake manifold dynamics are challenging. When the

controller switches the mode from RCCI to SI mode, the throttle changes position
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from 90% to the desired position to achieve stoichiometric AFR. However, the throt-
tle takes at least three cycles to reach the steady state position even with aggressive
control actions. In addition, manifold filling dynamics is faster due to high upstream
pressure. However, the air is stored in the intake manifold with throttle valve position
close to WOT. The stored air can only be discharged to the cylinder, thus creating
higher intake pressure than desired in the SI mode [48]. For low to medium NMEP,
combustion in SI mode is stable when A is below 1.25. Thus, to account for more
air pumped in the cylinders due to higher intake pressure, more fuel is required to
avoid too lean air-fuel mixture. The designed MPC commands the throttle position
between 5 and 45% in SI mode. The desired throttle position command from the
MPC is input to the PID controller as discussed in Section [6.2.1] The PID controller
then controls the throttle valve position. MPC only commands the desired throttle
position. It does not have any control on how fast the throttle reaches the desired
position. Throttle takes finite amount of time to reach the steady state. Thus, RCCI
to SI mode switching undergoes one cycle of misfire/partial burn. In order to avoid
misfired or partial burn cycle, additional amount of fuel is injected to compensate
for the dynamics involved in the mode switching. The additional amount of fuel is
calculated based on the desired NMEP and the lean limit of air-fuel mixture. This
additional fuel mass results in high NMEP than the requested/desired NMEP. It
takes a few engine cycles to reach the steady state A and NMEP after RCCI to SI

mode switching. This effect can also be observed in the CA50 tracking. The average
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Figure 7.15: Experimental results for closed-loop control of CA50 and
NMEP during SI-RCCI-SI mode switching

error in tracking CA50 and NMEP is 2.8 CAD and 8.6 kPa, respectively. COVyxugp
for SI operation during RCCI-SI mode switching is 4.8 % including the transient cy-
cles. However, COVyygp for SI mode is 1.9 % if the first 3 engine cycles after mode

switching are excluded.
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Chapter 8

RCCI-SI Mode Transition Control

In the previous chapter, the SI-RCCI-SI mode switching controller and observer design
was discussed. Controller showed smooth mode transition from SI to RCCI mode with
good tracking performance for CA50 and NMEP during transient and steady state
engine operation. However, RCCI-SI mode transition either resulted in misfire or
partial burn cycles. Extra fuel quantity was injected during the first cycle of RCCI-
SI mode switching to avoid misfire or partial burn. Therefore, it is imperative to
improve the RCCI-SI mode switching model and the MPC framework needs to be

updated for better mode switching control.

The aim of this chapter is to model the dynamics involved in RCCI-SI mode switching

and improve the performance and robustness of transient engine operation during
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mode transition. The main challenges observed during RCCI-SI mode transition are

as follows:

e Port fuel injection leads to significant transport dynamics during RCCI-SI mode

transition.

e Throttle valve needs finite amount of time to reach the final steady state position
from initial position. This results in higher intake manifold pressure than the

pressure required in SI mode during RCCI-SI mode transition.

e RCCI mode operates at wide open throttle position. This results in higher
intake manifold pressure that increases the intake air flow. From RCCI to SI
mode transition, the controller commands the throttle to close to the desired
position. Throttle valve takes at least three engine cycle to attain the desired
position. This results in more intake air flow during RCCI-SI mode transition.
This requires extra fuel in the first few cycles of mode transition to maintain
stoichiometric air-fuel ratio. Air stored in the intake manifold during RCCI
operation due to WOT can only flow into the cylinders when RCCI-SI mode

switch is commanded.

e Additional fuel quantity injected to compensate for the airflow during first few

cycles of mode transition results in higher NMEP than desired.
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8.1 Updated Model for RCCI-SI Mode Switching

Based on the above mentioned challenges, the model is appended with two more
states to compensate for the process dynamics. Fuel transport dynamics due to PFI
system is modeled as 7 — X model which is explained in detail in Section In
Chapter [7], an additional feedforward controller was appended to the output of MPC
framework to compensate for the port fuel transport dynamics. Therefore, a state is
added to the existing system to embed the associated port fuel transport dynamics
in the MPC framework. The intake manifold pressure model is updated to take into
account the pressure changes during RCCI-SI mode switching. Mass of air entering
the cylinder is added as a state to the system to take the throttle dynamics and intake

manifold emptying dynamics into account during the RCCI-SI mode transition.

8.1.1 Port Fuel Transport Dynamics

A portion of fuel injected via PFI enters the cylinder and the remaining fuel forms a

puddle in the intake manifold:

mp = Tmp—l—mei (81)
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where n, is rate of change of the puddle mass, m,, is mass of fuel forming the puddle, 7
is the evaporation time constant of the fuel, X is the fraction of injected fuel entering
the puddle and 1y, is the rate of fuel injected from PFI. Fuel flow in the cylinder
My ey is given by:

: 1 .
Mgt = —Myp + (1 — X))y (8.2)
Transfer function of the fuel dynamics is obtained by taking Laplace transform:

Myea(s) (1—X)s+1

= 8.3
Mfz-(s) S+ % ( )
X
My.ey(s) (1-%)
: =K+ H(s)=1 8.4
Vo = K =1 T (8.4)
Therefore,
Y(s) _ mix
T(1-X)
H(s) = = 8.5
&)= =5t (85)
By taking inverse Laplace transform of the Eq. [8.5]
dy 1 X
-~ __Z — u(t 8.6
T TS TR (8.6)
The equation can be numerically solved as follows:
ylk+1)—y(k) dy 1 X
N — = —— _ 8.7
At dt Ty+7'(1—X)u (8.7)
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Equation [8.4] can be written in terms of injected fuel and the fuel flow inside the
cylinder:
nivf ey (k) = y(k) +rmgi(k) (8.8)

where:

(k+1) = y(k) + A=y (k) + —

Eq. gives the fuel flow entering the cylinder as a function of injected fuel.

8.1.2 Intake Manifold Dynamics

During RCCI-SI mode switching, the intake pressure does not change suddenly as
shown in Fig. When the change in throttle position is requested from 90%
to the desired position in the SI mode, it takes at least 3 cycles to get within 5%
of the steady state position. This means that the first two cycles after the mode
switching require relatively high fuel quantity to avoid lean AFR. Table presents
the desired and actual throttle position and the corresponding change in the intake
manifold pressure during RCCI to SI mode transition. Cyclegocy ,s represents the
last RCCI cycle before mode switching. Cycleg;; to cycleg; , represent the first cycle
and the subsequent engine cycles of SI mode after mode switching. An aggressive
throttle valve control induces more transients which increase cyclic variations in the

SI mode. Therefore, the pressure changes resulting from the slow throttle response
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are incorporated. The intake manifold pressure is determined by empirical correlation

by Eq.

Pran(k +1) = Prgn(k) = 0.36(Pran (k) — (U (k) + B(1)Usn (k)*®)))

where o and [ are given by:

a = 2(1) + 2(2)Un(k) + 2(3)Upp (k)"

32{5.6 0.069 3.6 —0.057}

s=[1s 1
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Table 8.1
Desired and actual throttle position and the changes in the intake manifold
pressure during RCCI-SI mode transition

Engine Cycle (#)
Parameters RCCI-0 | SI-1 | SI-2 | SI-3 | SI-4
Desired throttle position (%) 22
Actual throttle position (%) 90 [ 554 | 29 [233]221
Desired intake pressure (kPa) 82
Actual intake pressure (kPa) 97.3 | 92 [ 874|839 | 83
o8 | erTor g = 0.3 kPa '\E/preriment |
= odeled
¢ |RCCI <\ —>sl
S 94 .
:
590 .
2
&
=386 i
(0]
E
T 82f =
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Engine Cycle (#)

Figure 8.2: Comparison of the measured intake manifold pressure and
model estimation

Figure [8.2 shows the comparison of modeled and experimental measurements for the
change in the intake pressure during RCCI-SI mode switching for a change in throttle
position from 90 to 22 %. The average error between measured and estimated intake

manifold pressure is 0.3 kPa.

The controller developed in the Chapter [6] showed good performance under steady
state RCCI and SI modes and during SI-RCCI mode switching. During the SI-RCCI

mode transition, the throttle valve opens to 90%. The intake manifold fills faster
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because of the higher upstream pressure. For RCCI-SI mode switching, the air stored
in the intake manifold during RCCI operation can only flow into the cylinder because
of higher upstream pressure. This disturbs the transient operation from RCCI to SI
mode transition. Therefore, another state is introduced to the system to account for
the additional mass of air flow during emptying of the intake manifold from RCCI-SI
mode transition. Rate of change of air Amy;, discharging from the intake manifold
into the cylinder is modeled as a function of manifold pressure. Thus, the total mass

of air flowing in the cylinder is given by:

Mairtot = Myl + Amair (814)

Amy;, is stored mass of air in the intake manifold which enters the cylinder during
the RCCI-SI mode switching. Amg;,. is assumed to be a percentage of mass of air
(myy,) flowing through the throttle. Therefore, Amg;,. is modeled by regressing the
modified orifice Eq. [6.9]

: I
Mairtotal = Aeffﬁgb (815)

where, ¢ is given by [139]:

\/ & (1—(P]m33”)%1)”f (8.16)

where, 7 is the specific heat ratio, P, is upstream pressure, P,,,, is the downstream
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pressure. A.sy is the effective area which is modeled as a function of throttle valve
position. However, A.;; is modeled as a function of intake pressure to estimate the

mass of air stored in the intake manifold when the throttle valve is at 90%.

Acpr = a(1)Pran + a(2) P2®) 1 a(4) (8.17)
where
a=1-0.0018 0.0011 2.5761 0.0009 (8.18)

The air-fuel ratio () is then determined as follows:

Mair,tot

= Mhew 1
AF Ry, (8.19)

Gorzelic et. al. developed a model-based HCCI to SI mode transition strategy in
which an LQR controller was developed to control the throttle position to avoid
throttle dynamics [48]. The study suggested that additional fuel in the first cycle
of mode transition is inevitable due to the throttle dynamics and intake manifold
dynamics [48]. The additional fuel injected in the cylinder to compensate for the
additional intake air results in high NMEP. In order to maintain COVyygp below
5% during mode switching, CA50 is modulated to achieve the desired NMEP. To this

end, a correlation developed by Ayala et. al. is used to determine the desired CA50
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for the first two cycles of mode transition [163]. The correlation is given below:

NMEP

1 — 1.168[(1 + 4.443.10"3(C'A50 — C'A 2105 _ 5
NMEPusr 68[(1 + 4.443.1073(C'A50 — C A50p57)?) | (8.20)

The correlation is validated by simulating SI and RCCI mode in GT Power. For SI
mode, the simulations are carried out by providing sweeps of CA50 and throttle valve
position to compare the variation in NMEP due to change in CA50 for different engine
loads at 1200 RPM and intake temperature of 333.1K. 75 simulations are carried out
to compare the results with those obtained from the Eq. [8.200 NMEP obtained from
the GT Power model is normalized w.r.t NMEPygt. Normalized NMEP from the
simulations and the correlation are plotted against the retarded CA50 to compare
the results for different operating conditions. Figure 8.3 shows that the correlation
and the simulations provided very similar results with an average error of 0.004.
Similarly, simulations are carried out for RCCI mode to compare the effect of CA50
on the NMEP. The simulations are run at WOT, 1200 RPM, and intake temperature
of 333.1K. A sweep in CA50 is provided for different engine loads. A sweep in A in
the range of 1.4 - 2.2 is provided to achieve different NMEP. The results from the
correlation and simulations are shown in Fig. |8.4 The correlation provides very
similar results to those of the simulations with average error ranging from 0.002-
0.008. Based on the simulation and the correlation results for SI and RCCI modes,
it is assumed that the effect of combustion retard on NMEP in the transient engine

operation would be similar to the results presented in Fig. and 8.4 Therefore,
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Figure 8.3: Variation in normalized NMEP w.r.t change in CA50 for A =
1 and 1200 RPM in SI mode

the correlation [8.20] is used to determine the desired CA50 for the first two cycles

after the RCCI to SI mode switching to avoid large variations in the desired NMEP.

8.2 State Space Representation of RCCI-SI Mode

Switching

Based on the updated states, the model is compiled and linearized around the nominal

operating conditions.

The nominal operating conditions for linearized model are
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Table 8.2
Nominal operating conditions for linearized COM
Parameters Value
CA50 (CAD aTDC) 6.9
Tive (°C) 340
Pman (kPa) 97.6
NMEP (kPa) 500
MPRR (bar/CAD) 1.11
SOI (CAD bTDC) 37
PR (-) 30
FQ (mg/cyc) 17

presented in the Tables [8.2 and [8.3] for RCCI and SI modes, respectively.
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Table 8.3

Nominal operating conditions for linearized COM

Parameters Value
CA50 (CAD aTDC) 12
Tive (°C) 352.7
Poan (kPa) 85
NMEP (kPa) 497
A (-) 1.11
Uy, (CAD bTDC) 40
Utn (%) 25
FQ (mg/cyc) 18.5
—0.195 —0.029 0.196 0 0.0166
—0.011 0.062 —0.421 0 —0.036
A= 10.0002 —0.0011 0.50 0 0.001 (8.21)
0.072 0.011 —0.072 0.01 —0.006
—0.011 0.032 5.66 0 0.032
—0.358 0.157 —0.903
0 —0.0008 1.26
B = 0 0 —0.0163 (8.22)
0.152 —0.089 0.961
—0.010 —0.0136 23.34

The linearized discrete state space model for SI modes can be expressed as follows:

X(k+1) = AX (k) + BU(k)
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Y (k) = CX(k) + DU (k) (8.24)

where X and U for SI mode are given by Eq. and respectively:

X = |Mspey CAO0 Tie Prnan A IMEP Amg, (8.25)

where, My, is the portion of the injected fuel that enters the cylinder and Amyg,,
is the mass of air that enters the cylinder during the filling/emptying of the intake

manifold.

U=1\U, Us  FQ (8.26)

The plant matrices for SI mode are as follows:

0.8187 0 0 0 0 0 0
—0.0345 0.00499 0.0018 —0.757 —1.58 —0.0022 —0.388
0.038 —0.0003  0.052 0.033 —45.25 —0.0634 —0.214
A= 0.01 0.0001 0 0.667 0 0 0
—0.0022 0 0 0.038 0.001 0 0.0138
0.749 —0.0197  0.011 2.015 -9.15 0.0122 —4.67

0 0 0 0.197 0 0 0.15

(8.27)
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_ 0 0 1 _
~1.00 —0.041 —0.76
0 —0.156 0.839
B=1 o 0.446 0 (8.28)
0 0.025 —0.0487
3.92 6.16 16.54
0 0 0

C=10 0 0 0 1 0 0 (8.29)

D= |g 0 0 0 (8.30)

Using the updated state space models, a gain scheduled model predictive controller
is developed as shown in Fig. Two Kalman filters are designed for each mode.
The details about the development of controller and Kalman filters can be found in

Sections [7.2 and [T.3l The state estimations of Kalman filter are used to achieve the
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cyclic coupling of the states. The following constraints are applied in SI mode:

0.95 (—) <A <1.25(—) (8.31)

60 (CADVT'DC) < U, < 20 (CADaTDC) (8.32)
12 (mg/cycle) < FQ < 55 (mg/cycle) (8.33)

5 (%) < U, <45 (%) (8.34)

RCCI mode is subjected to the following constraints:

MPRR < 8 (bar/CAD) (8.35)

25 (CAD bT'DC) < SOI < 60 (CAD bT'DC) (8.36)
10 (%) < PR <45 (—) (8.37)

8 (mg/cycle) < FQ < 24 (mg/cycle) (8.38)

8.3 Experimental Results

The developed controller and Kalman filters are first validated by simulating the

system in Simulink using nonlinear control-oriented model as plant. The C code is
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Figure 8.5: Schematic of supervisory controller, gain scheduled MPC and
Kalman filter for State estimation for a multi-mode engine

then generated to implement the controller on the actual system. The optimal region
for RCCI mode is identified between the NMEP range of 300-600 kPa. Therefore,
supervisory controller selects the mode based on the requested NMEP. Step changes
in NMEP and CA50 are simultaneously provided during mode switching, as shown
in Fig. [8.6l A step change of NMEP from 285kPa to 520kPa is requested which
indicates SI to RCCI mode switching. The change in CA50 is requested from 15
CAD (aTDC) in SI mode to 6 CAD (aTDC) in RCCI mode. The result shows good
tracking of CA50 for both SI and RCCI modes. During SI-RCCI mode switching, the
requested CA50 is advanced from 16 to 6 CAD, the controller modulated SOI and

PR to achieve the desired CA50 while keeping MPRR below the set limit. The first
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Table 8.4
Average error in tracking CA50 and NMEP, and COVyyEgp during
SI-RCCI-SI mode switching

Mode CA50 NMEP
Mean | Error,,, | Mean | Error,,, | COVnugep
(CAD) | (CAD) | (kPa) (kPa) (%)
SI 14.6 1.8 292 10.6 3.5
RCCI 5.5 1.7 513 10.7 3.0
SI 14.7 2.0 288 7.9 3.6

cycle of mode switching showed an advanced CA50. However, the desired CA50 value
is achieved in the subsequent cycles. The first cycle in RCCI mode resulted in higher
NMEP than desired resulting in an overshoot of 6 %. Thus, the controller reduced
the fuel quantity in the following cycles which can be observed in increased A during
those cycles. The steady state NMEP is achieved in the subsequent cycles. MPRR
stayed below 8 bar/CAD for the entire mode switching operation. The summary of
the results are presented in Table 8.4, The average errors for tracking CA50 and
NMEP in SI mode are 1.8 CAD and 10.6 kPa, respectively. The COVyygp in SI
mode is 3.5%. For RCCI mode, the average tracking errors for CA50 an NMEP are
1.7 CAD and 10.7 kPa. The COVyygp is 2.8 % excluding the first SI to RCCI mode

switching cycle. The COVyuep including the first mode transition cycle is 4.3%.

RCCI to SI mode switching is carried out from higher to lower requested load. Simul-
taneous step changes in NMEP and CA50 are provided. As mentioned earlier, the
first two cycles are majorly affected due to the intake manifold, throttle and port fuel
transport dynamics. These dynamics are incorporated in the model states such as

manifold pressure, change in mass of air flowing in the cylinder and fuel flowing into
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Figure 8.6: Experimental results for CA50 and NMEP control while con-
straining A and MPRR to validate MPC performance in SI-RCCI-SI mode
switching at 1200 RPM

the cylinder. To compensate for these dynamics, extra fuel is commanded to avoid
misfire or partial burn which results in higher NMEP than desired. To ensure smooth
mode switching with less fluctuations in the NMEP, the desired CA50 is regulated for
the first two cycles of the mode switching. To this end, Eq. is used to calculate
the desired CA50 to maintain NMEP. The requested CA50 for the first two cycles is

35 CAD (aTDC). The controller adjusted spark timing to achieve the desired CA50.
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Figure 8.7: Manipulated variables of MPC for the results in Fig.
The resulting CA50 for the first two cycles was 28 and 21 CAD (aTDC), respec-
tively. This discrepancy in the CA50 resulted in slightly higher NMEP but within
the desired range. The controller is capable of providing steady state NMEP within
5 engine cycles of mode switching resulting in COVyygp of 3.6% excluding the first

5 engine cycles of mode transition.
The performance of the controller is also validated for a different load requirement
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Table 8.5
Average error in tracking CA50 and NMEP, and COVyyEgp during
SI-RCCI-SI mode switching

Mode CA50 NMEP
Mean | Error,,, | Mean | Error,,, | COVnugep
(CAD) | (CAD) | (kPa) (kPa) (%)
SI 16.1 2.3 288 7.4 3.0
RCCI 5.9 0.8 605.8 13.9 2.8
SI 14.9 2.0 717.4 13.0 2.3

mode switching operation. A step change of 285 kPa to 600 kPa is provided for
SI to RCCI mode switching. A CA50 change of 16 CAD to 6 CAD is requested
during SI to RCCI mode switching. The controller successfully tracks the changes
in CA50 and NMEP from SI to RCCI mode as shown in Fig. 8.8 In SI mode,
spark timing is adjusted to achieve the desired CA50 while throttle position and fuel
quantity are simultaneously adjusted to achieve the desired NMEP while keeping air-
fuel ratio close to stiochiometry. In RCCI mode, the throttle position is commanded
to 90% while SOI and PR are simultaneously adjusted to track CA50 and maintain
MPRR below 8 bar/CAD. NMEP in RCCI mode is achieved by regulating the fuel
quantity. The average errors in tracking CA50 are 2.3 CAD and 0.8 CAD in SI and
RCCI modes, respectively. The results of SI-RCCI-SI mode switching are presented
in Table 8.5l The average errors in tracking NMEP are 7.4 kPa and 13.9 kPa in SI

and RCCI modes, respectively.

For RCCI to SI mode switching from 600 kPa to 720 kPa NMEP, the controller takes

into account the actuator and process dynamics into the account. The controller
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Figure 8.8: Simulation results for CA50 and NMEP control while con-
straining A and MPRR to validate MPC performance in SI-RCCI-SI mode
switching at 1200 RPM

commands extra fuel amount to achieve the desired NMEP. This resulted in rela-
tively higher NMEP in the first cycle even when the CA50 is retarded. This can be
mainly associated to the richer air-fuel mixture in the first few cycles. RCCI-SI mode
switching at high load is dominantly affected by the slow fuel transport dynamics.

That is why, the controller is designed to achieve minimum COVyygp. During the

340



|€«— SI——>»«—— RCCl ——>«—— S| —>
,...n___../\.__..m..; No spark :

[6)]
o

{

—

USpark
(CAD bTDC)
&

N
o

(&)}
o
T

FQ
(mg/cycle)
S .

o

—_
o
o

UThrottle
(%)
o
=

o

N
(6)]

sol
(CAD bTDC)
N

0

40 F JL " WP NGRSS ) AVU W ]

20t 1
0 ‘ ‘ ‘ ‘ ‘ ‘

0 50 100 150 200 250 300

Engine cycle (#)

Figure 8.9: Manipulated variables of MPC for the results in Fig.
mode switching, first few cycles of SI mode resulted in advanced combustion caus-
ing higher MPRR than expected but overall MPRR stays below the knocking limit.

MPRR reduces as the desired CA50 of 16 CAD is achieved in SI mode.

A constant low load sweep is provided for SI to RCCI mode switching at 1200 RPM.
A step change in CA50 is provided from 8 CAD to 5 CAD from SI to RCCI mode as

shown in Fig. Spark timing is adjusted to achieve the desired CA50 in SI mode.
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Table 8.6
Average error in tracking CA50 and NMEP, and COVyyEgp during

SI-RCCI mode switching

Mode CA50 NMEP
Mean | Error,,, | Mean | Error,,, | COVnugep
(CAD) | (CAD) | (kPa) (kPa) (%)
SI 7.5 2.2 311 9.5 2.7
RCCI 5.2 0.9 323 7.8 2.9

While SOI is adjusted in RCCI mode to attain the desired CA50. The average errors
in tracking CA50 for SI and RCCI modes are 2.2 CAD and 0.9 CAD, respectively.
Mode switching for SI to RCCI mode is carried out at a constant low load of 320
kPa. Fuel quantity and throttle positions are modulated to track NMEP. In ST mode,
A is maintained near stoichiometric AFR. However, throttle is commanded to open
to 90% for RCCI mode. In addition, MPRR is desired to be below 8 bar/CAD. The
results show that MPRR stayed below the set limit for both SI and RCCI operations.
The summary of the results is presented in Table 8.6 The average NMEP achieved
in ST and RCCI modes is 311 and 323 kPa, respectively. The average error in tracking
NMEP and COVyygp in SI mode are 9.5 kPa and 2.7%. In RCCI mode, the average
error in tracking NMEP and COVyygp are 7.8 kPa and 2.9%.

Table 8.7
Average error in tracking CA50 and NMEP, and COVnyEp during
SI-RCCI mode switching

Mode CA50 NMEP
Mean | Error,,, | Mean | Errorays | COViMep
(CAD) | (CAD) | (kPa) (kPa) (%)
SI 7.2 2.0 313 16.2 3.3
RCCI 5.4 0.9 491.5 13.2 2.0

Figures [8.12] and [8.13] show SI to RCCI mode switching during simultaneous step
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Figure 8.10: Simulation results for CA50 and NMEP control while con-
straining A and MPRR to validate MPC performance during constant load
SI-RCCI mode switching at 1200 RPM

changes in engine load and CA50. CA50 is changed from 8 CAD in SI mode to 5
CAD in RCCI mode while NMEP is changed from 300 kPa in SI mode to 500 kPa in
RCCI mode. The controller successfully tracks the changes in CA50 and NMEP. The
average errors of 2 CAD and 0.9 CAD are observed in tracking CA50 in SI and RCCI
modes, respectively. The average error in NMEP and COVyygp in SI mode are 16.2

kPa and 3.3%, respectively. The results are provided in Tale[8.6] The average error in
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Figure 8.11: Manipulated variables of MPC for the results in Fig. |8.10

NMEP and COVyygep in RCCI mode are 13.2 kPa and 2%, respectively. Moreover,
A is kept near stoichiometric AFR during SI mode and MPRR is maintained below 8

bar/CAD in RCCI mode.

The controller performance is also validated for SI-RCCI-SI mode switching at 1600
RPM. Simultaneous step changes in CA50 and NMEP are provided during SI and

RCCI mode switching as shown in Fig. [8.14. During SI to RCCI mode transition,
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Figure 8.12: Experimental results for CA50 and NMEP control while con-
straining A and MPRR to validate MPC performance in SI-RCCI mode
switching at 1200 RPM

CA50 is varied form 8 CAD to 11 CAD and NMEP is changed from 300 kPa to
475 kPa. Spark timing is adjusted to achieve the desired CA50 in SI mode with an
average error of 3.6 CAD. However, SOI is retarded to achieve the desired CA50 of 11
CAD in RCCI mode. The average error in tacking CA50 in RCCI mode is 0.4 CAD.
Table 8.8 shows a summary of the results for tracking performance of the controller.

The average errors in tracking NMEP in SI and RCCI modes are 13.4 kPa and 20.3
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Figure 8.13: Manipulated variables of MPC for the results in Fig. |8.12
kPa, respectively. The COVyygp obtained in SI and RCCI modes are 3.5% and
3.8%, respectively. A is maintained near stoichiometric AFR in SI mode and MPRR
is limited below 8 bar/CAD by modulating premixed ratio of the two fuels in RCCI

mode.

RCCI-SI mode switching is carried out from low to high load at 1600 RPM. The

controller performance against the variations in CA50 and NMEP is validated. A
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Table 8.8
Average error in tracking CA50 and NMEP, and COVyyEgp during
SI-RCCI mode switching

Mode CA50 NMEP
Mean | Error,,, | Mean | Error,,, | COVnugep
(CAD) | (CAD) | (kPa) (kPa) (%)
SI 8.3 3.6 311 13.4 3.5
RCCI 10.7 0.4 460 20.3 3.8
Table 8.9

Average error in tracking CA50 and NMEP, and COVnyEgp during
RCCI-SI mode switching

Mode CA50 NMEP
Mean | Error,,, | Mean | Error,,, | COVNugep
(CAD) | (CAD) | (kPa) (kPa) (%)
RCCI 4.9 1.7 454 13.8 3.6
SI 9.3 3.4 646 15.3 2.9

step change in CA50 is provided from 5 CAD in RCCI mode to 10 CAD in SI mode.
Similarly, NMEP is varied from 450 kPa to 650 kPa for RCCI-SI mode switching.
Controller modulates SOI mainly to track CA50. While PR is increased to 40 to
keep the MPRR below 8 bar/CAD. The average values of CA50, NMEP and the
corresponding average errors for both RCCI and SI modes are presented in Table [8.9]
When mode is switched from RCCI to SI mode, throttle valve is commanded to 41%
opening. However, throttle valve attains the position of 52%. This causes a leaner air
fuel mixture resulting in the reduced NMEP without causing any overshoot. Though,
a retarded value of CA50 was provided for the first two cycles of mode switch to the
reduce the NMEP due to additional fuel injected. However, controller tracks CA50
and NMEP in SI mode with average errors of 3.4 CAD and 15.3 kPa. COVyuep

observed in RCCI and SI modes are 3.6% and 2.9%, respectively.
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Figure 8.14: Experimental results for CA50 and NMEP control while con-
straining A and MPRR to validate MPC performance in SI-RCCI mode
switching at 1600 RPM

A constant load SI-RCCI mode switching is carried out at 1600 RPM while keeping
CA50 constant at 7 CAD aTDC in both modes. Figure [8.18| shows the reference
tracking of CA50 and NMEP while A\ and MPRR are the constrained parameters.
The corresponding control actions are shown in Fig. 8.19] The average CA50 and the
corresponding average error obtained in SI mode are 6 CAD and 3.9 CAD, respec-

tively. The average NMEP and the corresponding average error in SI mode are 308.9
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Figure 8.15: Manipulated variables of MPC for the results in Fig.
kPa and 11.6 kPa, respectively. The COVyygp in SI mode is 3.6%. The summary
of the results are presented in Table [8.10, During mode SI-RCCI switching, the first
cycle of RCCI mode resulted in higher NMEP. The controller commands a reduced
NMEP which resulted in reduced NMEP for the subsequent cycle. However, RCCI
mode reaches the steady state NMEP value in 4 engine cycles with average NMEP of
305.4 kPa and an average error of 11.4 kPa. The COVyygp in RCCI mode excluding

the first 4 engine cycles of mode transition is 3.7%.
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Figure 8.16: Experimental results for CA50 and NMEP control while con-
straining A and MPRR to validate MPC performance in RCCI-SI mode
switching at 1600 RPM

8.4 CA50 Variations in SI Mode

High cyclic variations were observed in SI mode even at constant spark timing. En-
gine load varies with CA50. Therefore, combustion stability in SI mode was evaluated

by determining COVpyrp. The maximum COVyygp of 5.5% was observed. COVygp
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Figure 8.17: Manipulated variables of MPC for the results in Fig. |8.16
increased as CA50 was retarded, as shown in Fig. [8.20] COVpygp is also plotted
against standard deviation of CA50 (CA504q). Figure showed a linear relation-
ship between COVygp and CA5044. Increase in CA504q resulted in higher COVygp.
Variations in CA50 were also analyzed w.r.t the burn duration and standard deviation
of burn duration (BDgq). Figure showed that retarded CA50 resulted in longer
burn duration. Moreover, BDgq is directly proportional to CA5044. Combustion in

SI mode starts with the help of spark. The flame propagates outwards after the start
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SI-RCCI mode switching

Table 8.10
Average error in tracking CA50 and NMEP, and COVyyEgp during

Mode CA50 NMEP
Mean | Error,,, | Mean | Error,,, | COVnugep
(CAD) | (CAD) | (kPa) (kPa) (%)
SI 5.9 3.9 308.9 11.6 3.6
RCCI 7.0 0.5 305.4 11.4 3.7

of combustion. Some of the factors affecting flame propagation include air-fuel ratio,
engine speed, intake temperature and pressure, engine load, turbulence, and residual
gas fraction. Small variations in local air-fuel ratio of a scale of millimeter at ignition
point affect start of combustion and flame propagation. On the contrary, air-fuel
mixture in LTC modes auto-ignite at multiple points resulting in faster burn rate and
consistent CA50. That is why, variations in CA50 are very low in RCCI mode. In
this study, 88.6% of the data points showed COVyyrp < 3% in steady state SI engine
operation. This ensures a stable engine operation in SI mode. Detailed analysis of

combustion in SI mode is essential to identify the cause of variations in CA50 and to

provide better control of CA50 to further reduce COVyygp.
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Figure 8.18: Experimental results for CA50 and NMEP control while con-
straining A and MPRR to validate MPC performance for constant load SI-
RCCI mode switching at 1600 RPM
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Figure 8.19: Manipulated variables of MPC for the results in Fig. |8.18
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Chapter 9

Conclusions and Future Work

9.1 Research Summary

Low temperature combustion (LTC) modes offer significant improvement in ther-
mal efficiency and reduced engine-out NOx and particulate matter (PM) emissions.
Homogeneous Charge Compression Ignition (HCCI), Premixed Charge Compression
Compression Ignition (PCCI), Partially Premixed Charge Compression Compression
Ignition (PPCI) and Reactivity Controlled Compression Ignition (RCCI) are the com-
mon LTC modes. Combustion in HCCI mode is challenging to control because of the
absence of a direct control knob to regulate the start of combustion which causes

very high pressure rise rates. In this study, combustion control in HCCI mode is
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achieved by modulating the premixed ratio of two fuels. Unlike HCCI, PPCI and
RCCI modes offer better combustion control where start of injection timing can be
adjusted together with the premixed ratio of the fuels. Therefore, the feasible range
of LTC modes can be extended with PPCI and RCCI modes as compared to HCCI

mode.

The common challenges of the LTC modes are combustion control, high maximum
pressure rise rate and cyclic variations. These challenges can be addressed by devel-
oping model-based control framework for the LTC modes. Even with the controlled
engine operation, the feasible operating range of the LTC modes is a subset of the
engine speed and load map of the conventional gasoline engines. Therefore, one or
more LTC modes can be coupled with the conventional SI operation can be to achieve
higher thermal efficiency and reduced emissions. This requires mode transitions in
real-time. The common studies on mode switching include SI-HCCI-SI, CDC-RCCI,
CDF-RCCI, HCCI-PPCI, and PPCI-CDC. Open-loop mode switching is the com-
monly used approach which uses look-up tables based on experimental calibrations
for different operating conditions [10, [34, [49] [50]. Model-based closed-loop control
studies commonly include SI-HCCI-ST mode switching [12] [13], [5T], 52]. These control
studies are commonly based on single fuel operated HCCI engine equipped with two-
stage cams. Furthermore, most of the studies focused only on SI-HCCI direction of

mode switching control.

357



This dissertation focused on the development of a closed-loop control framework for
a multi-mode combustion engine. A unified model predictive control framework for
HCCI, PPCI and RCCI modes was developed in Chapter |3|to control the combustion
phasing (CA50) and engine load based on the optimal engine map. The average errors
in tracking CA50 and IMEP in HCCI mode were 0.5 CAD and 7.6 kPa, respectively.
The average tracking errors for CA50 and IMEP in PCCI mode are 0.1 CAD and
1.7 kPa, respectively. In RCCI mode, the adaptive MPC tracked CA50 and IMEP
with average errors of 0.2 CAD and 5.2 kPa, respectively To improve the LTC en-
gine performance, supervised machine learning classification algorithms were used to
model cyclic variations in HCCI and RCCI modes. The developed classification mod-
els showed prediction accuracy of 97% for HCCI and RCCI modes. Nonlinear model
predictive controllers were developed to track CA50 and IMEP while constraining
cyclic variations below 3% in HCCI and RCCI modes. Chapter |5 included the de-
velopment of classification algorithms to identify distinct shapes of heat release rates
resulting in different types of combustion events in the LTC modes. An adaptive
MPC controller was developed using the heat release type as scheduling variable to
control CA50 and IMEP while restricting MPRR below 8 bar/CAD. Heat release type
was modulated to constrain MPRR below 8 bar/CAD. The results showed average
tracking errors of 1.2 CAD and 9.3 kPa in CA50 and IMEP, respectively. In addi-
tion, optimal engine map was developed based on indicated specific fuel consumption

(ISFC) and engine-out CO, THC and NOx emissions to compare the performance of
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SI and RCCI modes. RCCI mode showed lower ISFC and NOx emissions as com-
pared to SI mode. However, SI mode resulted in lower CO and THC emissions as
compared to RCCI mode. A supervisory controller was developed based on the op-
timized engine map to select the desired mode. A model predictive controller was
then developed to carry out SI-RCCI-SI mode switching. The controller tracks the
reference trajectories of combustion phasing (CA50) and net mean effective pressure
(NMEP) while limiting A within 0.95-1.25 range in SI mode for stable combustion

and MPRR below 8 bar/CAD in RCCI mode.

9.1.1 Closed-loop Predictive Control of a Multi-Mode En-

gine

Model based control framework was development for three common low temperature
combustion (LTC) modes namely, HCCI, PPCI and RCCI, using dual fuels. The
supervisory controller selected the desired combustion mode based on the engine
brake specific fuel consumption (BSFC) performance map. Independent controllers
were developed for each mode which used linear parameter varying (LPV) models to
capture the system dynamics for achieving the non-linear LTC engine control. Major

findings from this work are as follows:

e Discrete time control-oriented models (COMs) were developed for HCCI, PPCI
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and RCCI modes. The developed control oriented models were validated for
steady state and transient conditions. The results showed that the average
errors in predicting CA50 and IMEP on cycle-to-cycle basis were less than 2
CAD and 37 kPa, respectively for each LTC mode. LPV systems for each mode
were developed by linearizing the COM as a function of premixed ratio of the

dual fuels.

Adaptive model predictive controller (MPC) was developed to control CA50
and IMEP in HCCI mode. Dual fuel premixed ratio was modulated to con-
trol CA50 and fuel quantity was adjusted to control IMEP. The adaptive MPC
showed good tracking performance of CA50 and IMEP with the LPV systems.
The average errors in tracking CA50 and IMEP were 0.5 CAD and 7.6 kPa,
respectively. The disturbance rejection performance of the controller was vali-

dated by varying the intake air temperature.

For PPCI mode, adaptive MPC was developed to track CA50 and IMEP by
adjusting premixed ratio and fuel quantity, respectively. The controller perfor-
mance was validated in the presence of measured disturbance in the intake air
temperature. The average tracking errors for CA50 and IMEP were 0.1 CAD

and 1.7 kPa, respectively.

In RCCI mode, CA50 and IMEP were controlled by modulating start of injection
of DI and fuel quantity, respectively. Adpative MPC used remixed ratio as a

scheduling variable for the LPV models. The adaptive MPC tracked CA50 and
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IMEP with average errors of 0.2 CAD and 5.2 kPa, respectively.

e The MPC controllers developed for each mode show good tacking performance
of combustion phasing with premixed ratio of fuels ranging between 0-50%. This
showed that the LPV models captured the system dynamics, thus improved the

performance of the controller.

Overall, developed MPC controllers show promising results for reference tracking of

CA50 and IMEP for the dual fuel application in the HCCI, PPCI and RCCI modes.

9.1.2 Data-Driven Modeling of Cyclic Variability and NMPC

Development

Cyclic variations in engine load affect the noise vibration and harshness (NVH) per-
formance of a vehicle. Coefficient of variation of indicated mean effective pressure
COVyygp is computed to determine the cyclic variations in IMEP. A 2-liter 4-cylinder
engine was operated in HCCI and RCCI modes. Data-driven classification models
for cyclic variations were developed for HCCI and RCCI modes. The COVyygp was

classified into three different classes:

e (lass-I: COVIMEP S 3%
o Class-II: 3 < COVIMEP < 5%
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o Class-III if COViyep > 5%

Experimental data with COVygp > 5% mostly showed either partial burn or misfired
cycle. CA50, IMEP, premixed ratio, fuel quantity, intake manifold temperature and
start of injection (for RCCI only) were used as predictors to classify COVyygp into
three different classes. The engine data for 510 different operating conditions were
used to develop and validate the HCCI and RCCI models. The COVyygp classifica-
tion algorithm provided a model for the engine combustion stability. The developed
combustion stability models for HCCI and RCCI modes showed prediction accuracy

of 97%.

Closed-loop nonlinear model predictive controllers for HCCI and RCCI modes were
designed using the combustion stability models. Sequential quadratic programming
(SQP) algorithm was used to determine the optimal control action. The nonlinear
MPC controller for HCCI tracked CA50 and IMEP in the absence of constraint on
COVnyep. However, the controller regulated CA50 to maintain COVyygp below 3%
in the presence of constraint on COVyygp for stable combustion. For the RCCI mode,
SOI and fuel quantity were used to control CA50 and IMEP. In the presence of active
constraint on COVyygp, the designed controller adjusted premixed ratio to ensure
stable combustion during engine load changes. These allow the multi-mode LTC

engine to run stably in both HCCI and RCCI modes.
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9.1.3 Machine Learning Models for Identification, Classifica-

tion and Control of Heat Release Events in LTC Modes

Combustion events in low temperature combustion (LTC) were investigated using
the heat release rates for over 600 different operating conditions for a 2.0 liter, 4-
cylinder dual fuel LTC engine. Engine data was obtained by varying the fuel quantity,
premixed ratio, start of injection timing, and intake manifold temperature. The in-
cylinder pressure data was used to compute and analyze the resulting combustion
events. Fractions of early and late heat release rates were calculated from the heat
release rate data. A rule-based classification approach was developed to categorize the
heat release rate traces into three distinct types on the basis of fractions of early and
late heat release rates. Detailed statistical analysis on the heat release rate traces was
carried out based on start of combustion, CA50, burn duration, maximum pressure
rise rate, peak pressure, location of peak pressure, peak temperature and COVyygp.

The main findings of this work are as follows:

e Three distinct heat release rate (HRR) shapes were identified in the LTC engine
operation which showed different combustion characteristics. These HRR types

can be classified as a function of fractions of early and late heat release.

e Type-1 HRR represented a single stage heat release rate. Type-I showed shorter
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burn duration, higher peak in-cylinder pressure, and higher maximum pressure
rise rate as compared to type-2 and type-3 HRRs. Furthermore, type-1 HRR
showed minimum COVpygp among the three types. Combustion in type-2 HRR
occurred in two stages with advanced combustion phasing as compared to type-
1 and type-3. Combustion temperatures in Type-2 are lower than that of type-1
and type-3. Combustion in type-3 HRR showed main stage heat release together

with diffusion type combustion tail.

K-means clustering, an unsupervised approach, could not classify the traces

distinctly.

Three supervised learning algorithms namely, decision tree, K-nearest neighbors
and support vector machines, were used to develop classification models for the
HRR types using normalized heat release traces. SVM provided better accuracy
compared to the other two supervised machine learning algorithms. The trained
SVM model predicted the heat release rate type with a prediction accuracy of

92.4%.

Three classification algorithms, decision tree, KNN and SVM were used to train
the models using start of combustion, burn duration, premixed ratio, start of
injection, fuel quantity and manifold temperature as features. KNN and SVM
showed better accuracy as compared to decision tree model. However, KNN
was proved to be the best in predicting the heat release traces with an overall

accuracy of 97%.
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e An MPC framework was developed to demonstrate the application of classifi-
cation algorithm for control applications. KNN is a memory based algorithm
which requires memory to make future predictions. Therefore, SVM classifica-
tion algorithm was used to develop LPV models to achieve real-time control.
The output of SVM classification model was used to develop the LPV state
space representation of RCCI. Based on the developed LPV system, a model
predictive controller was designed to track CA50 and IMEP while constraining
MPRR. The controller was capable of tracking CA50 and IMEP with root mean
square error of 1.2 CAD and 9.3 kPa, respectively while limiting MPRR below

8 bar/CAD.

e The controller performance was compared with the one designed in the study
[44] for the RCCI engine by providing same reference trajectories for CA50
and IMEP under same operating conditions. The controller designed in this
work showed better overall tracking performance and wider operating range. It
also showed faster response with zero steady state errors while satisfying the

constraints on MPRR and actuators.

9.1.4 Modeling and Control of SI-RCCI-SI Mode Switching

The engine maps for SI and RCCI were developed for speed range of 1000-1600 RPM

and load range of 300-700 kPa. ST and RCCI modes were compared for the indicated
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specific fuel consumption and engine-out CO, THC and NOx emissions. Based on the
comparison, a multi-mode engine proved to be a viable option which can provide lower
fuel consumption and lower engine out NOx emissions as compared to conventional
SI engine. Based on the comparison, open-loop SI-RCCI-SI mode switching studies
were carried out to develop and validate the dynamic model. The dynamic mode
switching model was validated for steady state and transient conditions. The model
showed average errors of 0.4 CAD and 10 kPa in predicting CA50 and NMEP in
SI mode, respectively. The average prediction errors in RCCI modes were 1 CAD
and 35.2 kPa for CA50 and NMEP, respectively. Wiebe function was used to model
MPRR in SI and RCCI modes. The model showed an average prediction error of
0.4 bar/CAD and 1.6 bar/CAD in SI and RCCI modes, respectively. To improve
the accuracy of MPRR model in RCCI mode, support vector machines (SVM) was
used to model MPRR. The average error in predicting MPRR for RCCI mode using
SVM is 0.4 bar/CAD. Mode switching model was then linearized at two operating

conditions corresponding to each mode.

A gain scheduled model predictive controller (MPC) was developed to achieve closed-
loop SI-RCCI-SI mode switching. Kalman filter was designed to estimate the states
of the system using measured outputs of the system. The in-cylinder pressure data
was processed using FPGA in real-time for cycle-to-cycle control of CA50 and NMEP.
The controller performance was first validated in Simulink. The MPC mode switch-

ing controller was then implemented on the hardware using dASPACE microautobox.
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The performance of MPC mode switching controller was validated for different oper-
ating conditions. These operating conditions included constant load mode switching,
and simultaneous step changes in the desired engine load and CA50. The controller
objective was to minimize tracking errors in the desired CA50 and NMEP while
constraining A within a range of 0.95-1.25 and limit MPRR below 8 bar/CAD. The
controller successfully tracked the desired CA50 and NMEP in both modes and dur-
ing mode switching from SI to RCCI while constraining A and MPRR within the set

limits.

RCCI-SI mode switching proved to be challenging due to the intake manifold dy-
namics and throttle dynamics. Either one misfire or one partial burn was observed
from RCCI to SI mode switching. This was mainly because of the air stored in the
intake manifold which can only flow into the cylinder and the airflow because of the
throttle response. In addition, SI mode can only result in stable combustion when
the AFR is near stoichiometry. Therefore, extra fuel was injected in the first cycle
of RCCI-SI mode switching. The amount of extra fuel was predetermined from the
desired load request. This resulted in successful mode transition from RCCI to SI.
However, the first cycle of mode switching resulted in higher NMEP than desired.
Furthermore, fuel transport dynamics in SI mode was prominent at a higher load af-
ter mode switching. Therefore, two more states were added to the state space system

of SI-RCCI-SI model. The appended states included fuel flowing into the cylinder
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and mass of air entering the cylinder during the emptying of intake manifold. In ad-
dition, the model for the rate change of intake manifold pressure was also improved
to incorporate the pressure changes due to throttle response. The more airflow into
the cylinder during the first few cycles of RCCI-SI mode switching required more
fuel quantity, thus resulting in higher NMEP. Thus, CA50 was retarded for the first
two cycles of mode switching which reduced the NMEP of the corresponding cycles.
The desired retard in CA50 was estimated by using a correlation between the desired
NMEP and NMEPygr [163]. Based on the updated model, a gain scheduling MPC
was developed and implemented on the system. Step changes in CA50 and NMEP
were desired during SI-RCCI-SI mode switching. The performance of controller was
validated for simultaneous step changes in CA50 and NMEP during SI-RCCI-SI mode
switching. In addition, mode switching was carried out at different engine loads and
speeds. The controller showed good tracking performance during mode switching

while restricting A and MPRR within the set limits.

9.2 Future Work

LTC modes offer a potential for real-time engine application with model-based control
architecture. The current study includes the operating range of HCCI, PPCI and
RCCI modes achieved with naturally aspirated engine and without external exhaust

gas recirculation (EGR). For high load RCCI operation, the air-fuel mixture becomes

368



relatively rich, thus resulting in abrupt heat release rate. Thus, RCCI operation is
limited due to high MPRR that can cause damage to the hardware. The heat release
rate can be controlled in the following possible ways to extend the RCCI load range

while reducing MPRR.

e The first possible option is to use EGR which will help in reducing MPRR while

helping in further reducing NOx emissions.

e Second possible way to reduce MPRR is using multiple fuel injections during

the compression stroke.

e Using a boosted engine operation together with EGR can help in increased

ignition delay, thus it can provide better control on the combustion [64].

In addition, RCCI phasing can be further improved by manipulating heat release rate
for the maximum thermal efficiency. This can be done by modulating the start of

injection timing using the classification algorithms developed in this study.

SI-RCCI mode switching is relatively simple. The high exhaust gas temperatures
trapped at the end of SI mode resulted in smooth transition to RCCI mode. Fur-
thermore, spark assistance in the first few cycles can help SI-RCCI mode transition.
However, RCCI-SI mode transition is more challenging due to throttle response, in-

take manifold dynamics and fuel transport dynamics. In this study, valve timings were
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kept the same for SI and RCCI engine operation. In future, simultaneous changes
in variable valve timing (VVT) and throttle position can be studied to improve the

mode transition from RCCI to SI mode.

Future research can focus on RCCI-SI mode switching improvements. RCCI-SI mode
switching strategy can be improved by implementing spark assisted compression ig-
nition (SACI) to counter the dynamics during transition. This can be achieved with
spark assistance and by delaying the change in fuel injection strategy from RCCI to
SI for first three cycles of mode transition. In addition, control algorithm can be im-
proved by adding SACI mode in the gain scheduled MPC for RCCI-SI transitions. In
addition, the developed multi-mode engine model can be used in the vehicle model to
simulate the drive cycles to access the emission reductions and improvements in the
fuel economy of a light-duty vehicle. This study can provide information about mode
switching frequency, residence time in each mode and the associated fuel penalty in
the real-time drive cycles. This information can be incorporated into the supervisory

controller to optimize the multi-mode engine operation.
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SI2HCCI _paper139.pdf

SI_ HCCI _paper107.pdf

SI_ HCCI _paper44 _1.pdf
Fig_paper76_1.pdf
LTC-MultiMode2.pdf

BMEP _RCCI2CDC_paper237_1.pdf
emissions_paper237.pdf

RCCIeDF _paperdl.pdf

RCCI_CDF _results_paper4l.pdf
SchematicMultiMode_summary_v4.pdf

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10
Figure 2.11
Figure 2.12
Figure 2.13
Figure 2.14
Figure 2.15
Figure 2.16
Figure 2.17
Figure 2.18
Figure 2.19
Figure 2.20
Figure 2.21
Figure 2.22
Figure 2.23
Figure 2.24
Figure 2.25
Figure 2.26
Figure 2.27
Figure 2.28
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B.2 Chapter 3

Table B.2
Block Diagrams in
File Name File Description
blockdiag_ControlStudies_v3_1.pdf Figure 3.1
LTC_Engine_Setup_v3.pdf Figure 3.2
Actual_Engine_Setup_4.pdf Figure 3.3
DynamicModelSchematic_v4a.pdf Figure 3.6
DynamicModelSchematic_v4a.vsdx Figure 3.6
Schematic LPVMPC _v6_2b.pdf Figure 3.14
Schematic_LPVMPC_v6_2b.vsdx Figure 3.14
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Table B.3
Steady State Model Validations in

File Name File Description
PowerSpeed.jpg Figure 3.4a
BMEPvsSpeed _edit_v2.jpg Figure 3.4b
HRRA4 2.eps Figure 3.5
SOCplotHCCI newl.eps Figure 3.7a
BDplotHCCI_new1.eps Figure 3.7b
CA50plotHCCI new1.eps Figure 3.7c
imepplotHCCI new1.eps Figure 3.7d
SOCplotPPCI_newl.eps Figure 3.8a
BDplotPPCI_newl.eps Figure 3.8b
CA50plotPPCI_newl.eps Figure 3.8¢c
imepplotPPCI new1.eps Figure 3.8d
SOCplotRCCI_new.eps Figure 3.9a
BDplotRCCI_new.eps Figure 3.9b
CA50plotRCCI new.eps Figure 3.9¢c
imepplotRCCI_new.eps Figure 3.9d
HCCI TranValid_PR_FQ_2.eps Figure 3.10
RCCI transValid_PR20_FQ23_stepSOI_2.eps Figure 3.11
RCCI _transValid_PR20_SOI50_stepFQ_2.eps Figure 3.12

RCCI nyquistplot_CL_2.eps
PPCI_nyquistplot_CL_2.eps
RCCI nyquistplot_CL_2.eps
HCClInewv2.eps
HCCInewdv2.eps
PPClInewv2.eps
PPClInewdv2.eps
RCCInewv2.eps
RCCInewdv2.eps

Figure 3.13a
Figure 3.13b
Figure 3.13c
Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20
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Table B.4

MATLAB/Simulink Files [3]

File Name

File Description

HCCI.dyn.m
MPC_HCCI_Adaptive_Final.slx
HCClI_plots.m

PPCI_dyn.m
MPC_PPCI_AdaptiveNew _v1.slx
PPCI plots.m

RCCI_dyn.m
RCCI_adapMPC_LPVn_V3.slx

HCCI Dynamic Model
Simulink Model with MPC
M File
HCCI Dynamic Model
Simulink Model with MPC
M File
HCCI Dynamic Model
Simulink Model with MPC

RCClI_ploting.m M File
DynamicModelSchematic_v4a.pdf Figure 3.6
DynamicModelSchematic_v4a.vsdx Figure 3.6
Schematic. LPVMPC_v6_2b.pdf Figure 3.14
Schematic LPVMPC_v6_2b.vsdx Figure 3.14
Table B.5
MAT Files [3]
File Name File Description
mpc_LPV _hcci_tuned final.mat Tuned MPC and LPV systems
Results HCCL.mat HCCT tracking results
Results_ HCCId.mat HCCI disturbance rejection results
PPCI_data.mat PPCI tracking results
PPCId_data.mat PPCI disturbance rejection results
RCCI_Output_PRv.mat RCCI tracking results

RCCI_Output_PRvd.mat RCCI disturbance rejection results

413



B.3 Chapter 4

Table B.6
Figures in

File Name

File Description

InCylPressureHCCI _cov10.eps
InCylPressureHCCI_covMin.eps
InCylPressureHCCI_knock4v2.eps
ClassificationSchematic_v2b.pdf
ConfusionHCCltrainb.eps
ConfusionHCCltest5.eps
ConfusionRCCITrain5c.eps
ConfusionRCCITest5c.eps
Schematic. NMPC_v6e.pdf
RCCIOutputwClv2e.eps
RCCIMVwC1v2ca.eps
HCCIOutputwClv2d.eps
HCCIMVwCl1v2ba.eps

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.5
Figure 4.5
Figure 4.5
Figure 4.6
Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11
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Table B.7
MATLAB/Simulink Files in Chapter [4

File Name File Description
HCCI.dyn.m Dynamic HCCI Model
mycostfunctionHCCIv2C.m Cost Function
covmodel HCCIL.m Constraint on COVygp
HCCIModelv2C.m NMPC for HCCI
NMPC_HCClIv1.slx To simulate plant model with controller
RCCI_dyn.m Dynamic RCCI Model
mycostfunctionRCCIv2d.m Cost Function
mycostfunctionRCCIv2e.m Cost Function with constraint
covmodel.m Constraint on COVigep
RCCIModelv2d.m NMPC for RCCI
RCCIModelv2e.m NMPC for RCCI with COVyygp model
NMPC_RCCIv2b.slx To simulate plant model with controller
NMPC_RCClIv2e.slx To simulate plant model with controller
RCCI_COV plots.m To plot the results for RCCI
HCCI_COV _plots.m To plot the results for HCCI
Table B.8
Data Files in Chapter

File Name File Description

RCCI_.COV _Data.mat Data for Fig. 4.7-4.8

HCCI_.COV_Data.mat Data for Fig. 4.9-4.10

Test_Data_ HCClall.mat Data used for Modeling of HCCI
Combined _data_ RCCI_NA.mabata used for Modeling of HCCI
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B.4 Chapter 5

Table B.9
Figures in Chapter

File Name

File Description

HRR _types_plots_final v2.eps
HRR_CAD_J.eps

DecisionTree_ HRRv2b.pdf

CA10.eps

CA50.eps

BD.eps

Pmax.eps

Loc.eps

Tmax.eps

MPRR.eps

COV.eps

Cumulative_COV.eps

Cumulative_ MPRR.eps
Cumulative_Tmax.eps
Cumulative_Indeff.eps
HRR_Kmeans_3_new.eps
(ClassificationSchematic. HRR_v2.pdf
HRR_Decision_Tree_Pattern_2.eps
HRR_KNN_Pattern_2.eps

HRR_SVM Pattern_2.eps
HRR_Decision_Tree_feature_2.eps
HRR_KNN _feature_2.eps

HRR_SVM feature_2.eps
MPC_outputs2.eps
MPC_inputs2_2.eps
MPC_Outputs_Comparison_Combined2.eps
MPC_Inputs_Comparison_Combined2.eps

Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure 5.10
Figure 5.11
Figure 5.12
Figure 5.12
Figure 5.12
Figure 5.12
Figure 5.13
Figure 5.14
Figure 5.15
Figure 5.15
Figure 5.15
Figure 5.16
Figure 5.16
Figure 5.16
Figure 5.17
Figure 5.18
Figure 5.19
Figure 5.20
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Table B.10
MATLAB/Simulink Files in Chapter

File Name File Description
HRR_Types_Plots.m To plot Fig. 6.1-6.3
MPC_RCCI _Classification_Results_Plots.m To plot Fig. 6.4
RCCI.dyn_ MPRR.m RCCI dynamic model

LPV_MPC_RCCIClassification.slx To simulate plant model with controller

Table B.11
Data Files in Chapter
File Name File Description
RCCI_Parametricdatal.mat Data for Fig. 5.1
trainedModelDtree.mat Trained model to predict HRR shape
trainedModel HRR_KNN Trained model to predict HRR shape
_l.mat
trainedModel_ HRR_SVM Trained model to predict HRR shape
_final.mat
trainedModelDtree_ HRR Trained model to predict HRR type
_feature.mat
trainedModelKNN_HRR Trained model to predict HRR type
_feature.mat
trainedModelSVM_HRR Trained model to predict HRR type
_feature.mat
MPC_Tuned.mat MPC
LPV _System_Sadaf.mat LPV system for RCCI
LPV_MPC_Controller Aditya’s LPV system and MPC for RCCI
_PR_MPRR_Controlled.mat
MPC_HRR _Classification Experimental data to
_Results.mat plot Fig. 5.15
MPC_HRR _Classification Simulation data to
_Results2.mat plot Fig. 5.16
MPCTuned _final MPC
_comparison.mat
MPC_Results_Main Experimental data for
_Paper.mat Fig. 5.17 & 5.18
MPC_Results_Comparison Experimental data for
_wo_Noise.mat Fig. 5.19 & 5.20
Aditya_Results Experimental data for
_wo_Noise.mat Fig. 5.19 & 5.20
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B.5 Chapter 6
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Table B.12
Figures in Chapter@

File Name File Description

S5I_SFC.jpg Figure 6.1
RCCI_SFC.jpg Figure 6.1
SI_CO.jpg Figure 6.2
SI. THC.jpg Figure 6.2
SI_NOx.jpg Figure 6.2
SI_.MPRR.jpg Figure 6.2
RCCI_CO.jpg Figure 6.3
RCCI_THC.jpg Figure 6.3
RCCI_NOx.jpg Figure 6.3
RCCI_MPRR.jpg Figure 6.3
EngineActTimeScales.pdf Figure 6.4
EngineDyn_Time_Scale.pdf Figure 6.5
Throttle_response_1.eps Figure 6.6
Lambda_9.eps Figure 6.7
SOC_Sl.eps Figure 6.8
BD _SI2.eps Figure 6.9
CA50_Sl.eps Figure 6.10
NMEP Sl.eps Figure 6.11
MPRR_SI.eps Figure 6.12
SOC_RCCl.eps Figure 6.13
BD_RCCl.eps Figure 6.14
CA50_RCCl.eps Figure 6.15
NMEP_RCCl.eps Figure 6.16
MPRR_RCClI.eps Figure 6.17
CAb50_expb.eps Figure 6.18
NMEP _exp6.eps Figure 6.19
Lambda_exp6.eps Figure 6.20
MPRR _exp6.eps Figure 6.21
Pman_exp6.eps Figure 6.22
CAb50_expl3.eps Figure 6.23
NMEP _expl3.eps Figure 6.24
Lambda_expl3.eps Figure 6.25
MPRR_expl3.eps Figure 6.26
Pman_expl3.eps Figure 6.27
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Table B.13
MATLAB Files in Chapter g

File Name File Description
SI_ RCCI_SFC_modeSwitch.opju To plot Fig. 6.1-6.3
Lambda_plots.m To plot Fig. 6.4
SI_ RCCI_MKIM _Weibe_Plots.m To plot Fig. 6.6-6.25
MPRR_PhyBasedModel.m Physics based MPRR model
for SI and RCCI modes
trainedModelMPRR.mat MPRR Model
Throttle.slx Throttle Model
Table B.14
Data Files in Chapter@
File Name File Description
SI_RCCI_SFC_modeSwitch.opju Data for Fig. 6.1-6.3
recl_019 Experimental data for plot Fig. 6.4
Throttle_data Simulation data for plot Fig. 6.4
recl_009.mat Experimental data for Fig. 6.5
lambda9.mat Simulation data for Fig. 6.5
SI_ RCCI_Sw2.mat Experimental data for Fig. 6.6-6.15
SI_RCCI_Sw35.mat Experimental data for Fig. 6.6-6.15
out_expb.mat Experimental data for Fig. 6.16-6.20
out_expl3 Experimental data for Fig. 6.21-6.25
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B.6 Chapter 7

Table B.15
Figures in Chapter

File Name

File Description

MPC_Control Mode_v1b.vsdx Figure 7.1
MPC_Control_Mode_v1b.pdf Figure 7.1
Outputs_Sl.eps Figure 7.2
MVs_Sl.eps Figure 7.3
Outputs_KF_SI2.eps Figure 7.4
Outputs_RCCl.eps Figure 7.5
MVs_RCCl.eps Figure 7.6
Outputs_KF_RCCl.eps Figure 7.7
Outputs_SI_RCCI2.eps Figure 7.8
MVs_SI_RCCI2.eps Figure 7.9
Outputs_-MV .eps Figure 7.10
Outputs_36_1.eps Figure 7.11
MVs_36_1.eps Figure 7.12
Outputs_4_1.eps Figure 7.13
MVs_4 1.eps Figure 7.14
Outputs_b_1.eps Figure 7.15
MVs_5_1.eps Figure 7.16
Table B.16
MATLAB and Simulink Files in Chapter [7

File Name

File Description

SI_RCCI_Switchdyn_Model.m

SI_ RCCI_gMPCi.slx
SI_Plots.m
RCCI_Plots.m
SI_RCCI_plots.m
Test3_plots.m
Test36_plots.m
Test4_plots.m
Test5_plots.m

Dynamic Mode
Switching Model
Gain Scheduled MPC
To plot Fig. 7.2, 7.3 & 7.4
To plot Fig. 7.5, 7.6 & 7.7
To plot Fig. 7.8 & 7.9
To plot Fig. 7.10
To plot Fig. 7.11 & 7.12
To plot Fig. 7.13 & 7.14
To plot Fig. 7.15 & 7.16
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Table B.17
Experimental and Simulation Data Files in Chapter

File Name File Description
Results_SI.mat Simulation data for Fig. 7.2, 7.3 & 7.4
Results_ RCCIL.mat Simulation data for Fig. 7.5, 7.6 & 7.7
Results_STRCCI.mat To plot Fig. 7.8 & 7.9

Test3 Experimental data for plot Fig. 7.10
Test36 Experimental data for Fig. 7.11 & 7.12
Test4 Experimental data for Fig. 7.13 & 7.14
Testb Experimental data for Fig. 7.15 & 7.16
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B.7 Chapter 8

Table B.18
Figures in Chapter

File Name

File Description

Throttle_Pman.eps
Pman_newModel.eps
NMEP1 _norm.eps
NMEP2 norm.eps
NMEP3 norm.eps
NMEP4 norm.eps
NMEP5 normR.eps
NMEP4 normR.eps
NMEP3 normR.eps
NMEP2 normR.eps
MPCgontrolyrode2.pdf
Outputs_30.eps
MVs_30.eps
Outputs_43.eps
MVs_43.eps
Outputs_17.eps
MVs_17.eps
Output_10.eps
MVs_10.eps
Output_72.eps
MVs_72.eps
Output_77.eps
MVs_77.eps
Output_80.eps
MVs_80.eps
CA50_COVl.eps
CA50std_COVl.eps
CA50_BD1.eps
CAb0std_BDstd1.eps

Figure 8.1
Figure 8.2
Figure 8.3
Figure 8.3
Figure 8.3
Figure 8.3
Figure 8.4
Figure 8.4
Figure 8.4
Figure 8.4
Figure 8.5
Figure 8.6
Figure 8.7
Figure 8.8
Figure 8.9
Figure 8.10
Figure 8.11
Figure 8.12
Figure 8.13
Figure 8.14
Figure 8.15
Figure 8.16
Figure 8.17
Figure 8.18
Figure 8.19
Figure 8.20
Figure 8.20
Figure 8.20
Figure 8.20
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Table B.19
MATLAB and Simulink Files in Chapter

File Name File Description
SI_RCCI_Switchdyn_Modelv6Updated.m Dynamic Mode
Switching Model
SI_RCCI_gMPC_Updated.slx Gain Scheduled MPC
Plots_.GT_CA50_IMEP.m To plot Fig. 8.3
Plots GT_CA50_IMEP_R.m To plot Fig. 8.4
Test30_plots.m To plot Fig. 8.5 and 8.6
Test43_plots.m To plot Fig. 8.7 and 8.8
Test_17_plots.m To plot Fig. 8.9 and 8.10
Test_10_plots.m To plot Fig. 8.11 and 8.12
Test_72_plots.m To plot Fig. 8.13 and 8.14
Test_77_plots.m To plot Fig. 8.15 and 8.16
Test_80_plots.m To plot Fig. 8.17 and 8.18
Table B.20
Data Files in Chapter
File Name Experimental Data
Test30 Data for Fig. 8.5 & 8.6
Test43 Data for Fig. 8.7 & 8.8
Test17 Data for Fig. 8.9 & 8.10
Test10 Data for Fig. 8.11 & 8.12
Test72 Data for Fig. 8.13 & 8.14
Test77 Data for Fig. 8.15 & 8.16
Test80 Data for Fig. 8.17 & 8.18
Table B.21
Data Files in Chapter
File Name Pan Correlation Validation
Test_41 Test data
outputs_exp3_41 Simulation data
Test_84 Test data
outputs_expl_84 Simulation data
Test_85 Test data
outputs_expl_85 Simulation data
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Table B.22
Data Files in Chapter

File Name GTPower Model Simulation
DataSI.mat SI simulation data
DataRCCIL.mat RCCI simulation data
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Request for copyright permission
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Hi Sadaf
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Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that s unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or abscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawiul use will render any licenses hereunder null and void. User agrees to inform
CCCifit becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith,

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in Such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work s required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name], from [Waork's title, author, volume, ecition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in  reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which s the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
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to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, iability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
AWORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full iability for the actions and omissions of its
principals, employees, agents, affiiates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN'A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
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reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

8) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

i) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit "publishing ventures" where any
particular anthology would be systematically marketed at multiple institutions.

i)} Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use s limited to no more than the greater of () 25% of the text of an issue of a journal or ather periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than

one nstitution of learning:
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E)in the case of a photocapy permission, no materials may be entered into electronic memary by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (out stll within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied),

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear al the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
inlearning management systems, or posts on academic institution intranets, the following addtional terms apply:

) The pay-per-uses sulbject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-ased content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
ollege or university, accessible only under appropriate electronic controls (e.g, password);
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B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)iA) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(o)(i(A) above, including any necessary resizing, reformatting or modification
of the resolution of stch requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: () to include the requested material in course materials for use consistent with
Section 14(b){)(A) above; (i to display and perform the requested material to stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (i) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such "clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material s used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any ather form of
manipulation, alteration or editing of the requested material,

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (i
permit "publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

i) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:
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A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one nstitution of learning:

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page o other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

03 proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
0 3 statement to the effect that such copy was made pursuant to permission,

0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronically solely for use in the class, and

0 3 statement to the effect that the material may not be further distributed to any person outside the class,
Whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.
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Iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audlt; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocapies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (i) below (which must be subject to separate license from the
applicable Rightsholder) for. academic photocopies for library reserves and interlibrary loan reporting and non-
academic internal/external business uses and commercial document delivery.

| electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;

il reproduction of an entire Work (cover-to-cover copying) except where the Workis a single article
Iv)reproduction for resale to anyone other than a specific customer of User,

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or

directly from the rightsholder.
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Any license granted s further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

) Electronic Reproductions in Onfine Environments (Non-Academic-email, intrane, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

/) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping" does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms,

15) Miscellaneous.

8) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

() The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
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applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service,

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or ts principals, employees, agents or affiiates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a separate intrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisciction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal urisdiction and venue of each such federal or state court,

Last updated October 2022
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Thisis a License Agreement between Sadaf Batool (User") and Copyright Clearance Center, Inc. {"CCC") on behalf
of the Rightsholder identified in the order details below. The license consists of the order details, the Marketplace
Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are inclucled

below,

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Ordler Date 20-Mar-2023

Order License ID 1336234-1
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The following terms and conditions (‘General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (‘CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing Services (each, a
“Service').

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License" is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms et forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms,

“Rightsholder(s)" are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confrmations.

“Terms" means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
Collectively.

I Iy

“User"or “you"is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or ather third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of sich Terms,

“Work(s|" are the copyright protected works described in relevant Order Confirmations,

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms, CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation,

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.
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4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,

5) Scope of License; Limitations and Obligations. Al Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availabiliy of the invoice via the Marketplace
platform, and (i if the User does not pay the invoice within 30 days of receipt, the User may incur a Service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as fit had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i) is non-exclusive and non-
transferable, and (i) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Waork if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, incluing without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or abscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCCifit becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indlicator), User is responsible for identifying, and seeking separate licenses (under this
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Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of praper copyright notice for  Work is required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name], from [Work' title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which s the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liguidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
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(AS OPPOSED TO THE ENTIRE WORK) IN'A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCCNOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT,

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholders ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

8) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

/) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

i) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit "publishing ventures" where any
particular anthology would be systematically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;
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B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use s limited to no more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one nstitution of learning:

E)in the case of a photocapy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purpases of producing identical copies more
than one day after such retention (out still within the scope of any permission granted], User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way incluce
any right by User to create a Substantively non-identical copy of the Work or to edit or in any other way
madify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied)

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.
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b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
Inlearning management systems, or posts on academic institution intranets, the following addtional terms apply:

) The pay-per-uses sulbject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
ollege or university, accessible only under appropriate electronic controls (e.g, password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(b))A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any ather form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: () to include the requested material in course materials for use consistent with
Section 14(b){)(A) above; (i to display and perform the requested material to Stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (ii) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resuiting material i used Solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material,

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: () incluce
any right by User to create a substantively non-icentical copy of the Work or to edit or in any other way modify the
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Work (except by means of deleting material immediately preceding or following the entire portion of the Waork
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (i
permit "publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

il Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

0 3 proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
0 3 statement to the effect that such copy was made pursuant to permission,

0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronically solely for use in the class, and
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0 3 statement to the effect that the material may not be further distributed to any person outside the class,
Whether by copying or by transmission and whether electronicall or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material,

Iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

V) Books and Records; Right to Audit, As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audlt; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason,

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(iHv) below (which must be subject to separate license from the
applicable Rightsholder) for. academic photocopies for library reserves and interlibrary loan reporting and non-
academic internal/external business uses and commercial document delivery.

) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;
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i) the input of Works or reproductions thereof into any computerized database;
il reprouction of an entire Work (cover-to-cover copying) except where the Workis a single article;
Iv) reproduction for resale to anyone other than a specific customer of User,;

v) republication in any different form, Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted s further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms,

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply.

/) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation,

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other tll images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms,

15) Miscellaneous.

8) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
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prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

() The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantiall all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User orits principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a Separate instrument,

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
Whose geographical jurisciction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal urisdiction and venue of each such federal or state court,

Last updated October 2022
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Chapter-2_fig 2.5

REQUESTED CONTENT DETAILS
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Numeric Reference of the
Portion(s)

Editor of Portion(s)

Volume of Serial or
Monograph

Page or Page Range of
Portion

Fig. 4 on page 10

Fathi, Morteza; Jahanian,
Omid; Shahbaknti, Mahdi

139

1-19

The Requesting
Person/Organization to
Appear on the License

Title of the
Article/Chapter the
Portion s From

Author of Portion(s)

Issue, if Republishing an
Article From a Serial

Publication Date of
Portion

RIGHTSHOLDER TERMS AND CONDITIONS

Elsevier publishes Open Access articles in bothits Open Access journals and via its Open Access articles option in
subscription journals, for which an author selects a user license permitting certain types of reuse without permission.

Before proceeding please check ifthe article is Open Access on http://www.ciencedirect.com and refer to the user license
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Sadaf Batool

Modeling and controller
design architecture for
ycle-by-cycle combustion
control of homogeneous
charge compression
ignition (HCCI) engines ? A
comprehensive review

Fathi, Morteza: Jahanian,
Omid: Shahbakhti, Mahdi

N/A

20170501

for the individual article. Any reuse not included in the user ficense terms will require permission. You must always fully
and appropriately credit the author and source. If any part of the material to be used (for example, figures) has appeared
inthe Elsevier publication for which you are seeking permission, with credit or acknowledgement to another source itis
the responsibility of the user to ensure their reuse complies with the terms and conditions determined by the rights
holder. Please contact permissions@elsevier.com with any queres,
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Marketplace Permissions General Terms and Conditions

The following terms and conditions (‘General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC") on behalf of the
applicable Rightsholders of stch Works through CCC's applicable Marketplace transactional licensing services (each, a
“Service').

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License" is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forthin the Order Confirmation,

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confrmation Terms" are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms,

“Rightsholder(s)" are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confrmations.

“Terms" means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
Collectively.

“User” or"you" is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of sich Terms,

“Work(s|" are the copyright protected works described in relevant Order Confirmations,

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation,

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
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Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCChas noright to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,

5) Scope of License; Limitations and Obligations. All Works and al rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availabiliy of the invoice via the Marketplace
platform, and (i if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
asif it had never been issuied, if CCC does not receive complete payment on a timely basis,

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i involves
only the rights set forth in the Terms and does not include sulbsequent or additional uses, i is non-exclusive and non-
transferable, and (i) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Waork if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, incluing without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or abscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
(CCif it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith,

hitps:/marketplace.copyright. com/rs-uiwebimpllicense/Tef7add3-cf07-4b34-9623-54f38ac91552/ccbd24b6-cfBb-4f36-998-¢611482¢9188 513
460



3021123, 10:57 AM https:Imarketplace.copyright. com/rs-ui-webimpllicense/Tef7a9d3-cf07-4b34-9623-54f38ac1552/ccbd24b6-c1Bb-4f36-9961-¢611482c9188

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
85 photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work s required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name], from [Waork's title, author, volume, ecition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in  reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which s the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, iabiltty, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
AWORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full iability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
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WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCCNOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

3) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following addltional terms apply:

/) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
Similar entites.

i) No License granted shall in any way: () include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit "publishing ventures” where any
particular anthology would be systematically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service s limited as
follows:
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A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use s limited to no more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one nstitution of learning:

E)in the case of a photocapy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission s granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (out still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
madify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
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such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

) The pay-per-uses subject to this Section 14{o) include;

A) Posting e-reserves, course management systems, e-coursepacks for text-ased content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
College or university, accessible only under appropriate electronic controls (e.g, password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b))A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(o)(i(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modfication does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any ather form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b){i)(A) above; (i to display and perform the requested material to Stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (i) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resuiting material is used Solely within the Scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly et forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or eciting of the requested material,
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i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-icentical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (il
permit "publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

il Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is imited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied o electronic, at more than
oneinstitution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
Instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

03 proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

0 3 statement to the effect that such copy was made pursuant to permission,
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0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronically solely for use in the class, and

0 3 statement to the effect that the material may not be further distributed to any person outside the class,
Whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material,

Iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require Separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confrmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

V) Books and Records; Right to Audit, As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocapies for library reserves and interfibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(iv) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocapies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.
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) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;
il reproduction of an entire Work (cover-to-cover copying) except where the Workis a single article;
Iv) reproduction for resale to anyone other than a specific customer of User,;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

) Electronic Reproductions in Onfine Environments (Non-Academic-email, intrane, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

/) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped"” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping" does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms,
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15) Miscellaneous.

8) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, avalable online
at www.copyright.com/about/privacy-palicy.

() The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service,

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or ts principals, employees, agents or affiiates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a separate intrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
Whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal urisdiction and venue of each such federal or state court,

Last updated October 2022
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bcc Marketplace

Thisis a License Agreement between Sadaf Batool (User") and Copyright Clearance Center, Inc. {"CCC") on behalf
of the Rightsholder identified in the order details below. The license consists of the order details, the Marketplace
Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are inclucled

below,

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Ordler Date 20-Mar-2023

Order License ID 1336240-1

ISSN 0967-0661

LICENSED CONTENT

Publication Title Control engineering
practice

Article Title Mode! predictive control
of HCCl using variable
valve actuation and fuel
injection

Author/Editor INTERNATIONAL
FEDERATION OF
AUTOMATIC CONTROL.

Date 01/01/1993

Language English

Type of Use

Publisher
Portion

Rightsholder

Publication Type
Start Page

End Page

Issue

Volume

hitps:/marketplace.copyright. comirs-ui-webimpllicense/2f0ecf45-9a20-4c31-b839-2a894afbed 10/c6eicdad-9548-4eT0309-65ca240d85

469

Republishin a
thesis/dissertation
PERGAMON
Chart/graph/table/figure

Elsevier Science &
Technology Journals

Journal
1
30

4

2



321123, 11:00AM https:/Imarketplace.copyright. com/rs-ui-webimplicense/2f0ec45-9a20-4c31-0839-2a834afbed 1 0ic6ebicdad-9548-4eT1-h309-b65ca240d85

Country United Kingdom of Great
Britain and Northern
Ireland
REQUEST DETAILS
Portion Type Chart/graph/tableffigure  Distribution
Number of Charts / 1 Translation
Graphs / Tables / Figures
Requested Copies for the Disabled?
Format (select all that Electronic Minor Edtng Privleges?
o Incidental Promotional
ncidental Promotiona
Who Will Republishthe  Academic insitution Use?
Content? '
Currenc
Duration of Use Life of current edition y
Lifetime Unit Quantity Upto 44,999
Rights Requested Main product
NEW WORK DETAILS
Title Dynamic Modeling ana Institution Name
Predictive Control of a
2/|u|g-Mode Combustion Expected Presentation
ngine e
Instructor Name Sadaf Batool
ADDITIONAL DETAILS
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University
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Order Reference Number  Chapter-2_fig The Requesting Sadaf Batool
Person/Organization to
Appear on the License

REQUESTED CONTENT DETAILS

Title, Description or Figure3 Title of the Model predictive control
Numeric Reference of the Article/Chapter the of HCClusing variable
Portion(s) Portion Is From valve actuation and fuel
Editor of Portion(s) Ravi, Nikhil: Liao, Hsien- ection
Hsin; Jungkunz, AdamF; ~ Author of Portion(s) Ravi, Nikhil; Liao, Hsien-
Widd, Anders; Gerdes, | Hsin; Jungkunz, Adam F,;
Christian Widd, Anders; Gerdes, |
Volume of Serial or 20 Chistan
Monograph Issue, if Republishingan 4
Page or Page Range of 421430 Artice Froma e
Portion Publication Date of 2012-04-01
Portion

RIGHTSHOLDER TERMS AND CONDITIONS

Elsevier publishes Open Access articles in bothits Open Access journals and via its Open Access articles option in
subscription journals, for which an author selects a user license permitting certain types of reuse without permission.
Before proceeding please check if the article is Open Access on http//www.sciencedirect.com and refer to the user license
for the individual article. Any reuse not included in the user license terms will require permission. You must always fully
and appropriately credit the author and source. If any part of the material to be used (for example, figures) has appeared
inthe Elsevier publication for which you are seeking permission, with credit or acknowledgement to another source itis
the responsibility of the user to ensure their reuse complies with the terms and conditions determined by the rights
holder. Please contact permissions@elsevier.com with any queries.

Marketplace Permissions General Terms and Conditions
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The following terms and conditions (‘General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (‘CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing Services (each, a
“Service').

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License" is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms et forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms,

“Rightsholder(s)" are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confrmations.

“Terms" means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
Collectively.

I Iy

“User"or “you"is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or ather third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of sich Terms,

“Work(s|" are the copyright protected works described in relevant Order Confirmations,

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms, CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation,

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.
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4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,

5) Scope of License; Limitations and Obligations. Al Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth i the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availabiliy of the invoice via the Marketplace
platform, and (i if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as fit had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i) is non-exclusive and non-
transferable, and (i) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, incluing without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or abscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCCifit becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indlicator), User is responsible for identifying, and seeking separate licenses (under this
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Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work s required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name], from [Work' title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which s the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liguidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

1) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
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(AS OPPOSED TO THE ENTIRE WORK) IN'A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCCNOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT,

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholders ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

8) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

/) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

i) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit "publishing ventures" where any
particular anthology would be systematically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;
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B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one nstitution of learning

E)in the case of a photocapy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memary for purposes of producing identical copies more
than one day after such retention (out still within the scope of any permission granted], User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way incluce
any right by User to create a Substantively non-identical copy of the Work or to edit or in any other way
madify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied)

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.
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b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
Inlearning management systems, or posts on academic institution intranets, the following addtional terms apply:

) The pay-per-uses sulbject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
ollege or university, accessible only under appropriate electronic controls (e.g, password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(b))A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any ather form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: () to include the requested material in course materials for use consistent with
Section 14(b){)(A) above; (i to display and perform the requested material to Stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (ii) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resuiting material i used Solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material,

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: () incluce
any right by User to create a substantively non-icentical copy of the Work or to edit or in any other way modify the
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Work (except by means of deleting material immediately preceding or following the entire portion of the Waork
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (i
permit "publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

il Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

0 3 proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
0 3 statement to the effect that such copy was made pursuant to permission,

0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronically solely for use in the class, and
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0 3 statement to the effect that the material may not be further distributed to any person outside the class,
Whether by copying or by transmission and whether electronicall or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material,

Iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

V) Books and Records; Right to Audit, As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audlt; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason,

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(iHv) below (which must be subject to separate license from the
applicable Rightsholder) for. academic photocopies for library reserves and interlibrary loan reporting and non-
academic internal/external business uses and commercial document delivery.

) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;
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i) the input of Works or reproductions thereof into any computerized database;
il reprouction of an entire Work (cover-to-cover copying) except where the Workis a single article;
Iv) reproduction for resale to anyone other than a specific customer of User,;

v) republication in any different form, Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted s further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms,

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply.

/) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation,

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other tll images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms,

15) Miscellaneous.

8) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
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prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

() The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantiall all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User orits principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a Separate instrument,

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
Whose geographical jurisciction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal urisdiction and venue of each such federal or state court,

Last updated October 2022
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1805

Copyright permission

Mehran Bidarvatan <mbidarva@mtu.edu> Mon, Sep 27, 2021 at 2:50 AM
To: Sadaf Batool <batool@mtu.edu>

Hi Sadaf,

Sorry for the late reply, as | don't check my mtu mailbox often.

You have the permission to use Figure # 5.8 on page # 173 of my PhD dissertation in the chapter tiled
"Mutti-mode Low Temperature Combustion (LTC) and Mode Switching Control" in the book titled
"Advanced Combustion for Sustainable Transport”. Publisher is Springer Nature. This permission is with
the assumption that the dissertation will be referenced.

Say hito Dr. Shahbakhti, and good luck!

Mehran Bidarvatan, PhD

[Quoted text hidden]
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E MichiganTech Sadaf Batool <batool@mtu.edu>

Re: Query regarding copyright permission [230321-006019]

Permissions Helpdesk <permissionshelpdesk@elsevier.com> Thu Nar 25, 23 A1|\}|

Reply-To: Permissions Helpdesk <permissionshelpdesk(@elsevier.com>
To: batool@mtu.edu

Dear Sadaf Batool,

WWe hereby grant you permission to reprint the material below at no charge in your thesis subject to
the following conditions:

RE: Partially premixed combustion optimization using double injection strategy in transient
operation, Applied Thermal Engineering, Volume 169, 2020, Yang et al, Figure 11

1. Ifany part of the material to be used (for example, figures) has appeared in our publication with
credit or acknowledgement to another source, permission must also be sought from that source. If
such permission is not obtained then that material may not be included in your publication/copies.

2. Suitable acknowledgment to the source must be made, either as a footnote or in a reference list
at the end of your publication, as follows;
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“This article was published in Publication title, Vol number, Author(s), Title of article, Page Nos,
Copyright Elsevier (or appropriate Society name) (Year).’

3. Your thesis may be submitted to your institution in either print or electronic form,

4, Reproduction of this material is confined to the purpose for which permission is hereby given.
5. This permission is granted for non-exclusive world English rights only. For other languages
lease reapply separately for each one required. Permission excludes use in an electronic form
other than submission. Should you have a specific electronic project in mind please reapply for

permission.

6. As long as the article is embedded in your thesis, you can post/share your thesis in the
University repository.

7. Should your thesis be published commercially, please reapply for permission.
8. Posting of the full article/ chapter online is not permited. You may post an abstract with a link to
the Elsevier website www.elsevier.com, or to the article on ScienceDirect if it is available on that
platform.
Kind regards,
Roopa Lingayath
Senior Gopyrights Coordinator
| HOM - Health Content Management

Visit Elsevier Permissions
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From; Sadaf Batool
Date: Wednesday, March 22, 2023 05:04 PM GMT

Dear Roopa,

Thank you for the information. | would really appreciate it if you could send me the permission
letter

Thank you
Regards,

Sadaf Batool

PhD Scholar

Department of Mechanical Engineering-Engineering Mechanics
Michigan Technological University

Houghton, MI, 49931

From: Roopa Lingayath

Date: Wednesday, March 22, 2023 05:00 PM GMT
[Quoted text hidden]

[Quoted text hidden]
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bcc Marketplace

Thisis a License Agreement between Sadaf Batool (User") and Copyright Clearance Center, Inc. {"CCC") on behalf
of the Rightsholder identified in the order details below. The license consists of the order details, the Marketplace
Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are inclucled

below,

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date 20-Mar-2023

Order License D 13362741

ISSN 0967-0661

LICENSED CONTENT

Publication Title Control engineering
practice

Article Title Dynamic modeling and
model predictive control
of an RCCl engine

Author/Editor INTERNATIONAL
FEDERATION OF
AUTOMATIC CONTROL.

Date 01/01/1993

Language English

Country United Kingdom of Great
Britain and Northern
Ireland

Type of Use

Publisher
Portion

Rightsholder

Publication Type
Start Page
End Page

Volume
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Republishin a
thesis/dissertation
PERGAMON
Chart/graph/table/figure

Elsevier Science &
Technology Journals
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REQUEST DETAILS

Portion Type

Number of Charts /
Graphs / Tables / Figures
Requested

Format (select all that
appy)

Who Will Republish the
Content?

Chart/graph/table/figure
2

Electronic

Academic institution

Duration of Use Life of current edition

Lifetime Unit Quantity Upt0499

Rights Requested Main product

NEW WORK DETAILS

Title Dynamic Modeling and
Predictive Control of a
Multi-Mode Combustion
Engine

Instructor Name Sadaf Batool

ADDITIONAL DETAILS

Order Reference Number  Chapter-2_Fig!0_11

Distribution

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

The Requesting
Person/Organization to
Appear on the License
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Worldwide

Original language of
publication

No
No
No
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Michigan Technological
University

20230320

Sadaf Batool
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REQUESTED CONTENT DETAILS

Title, Description or Figure 12and Figure 13~ Title of the Dynamic modeling and

Numeric Reference of the Article/Chapter the model predictive control

Portion(s) Portion Is From of an RCClengine

Editor of Portion(s) Irdmousa, BX, Raut, A, Author of Portion(s) Irdmousa, B, Raut, A,
Shahbaknti, M. Shahbaknti, M.

Volume of Serial or 81 Issue, if Republishingan ~ N/A

Monograph Article From a Serial

Page or Page Range of 129144 Publication Date of 2018-12:01

Portion Portion

RIGHTSHOLDER TERMS AND CONDITIONS

Elsevier publishes Open Access articles in bothits Open Access journals and via its Open Access articles option in
subscription journals, for which an author selects a user license permitting certain types of reuse without permission.
Before proceeding please check ifthe article is Open Access on http://www.sciencedirect.com and refer to the userlicense
for the inividual article. Any reuse not included in the user license terms will require permission. You must always fully
and appropriately credit the author and source. If any part of the material to be used (for example, figures) has appeared
in the Elsevier publication for which you are seeking permission, with credit or acknowledgement to another source itis
the responsibility of the user to ensure their reuse complies with the terms and conditions determined by the rights
holder. Please contact permissions@elsevier.com with any queries,

Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC") on behalf of the
applicable Rightsholders of such Works through CCCs applicable Marketplace transactional licensing services (each, a
“Service'),

1) Definitions. For purposes of these General Terms, the following definitions apply:
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“License" is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forthin the Order Confirmation,

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms set forth on specific Order Confirmations not set forth i the General
Terms that can include terms applicable to a particular CCC transactional licensing service andlor any Rightsholder-
specific terms,

“Rightsholder(s)" are the holders of copyright rights in the Warks for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms" means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
Collectively.

I I,

“User"or “you" is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's benal, such person shall be deemed jointly a User for purposes of stch Terms,

“Wark(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation,

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,

5) Scope of License; Limitations and Obligations. Al Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works
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6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availabiliy of the invoice via the Marketplace
platform, and (i if the User does not pay the invoice within 30 days of receipt, the User may incur a Service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as fit had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i) is non-exclusive and non-
transferable, and (i) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shal render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or abscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCCifit becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indlicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work s required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably
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legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which s the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liguidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, inclucing legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
Which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
AWORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full iability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCCNOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
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liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting Such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

/) The copies and anthologles created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar enties.

i) No License granted shall in any way: () include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit "publishing ventures” where any
particular anthology would be systematically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction i the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use s limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one nstitution of learning
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E)in the case of a photocapy permission, no materials may be entered into electronic memary by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (out stll within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied),

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear al the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
inlearning management systems, or posts on academic institution intranets, the following addtional terms apply:

) The pay-per-uses sulbject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-ased content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
ollege or university, accessible only under appropriate electronic controls (e.g, password);
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B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(o)(i(A) above, including any necessary resizing, reformatting or modification
of the resolution of stch requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: () to include the requested material in course materials for use consistent with
Section 14(b){)(A) above; (i to display and perform the requested material to stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (i) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such "clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material s used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any ather form of
manipulation, alteration or eciting of the requested material,

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantivel non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (i
permit "publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

i) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:
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A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems o articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or ather periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

03 proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
0 3 statement to the effect that such copy was made pursuant to permission,

0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronically solely for use in the class, and

0 3 statement to the effect that the material may not be further distributed to any person outside the class,
Whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.
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Iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit, As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audlt; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocapies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (i) below (which must be subject to separate license from the
applicable Rightsholder) for. academic photocopies for library reserves and interlibrary loan reporting and non-
academic internal/external business uses and commercial document delivery.

) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;

il reproduction of an entire Work (cover-to-cover copying) except where the Workis a single article

Iv) reproduction for resale to anyone other than a specific customer of User,

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or

directly from the rightsholder.
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Any license granted s further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

) Electronic Reproductions in Onfine Environments (Non-Academic-email, intranet, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

/) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping" does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms,

15) Miscellaneous.

8) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

() The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
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applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or ts principals, employees, agents or affiiates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a separate intrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisciction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court,

Last updated October 2022
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bcc Marketplace

Thisis a License Agreement between Sadaf Batool ('User") and Copyright Clearance Center, Inc. {"CCC") on behalf
of the Rightsholder identified in the order details below. The license consists of the order details, the Marketplace
Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are inclucled

below,

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date 21-Mar-2023

Order License D 13367331

ISSN 0148-7191

LICENSED CONTENT

Publication Title SAE technical paper series

Article Title Managing SI/HCCI Dual-
Mode Engine Operation

Author/Editor SOCIETY OF AUTOMOTIVE
ENGINEERS.

Date 01/01/1970

REQUEST DETAILS

Portion Type Chart/graph/tableffigure

Type of Use
Publisher

Portion

Language
Country
Rightsholder
Publication Type

Distribution
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English
United States of America
SAE International

Monagraphic Series

Worldwide
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Number of Charts /
Graphs / Tables / Figures
Requested

Format (select all that
apply)

Who Will Republish the
Content?

1

Electronic

Academic institution

Duration of Use Life of current edition

Lifetime Unit Quantity Upt0 500,000

Rights Requested Main product

NEW WORK DETAILS

Title Dynamic Modeling ana
Predictive Control of
Multi-Mode Combustion
Engine

Instructor Name Sadaf Batool

ADDITIONAL DETAILS

Order Reference Number ~ Chap2 fig2.15

REQUESTED CONTENT DETAILS

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

The Requesting
Person/Organization to
Appear on the License
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USD
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Title, Description or Figure 21 Title of the Managing SIHCCI Dual-

Numeric Reference of the Article/Chapter the Mode Engine Operation

Portion(s) Portion Is From

Editor of Portion(s) Santoso, Halim; Matthews,  Author of Portion(s) Santoso, Halim; Matthews,
Jeff: Cheng, WaiK. Jeff. Cheng, WaiK.

Volume of Serial or N/A Issue, if Republishingan ~ N/A

Monograph Article From a Serial

Page or Page Range of 10 Publication Date of 2005-04-11

Portion Portion

Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted! by Copyright Clearance Center, Inc. ("CCC') on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a
“Service').

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License" is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forthin the Order Confirmation,

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confrmation Terms" are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific termes,

“Rightsholder(s)" are the holders of copyright rights in the Warks for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
Collectively.
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“User"or “you"is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on benalf of a Useris a freelancer or other third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to btain Licenses to use one or more Works in accordance
with all relevant Terms, CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCChas noright to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,

5) Scope of License; Limitations and Obligations. All Works and al rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provies only those rights expressly set forth i the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or Separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availabiliy of the invoice via the Marketplace
platform, and (i if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
asif it had never been issuied, if CCC does not receive complete payment on a timely basis,

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i involves
only the rights set forth in the Terms and does not include sulbsequent or additional uses, i is non-exclusive and non-
transferable, and (i) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
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duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
(CCif it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
a5 photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name], from [Works title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liguidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
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which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
AWORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full iability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN'A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCCNOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the adaitional terms and conditions apply:

8) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:
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/) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entites.

) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit "publishing ventures” where any
particular anthology would be systematically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use s limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles

() use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
oneinstitution of learing;

E)in the case of a photocapy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission s granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (out still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and
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F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied),

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear al the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
inlearning management systems, or posts on academic institution intranets, the following addtional terms apply:

) The pay-per-uses sulbject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-ased content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
ollege or university, accessible only under appropriate electronic controls (e.g, password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(o)(i(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modfication does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
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Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b){)(A) above; (i to display and perform the requested material to Stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (ii) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms, Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material,

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-icentical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Waork
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (i
permit "publishing ventures” where any particular course materials would be systematically marketed at multiple
institutions.

i) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is imited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;
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D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one nstitution of learning

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

0 3 proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
0 3 statement to the effect that such copy was made pursuant to permission,

0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronically solely for use in the class, and

0 3 statement to the effect that the material may not be further distributed to any person outside the class,
Whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material,

Iv) Uses of separate portions of a Work, even i they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit, As to each permission granted under the electronic course content Service,
User shall maintain for at least four ful calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
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notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
Copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocapies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(iHv) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

| electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;

il reproduction of an entire Work (cover-to-cover copying) except where the Workis a single article;

Iv)reproduction for resale to anyone other than a specific customer of User,

v) republication in any different form, Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

) Electronic Reproductions in Onfine Environments (Non-Academic-email, intranet, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following addltional terms apply:

/) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
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measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in @ manner
consistent with, the particular License described in the Order Confirmation and the Terms,

15) Miscellaneous.

3) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

() The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) icensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or ts principals, employees, agents or affiiates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a Separate instrument,
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e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
Whose geographical jurisciction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court,

Last updated October 2022
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bcc Marketplace

Thisis a License Agreement between Sadaf Batool (User") and Copyright Clearance Center, Inc. {"CCC") on behalf
of the Rightsholder identified in the order details below. The license consists of the order details, the Marketplace
Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are inclucled
below.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and
Conditions below.

Order Date 21-Mar-2023 Type of Use Republish ina

Order License D 13367371 thesis/dlissertation

System ID 2007010199 Publisher SAE International

Portion Chart/graph/table/figure

LICENSED CONTENT

Publication Title Study of SFHCCISI Country United States of America
Trlans.|t|on o ot fuel Rightsholder SAE International
Injection Engine Equipped
With 4VVAS Publication Type Report

Author/Editor Zhang, Yan

Date 01/01/2007

REQUEST DETAILS

Portion Type Chart/graph/tableffigure  Distribution Worldwide

Number of Charts / 1 Translation Original language of

Graphs / Tables / Figures publication

Requested
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Format (select all that
apply)

Who Will Republish the
Content?

Electronic

Academic institution

Duration of Use Life of current edition

Lifetime Unit Quantity Up 020,000

Rights Requested Main product

NEW WORK DETAILS

Title Dynamic Modeling ana
Predictive Control of
Multi-Mode Combustion
Engine

Instructor Name Sadaf Batool

ADDITIONAL DETAILS

Order Reference Number  Chap2 Fig 2.16

REQUESTED CONTENT DETAILS

Title, Description or

Numeric Reference of the

Portion(s)

Editor of Portion(s)

Figure 11

N/A

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

The Requesting
Person/Organization to
Appear on the License

Title of the
Article/Chapter the
Portion Is From
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No
No
No

USD

Michigan Technological
University

2023-03-21

Sadaf Batool

Study of SHCCLS|
Transition on a Port Fuel
Injection Engine Equipped
With 4WVAS
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Volume of Serial or N/A Author of Portion(s) Zhang, Yan

Monagraph Issue, if Republishingan ~ N/A

Page or Page Range of § Article From a Serial

ALl Publication Date of 20070101
Portion

Marketplace Permissions General Terms and Conditions

The following terms and conditions (‘General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. ("CCC") on behalf of the
applicable Rightsholders of stch Works through CCCs applicable Marketplace transactional licensing services (each, a
“Service").

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” s the licensed use the User btains via the Marketplace platform in a particular ficensing transaction, as set
forthin the Order Confirmation,

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confrmation Terms" are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms,

“Rightsholder(s)" are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confrmations.

“Terms" means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
Collectively.

“User"or “you"is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a Useris a freelancer or other third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of stich Terms,

“Work(s|" are the copyright protected works described in relevant Order Confirmations,
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2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation,

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCChas no right to supersedle or to modify any such discretionary act by a Rightsholder,

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,

5) Scope of License; Limitations and Obligations. All Works and al rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invaice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (i f the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable [aw, whichever is less, While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
asif it had never been issued, if CCC does not receive complete payment on a timely basis,

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i) is non-exclusive and non-
transferable, and (ii) is subject to any and all limitations and restrictions (uch as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Waork may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
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parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or abscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any ficenses hereunder null and void. User agrees to inform
(CCif it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith,

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Waork s required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name), from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in  reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee tself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, inclucing legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
Which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
AWORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
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total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full iability for the actions and omissions of its
principals, employees, agents, affiiates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED N THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN'A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting Such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

i) No License granted shall in any way: () include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
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preceding or following the entire portion of the Work copied) (i) permit "publishing ventures" where any
particular anthology would be systematically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use s limited to no more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
oneinstitution of learing

E)in the case of a photocapy permission, no materials may be entered into electronic memary by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocapy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (out still within the Scope of any permission granted], User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
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the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear al the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
inlearning management systems, or posts on academic institution intranets, the following addtional terms apply:

) The pay-per-uses sulbject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-ased content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
College or university, accessible only under appropriate electronic controls (e.g, password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(o)(i(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any ather form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b){)(A) above; (i to display and perform the requested material to Stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (i) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
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that such "clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-icentical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Waork
copied or, in the case of Works subject to Sections 14(b)(1)(B) o (C) above, as described in such Sections) (i
permit "publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

il Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:
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0 g proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
0 3 statement to the effect that such copy was made pursuant to permission,

0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronically solely for use in the class, and

0 3 statement to the effect that the material may not be further distributed to any person outside the class,
Whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material,

Iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit, As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
Copies used by three percent (3%) or more, then User shall bear al the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocapies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
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expressly excludes the uses listed in Section (c)(iHv) below (which must be subject to separate license from the
applicable Rightsholder) for. academic photocopies for liorary reserves and interlibrary loan reporting and non-
academic internal/external business uses and commercial document delivery.

| electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;
il reproduction of an entire Work (cover-to-cover copying) except where the Workis a single article;
Iv) reproduction for resale to anyone other than a specific customer of User,

V) republication in any different form. Please obtain authorizations for these uses through ather CCC services or
directly from the rightsholder,

Any license granted s further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms,

) Electronic Reproductions in Onfine Environments (Non-Academic-email, intranet, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply.

/) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation,

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
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meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms,

15) Miscellaneous.

8) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-elated information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-palicy.

() The License is personal to User, Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service,

) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on benalf of the User orits principals, employees, agents o affiliates and purporting to gover
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a separate intrument.

) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisciction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court,

Last updated October 2022
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bcc Marketplace

Thisis a License Agreement between Sadaf Batool (User") and Copyright Clearance Center, Inc. {"CCC") on behalf
of the Rightsholder identified in the order details below. The license consists of the order details, the Marketplace
Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are inclucled

below,
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All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date
Order License ID
SystemID

LICENSED CONTENT

Publication Title

Author/Editor
Date

REQUEST DETAILS

Portion Type

Number of Charts /
Graphs / Tables / Figures
Requested

21-Mar-2023
1336740-2
2007-01-0195

Mode Switch of SI-HCCI
Combustion on a GDI
Engine

Tian, Guohong
01/01/2007

Chart/graph/table/figure
1

Type of Use

Publisher
Portion

Country
Rightsholder
Publication Type

Distribution

Translation

Copies for the Disabled?
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Format (select all that Electronic

apply)

Who Will Republishthe ~ Academic institution

Content?

Duration of Use Life of current edition

Lifetime Unit Quantity Up t0500,000

Rights Requested Main product

NEW WORK DETAILS

Title Dynamic Modeling ana
Predictive Control of a
Multi-Mode Combustion
Engine

Instructor Name Sadaf Batool

ADDITIONAL DETAILS

Order Reference Number  Chap2 Fig 2.18

REQUESTED CONTENT DETAILS

Title, Description or Figure 14
Numeric Reference of the

Portion(s)

Editor of Portion(s) N/A

Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

The Requesting
Person/Organization to
Appear on the License

Title of the
Article/Chapter the
Portion Is From

Author of Portion(s)
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Volume of Serial or N/A Issue, if Republishingan ~ N/A
Monograph Article From a Serial

Page or Page Range of 9 Publication Date of 2007-01-01
Portion Portion

Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a
“Service'),

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License" is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forthin the Order Confirmation,

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confrmation Terms" are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms,

“Rightsholder(s)" are the holders of copyright rights in the Warks for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
Collectively.

“User" or “you"is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a Useris a freelancer or other third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of stch Terms,

"Work(s)" are the copyright protected works described in relevant Order Confirmations.
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2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation,

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCChas no right to supersedle or to modify any such discretionary act by a Rightsholder,

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,

5) Scope of License; Limitations and Obligations. All Works and al rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invaice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (i f the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable [aw, whichever is less, While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
asif it had never been issued, if CCC does not receive complete payment on a timely basis,

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i) is non-exclusive and non-
transferable, and (ii) is subject to any and all limitations and restrictions (uch as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Waork may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
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parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or abscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any ficenses hereunder null and void. User agrees to inform
(CCif it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith,

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Waork s required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name), from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in  reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee tself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, inclucing legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
Which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
AWORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
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total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full iability for the actions and omissions of its
principals, employees, agents, affiiates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED N THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN'A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting Such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

i) No License granted shall in any way: () include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
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preceding or following the entire portion of the Work copied) (i) permit "publishing ventures" where any
particular anthology would be systematically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use s limited to no more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
oneinstitution of learing

E)in the case of a photocapy permission, no materials may be entered into electronic memary by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocapy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (out still within the Scope of any permission granted], User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
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the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear al the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
inlearning management systems, or posts on academic institution intranets, the following addtional terms apply:

) The pay-per-uses sulbject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-ased content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
College or university, accessible only under appropriate electronic controls (e.g, password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(o)(i(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any ather form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b){)(A) above; (i to display and perform the requested material to Stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (i) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
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that such "clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-icentical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Waork
copied or, in the case of Works subject to Sections 14(b)(1)(B) o (C) above, as described in such Sections) (i
permit "publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

il Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:
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0 g proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
0 3 statement to the effect that such copy was made pursuant to permission,

0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronically solely for use in the class, and

0 3 statement to the effect that the material may not be further distributed to any person outside the class,
Whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material,

Iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit, As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
Copies used by three percent (3%) or more, then User shall bear al the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocapies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
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expressly excludes the uses listed in Section (c)(iHv) below (which must be subject to separate license from the
applicable Rightsholder) for. academic photocopies for liorary reserves and interlibrary loan reporting and non-
academic internal/external business uses and commercial document delivery.

| electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;
il reproduction of an entire Work (cover-to-cover copying) except where the Workis a single article;
Iv) reproduction for resale to anyone other than a specific customer of User,

V) republication in any different form. Please obtain authorizations for these uses through ather CCC services or
directly from the rightsholder,

Any license granted s further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms,

) Electronic Reproductions in Onfine Environments (Non-Academic-email, intranet, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply.

/) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation,

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or

hitps:/Imarketplace.copyright. com/rs-ui-web/mpllicense/442e11d5-5ba8-429a-ach(-4112857%d85/8196fed9-c8b9-4ab2-940d- 721219529249 112
534



321123, 5:50 PM https:/Imarketplace.copyright. com/rs-ui-webimplicense/442e11d5-5bad-42%a-ac50-41128579d65/8196fed9-cb9-4ab2-940d- 721219529249

meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms,

15) Miscellaneous.

8) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-elated information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-palicy.

() The License is personal to User, Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service,

) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on benalf of the User orits principals, employees, agents o affiliates and purporting to gover
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a separate intrument.

) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisciction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court,

Last updated October 2022
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bcc Marketplace

Thisis a License Agreement between Sadaf Batool (User") and Copyright Clearance Center, Inc. {"CCC") on behalf
of the Rightsholder identified in the order details below. The license consists of the order details, the Marketplace
Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are inclucled
below.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and
Conditions below.

Order Date 21-Mar-2023 Type of Use Republish ina
Order License D 13367421 thesis/dissertation
ISBN-13 978-3-9524173-8:6 Publisher |EEE
Portion Chart/graph/table/figure
LICENSED CONTENT
Publication Title 2007 European Control Publication Type Conference Proceeding
Conference (ECC) Sar Page 0
Article Title Hypnd’Modelmg for Fnd Page 0
Switching Between Sl and
HCCI Combustion Modes
Date 0710172007
Rightsholder The Institute of Electrical
and Electronics Engineers,
Incorporated (IEEE)
REQUEST DETAILS
Portion Type Chart/graph/tableffigure  Distribution Worldwide
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Number of Charts /
Graphs / Tables / Figures
Requested

Format (select all that
appy)

Who Will Republish the
Content?

1

Electronic

Academic institution

Duration of Use Life of current edition

Lifetime Unit Quantity Upt0250,000

Rights Requested Main product

NEW WORK DETAILS

Title Dynamic Modeling ana
Predictive Control of
Multi-Mode Combustion
Engine

Instructor Name Sadaf Batool

ADDITIONAL DETAILS

Order Reference Number  Chap2_Fig 2.19

REQUESTED CONTENT DETAILS

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

The Requesting
Person/Organization to
Appear on the License
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USD
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Title, Description or Figure 3 Title of the Hybrid Modeling for

Numeric Reference of the Article/Chapter the Switching Between Sl and

Portion(s) Portion Is From HCCI Combustion Modes

Editor of Portion(s) Karagiorgis, Stelios; Author of Portion(s) Karagiorgi, Stelios;
Karagiorgis, Stelios; Karagiorgs, Stelios;
Glover, Keith; Glover, Glover, Keith; Glover,
Keith; Collings, Nick; Keith; Collings, Nick;
Collings, Nick; Petridl, Collings, Nick; Petridis,
Anthemios; Petrid, Anthemios; Petrids,
Anthemios Anthemios

Volume of Serial or N/A Issue, if Republishingan ~ N/A

Monograph Article From a Serial

Page or Page Range of 62-69 Publication Date of 20070701

Portion Portion

RIGHTSHOLDER TERMS AND CONDITIONS

IEEE allows for reuse of content in a thesis or dissertation for $0 and no license s required. IEEE does not have the right to
license republication of Images and Photos. Please contact the author of the IEEE content to request the rights for the
needed images and photos. IEEE allows reuse of an Excerpt when licensing permission for reuse of a Page. If you wish to
license more than 10 figures, please contact IEEE directly at: pubs-permissions@ieee.org, IEEE will provide a discounted
cost for bulk figure purchases. If you are an Author or a Member of IEEE, and are affiiated with or requesting on behalf of
a non-commercial or non-profit organization, please use RightsLink to request republication permissions at;
https//ieeexplore.ieee.org/. IEEE offers special pricing for Authors and Members of IEEE in RightsLink that is not avalable
on copyright.com

Marketplace Permissions General Terms and Conditions

The following terms and conditions (‘General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (‘CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing Services (each, a
“Service").
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1) Definitions. For purposes of these General Terms, the following definitions apply:

“License" is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms et forth on specific Order Confirmations not set forth i the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms,

“Rightsholder(s)" are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confrmations.

Terms" means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
Collectively.

I Iy

“User"or “you"is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or ather third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of sich Terms,

“Work(s|" are the copyright protected works described in relevant Order Confirmations,

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms, CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation,

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,
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5) Scope of License; Limitations and Obligations. Al Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth i the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: i) remit payments in the manner identified on specific invoices, (i) unless
otherwise specifically stated in an Order Confirmation or Separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availabiliy of the invoice via the Marketplace
platform, and (i i the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is utomatically revoked and is null and void,
as fit had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i involves
only the rights set forth in the Terms and does not include subsequent or additional uses, ii is non-exclusive and non-
transferable, and (i) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shal render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that s unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or abscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
(CCif it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
a5 photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indlicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.
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9) Copyright Notice. Use of proper copyright notice for a Work s required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name], from [Work' title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which s the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liguidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full iability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN'A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCCNOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.
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13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immedate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

8) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

/) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

i) No License granted shall in any way: () include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit "publishing ventures" where any
particular anthology would be systematically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited s
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;
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() use s limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one nstitution of learning:

E)in the case of a photocapy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocapy permission in electronic memory for purpases of producing identical copies more
than one day after such retention (out still within the scope of any permission granted], User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shal
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:
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) The pay-per-uses subject to this Section 14(o) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-ased content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
College or university, accessible only under appropriate electronic controls (e.g, password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(o)(i(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: () to include the requested material in course materials for use consistent with
Section 14(b){)(A) above; (i) to display and perform the requested material to stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (ii) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such "clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material s used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any ather form of
manipulation, alteration or editing of the requested material,

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Waork
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (il
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permit "publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

i) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or ather periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
oneinstitution of learning

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see;

0 3 proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
0 3 statement to the effect that such copy was made pursuant to permission,

0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronicaly solely for use in the class, and

0 3 statement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
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ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material,

Iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocapies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (i) below (which must be subject to separate license from the
applicable Rightsholder) for. academic photocopies for library reserves and interlibrary loan reporting and non-
academic internal/external business uses and commercial document delivery.

) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;
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il reproduction of an entire Work (cover-to-cover copying) except where the Workis a single article;
Iv)reproduction for resale to anyone other than a specific customer of User,

V) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted s further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

) Electronic Reproductions in Onfine Environments (Non-Academic-email, intranet, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

) Unless otherwise set forth in the Orcer Confirmation, the License is imited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightshlder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms,

15) Miscellaneous.

8) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,
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b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

() The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service,

) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User orits principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
Is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a Separate intrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflits of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
Whose geographical jurisciction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court,

Last updated October 2022
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bcc Marketplace

Thisis a License Agreement between Sadaf Batool (User") and Copyright Clearance Center, Inc. {"CCC") on behalf
of the Rightsholder identified in the order details below. The license consists of the order details, the Marketplace
Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are inclucled

below,
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REQUESTED CONTENT DETAILS
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Portion(s) Portion Is From Mode Switching as
Editor of Portion(s) Hanson, Reed: Reitz, Rolf Methods o Imprqve Low
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exact sources of this material, the authors, and ASME as original publisher,

Marketplace Permissions General Terms and Conditions

The following terms and conditions (‘General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC") on behalf of the
applicable Rightsholders of such Works through CCCs applicable Marketplace transactional licensing services (each, a
“Service"),

1) Definitions. For purposes of these General Terms, the following definitions apply:
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“License" is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forthin the Order Confirmation,

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms set forth on specific Order Confirmations not set forth i the General
Terms that can include terms applicable to a particular CCC transactional licensing service andlor any Rightsholder-
specific terms,

“Rightsholder(s)" are the holders of copyright rights in the Warks for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms" means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
Collectively.

I I,

“User"or “you" is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's benal, such person shall be deemed jointly a User for purposes of stch Terms,

“Wark(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation,

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,

5) Scope of License; Limitations and Obligations. Al Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works
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6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (i) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availabiliy of the invoice via the Marketplace
platform, and (i if the User does not pay the invoice within 30 days of receipt, the User may incur  Service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as f it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i) is non-exclusive and non-
transferable, and (i) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shal render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, incluing without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or abscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCCifit becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work s required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably
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legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which s the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liguidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, inclucing legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
Which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
AWORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full iability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN' THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN'A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCCNOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
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liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting Such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

/) The copies and anthologles created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar enties.

i) No License granted shall in any way: () include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit "publishing ventures” where any
particular anthology would be systematically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction i the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use s limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one nstitution of learning
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E)in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (out still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied),

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear al the costs of any such audit, otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
inlearning management systems, or posts on academic institution intranets, the following addtional terms apply:

) The pay-per-uses sulbject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-ased content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
College or university, accessible only under appropriate electronic controls (e.g, password);
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B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(o)(i(A) above, including any necessary resizing, reformatting or modification
of the resolution of stch requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: () to include the requested material in course materials for use consistent with
Section 14(b){)(A) above; (i to display and perform the requested material to stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (i) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such "clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material s used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any ather form of
manipulation, alteration or eciting of the requested material,

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantivel non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (i
permit "publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

i) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:
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A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one nstitution of learning:

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page o other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

03 proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
0 3 statement to the effect that such copy was made pursuant to permission,

0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronically solely for use in the class, and

0 3 statement to the effect that the material may not be further distributed to any person outside the class,
Whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.
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Iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audlt; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocapies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License

exp

ressly excludes the uses listed in Section (i) below (which must be subject to separate license from the

applicable Rightsholder) for. academic photocopies for library reserves and interlibrary loan reporting and non-
academic internal/external business uses and commercial document delivery.

| electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;
il reproduction of an entire Work (cover-to-cover copying) except where the Workis a single article
Iv)reproduction for resale to anyone other than a specific customer of User,

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.
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Any license granted s further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

) Electronic Reproductions in Onfine Environments (Non-Academic-email, intrane, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

/) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping" does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms,

15) Miscellaneous.

8) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

() The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
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applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service,

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or ts principals, employees, agents or affiiates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a separate intrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisciction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal urisdiction and venue of each such federal or state court,

Last updated October 2022
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bcc Marketplace

Thisis a License Agreement between Sadaf Batool (User") and Copyright Clearance Center, Inc. {"CCC") on behalf
of the Rightsholder identified in the order details below. The license consists of the order details, the Marketplace
Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are inclucled

below,

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date 03-Apr-2023

Order License D 1340877-1

ISSN 1528-8919

LICENSED CONTENT

Publication Title Journal of engineering for
gas turbines and power

Article Title Investigation of Cold
Starting and Combustion
Mode Switching as
Methods to Improve Low
Load RCCI Operation

Author/Editor American Society of
Mechanical Engineers,

Date 01/01/2000

Language English

Type of Use

Publisher

Portion

Rightsholder

Publication Type
Start Page

Issue

Volume

URL
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263

Republishin a
thesis/dissertation

ASME; AMERICAN SOCIETY
OF MECHANICAL
ENGINEERS
Chart/graph/tableffigure

American Society of
Mechanical Engineers
ASME

e4ournal
092802
9

138

http:/fojps.aip.org/ASMEJo
urnals/GasTurbinesPower



4/3/23, 1006 PM

Country

REQUEST DETAILS

Portion Type

Number of Charts /
Graphs / Tables / Figures
Requested

Format (select all that
appy)

Who Will Republish the
Content?

United States of America

Chart/graph/table/figure
1

Electronic

Academic institution

Duration of Use Life of current edition

Lifetime Unit Quantity Up 020,000

Rights Requested Main product

NEW WORK DETAILS

Title Dynamic Modeling and
Predictive Modeling of a
Multi-Mode Combustion
Engine

Instructor Name Sadaf Batool

ADDITIONAL DETAILS

Order Reference Number ~ Chap2_ fig 224

Distribution

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date
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Worldwide

Original language of
publication
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USD

Michigan Technological
University
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The Requesting Sadaf Batool
Person/Organization to
Appear on the License

REQUESTED CONTENT DETAILS

Title, Description or Figure 9 Title of the Investigation of Cold
Numeric Reference of the Article/Chapter the Starting and Combustion
Portion(s) Portion Is From Mode Switching as
Editor of Portion(s) Hanson, Reed: Reitz, Rolf Methods o Imprqve Low
Load RCCI Operation
Volume of Serial or 138 , ,
Monograph Author of Portion(s) Hanson, Reed; Reitz, Rolf

Issue, if Republishingan 9
Article From a Serial

Publication Date of 2016-03-2
Portion

Page or Page Range of 092802
Portion

SPECIAL RIGHTSHOLDER TERMS AND CONDITIONS

Permission is granted for the specific use of the ASME Figure 9 ONLY as stated herein and does not permit further use of
the materials without proper authorization. As s customary, we request that you ensure proper acknowledgment of the
exact sources of this material, the authors, and ASME as original publisher,

Marketplace Permissions General Terms and Conditions

The following terms and conditions (‘General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC") on behalf of the
applicable Rightsholders of such Works through CCCs applicable Marketplace transactional licensing services (each, a
“Service"),

1) Definitions. For purposes of these General Terms, the following definitions apply:
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“License" is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forthin the Order Confirmation,

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms set forth on specific Order Confirmations not set forth i the General
Terms that can include terms applicable to a particular CCC transactional licensing service andlor any Rightsholder-
specific terms,

“Rightsholder(s)" are the holders of copyright rights in the Warks for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms" means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
Collectively.

I I,

“User"or “you" is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's benal, such person shall be deemed jointly a User for purposes of stch Terms,

“Wark(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation,

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,

5) Scope of License; Limitations and Obligations. Al Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works
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6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availabiliy of the invoice via the Marketplace
platform, and (i if the User does not pay the invoice within 30 days of receipt, the User may incur a Service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as fit had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i) is non-exclusive and non-
transferable, and (i) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shal render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or abscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCCifit becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indlicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work s required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably
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legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which s the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liguidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, inclucing legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
Which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
AWORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full iability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCCNOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
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liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting Such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

/) The copies and anthologles created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar enties.

i) No License granted shall in any way: () include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit "publishing ventures” where any
particular anthology would be systematically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction i the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use s limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one nstitution of learning
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E)in the case of a photocapy permission, no materials may be entered into electronic memary by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (out stll within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied),

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear al the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
inlearning management systems, or posts on academic institution intranets, the following addtional terms apply:

) The pay-per-uses sulbject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-ased content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
ollege or university, accessible only under appropriate electronic controls (e.g, password);
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B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(o)(i(A) above, including any necessary resizing, reformatting or modification
of the resolution of stch requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: () to include the requested material in course materials for use consistent with
Section 14(b){)(A) above; (i to display and perform the requested material to stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (i) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such "clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material s used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any ather form of
manipulation, alteration or eciting of the requested material,

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantivel non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (i
permit "publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

i) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:
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A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems o articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or ather periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

03 proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
0 3 statement to the effect that such copy was made pursuant to permission,

0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronically solely for use in the class, and

0 3 statement to the effect that the material may not be further distributed to any person outside the class,
Whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.
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Iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit, As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audlt; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocapies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License

exp

ressly excludes the uses listed in Section (i) below (which must be subject to separate license from the

applicable Rightsholder) for. academic photocopies for library reserves and interlibrary loan reporting and non-
academic internal/external business uses and commercial document delivery.

) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;
il reproduction of an entire Work (cover-to-cover copying) except where the Workis a single article
Iv) reproduction for resale to anyone other than a specific customer of User,

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.
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Any license granted s further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

) Electronic Reproductions in Onfine Environments (Non-Academic-email, intranet, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

/) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping" does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms,

15) Miscellaneous.

8) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

() The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
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applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or ts principals, employees, agents or affiiates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a separate intrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisciction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court,

Last updated October 2022
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bcc Marketplace

Thisis a License Agreement between Sadaf Batool (User") and Copyright Clearance Center, Inc. {"CCC") on behalf
of the Rightsholder identified in the order details below. The license consists of the order details, the Marketplace
Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are inclucled
below.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and
Conditions below.

Order Date 20-Mar-2023 Type of Use Republishin a
Order License D 13362471 thesis/dissertation
ISSN 0148-7191 Publisher SOCIETY OF AUTOMOTIVE
ENGINEERS,
Portion Chart/graph/tableffigure
LICENSED CONTENT
Publication Title SAE technical paper series  Language English
Article Title Towards Model-Based Country United States of America
(ontol OT RC,O'C,DF Rightsholder SAE International
Mode-Switching?in Dual
Fuel Engnes Publication Type Monagraphic Series
Author/Editor SOCIETY OF AUTOMOTIVE
ENGINEERS.
Date 01/011970
REQUEST DETAILS
Portion Type Chart/graph/tableffigure  Distribution Worldwide
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Number of Charts /
Graphs / Tables / Figures
Requested

Format (select all that
appy)

Who Will Republish the
Content?

1

Electronic

Academic institution

Duration of Use Life of current edition

Lifetime Unit Quantity Upto499

Rights Requested Main product

NEW WORK DETAILS

Title Dynamic Modeling ana
Predictive Control of
Multi-Mode Combustion
Engine

Instructor Name Sadaf Batool

ADDITIONAL DETAILS

Order Reference Number  Chapter-2 Fig 25

REQUESTED CONTENT DETAILS

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

The Requesting
Person/Organization to
Appear on the License
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Original language of
publication

No
No
No

USD

Michigan Technological
University

2023-03-20

Sadaf Batool
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Title, Description or Figure 11 Title of the Towards Model-Based
Numeric Reference of the Article/Chapter the Control of RCCI-CDF
Portion(s) Portion Is From Mode-Switching?in Dual
Editor of Portion(s) Indrajuana, Armando; FuelEngies

Bekdemir, Cemil Feru, Author of Portion(s) Indrajuana, Armando;

Emanuel; Willems, Frank Bekdemir, Cemil; Feru,
Volume of Serial or N/A Emanuel Wilems, Frank
Monograph Issue, if Republishingan ~ N/A
PageorPage Range of . Article From a Serial
Portion Publication Date of 2018-04-03

Portion

Marketplace Permissions General Terms and Conditions

The following terms and conditions (‘General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (‘CCC") on behalf of the
applicable Rightsholders of such Works through CCCs applicable Marketplace transactional licensing services (each, a
“Service").

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License" is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms,

“Rightsholder(s)" are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.
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“Terms" means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
Collectively.

“User" or “you" is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a Useris a freelancer or other third party who the User authorized to accept the General Terms on the
User's behal, such person shall be deemed jointly a User for purposes of sich Terms,

“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation,

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCChas no right to supersedle or to modify any such discretionary act by a Rightsholder,

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,

5) Scope of License; Limitations and Obligations. Al Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder, The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invaice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (i if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximur rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
asif it had never been issued, if CCC does not receive complete payment on a timely basis,
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7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i involves
only the rights set forth in the Terms and does not include sulbsequent or additional uses, i is non-exclusive and non-
transferable, and (i) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Waork if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, incluing without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or abscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any ficenses hereunder null and void. User agrees to inform
(CCif it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith,

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Waork s required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name], from [Works title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which s the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liguidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee tself and any other fees and charges
specified.
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10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, inclucing legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publiciy, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
AWORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full iability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCCNOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:
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) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar enties.

i) No License granted shall in any way: () include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit "publishing ventures” where any
particular anthology would be systematically marketed at multiple institutions.

il Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use s limited to no more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one nstitution of learning

E)in the case of a photocapy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (out still within the scope of any permission granted], User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and
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F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied),

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear al the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
inlearning management systems, or posts on academic institution intranets, the following addtional terms apply:

) The pay-per-uses sulbject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-ased content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
ollege or university, accessible only under appropriate electronic controls (e.g, password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(o)(i(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modfication does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
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Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b){)(A) above; (i to display and perform the requested material to Stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (ii) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms, Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material,

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-icentical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Waork
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (i
permit "publishing ventures” where any particular course materials would be systematically marketed at multiple
institutions.

i) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is imited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;
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D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one nstitution of learning

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

0 3 proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
0 3 statement to the effect that such copy was made pursuant to permission,

0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronically solely for use in the class, and

0 3 statement to the effect that the material may not be further distributed to any person outside the class,
Whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material,

Iv) Uses of separate portions of a Work, even i they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit, As to each permission granted under the electronic course content Service,
User shall maintain for at least four ful calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
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notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
Copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocapies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(iHv) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

| electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;

il reproduction of an entire Work (cover-to-cover copying) except where the Workis a single article;

Iv)reproduction for resale to anyone other than a specific customer of User,

v) republication in any different form, Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

) Electronic Reproductions in Onfine Environments (Non-Academic-email, intranet, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following addltional terms apply:

/) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
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measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in @ manner
consistent with, the particular License described in the Order Confirmation and the Terms,

15) Miscellaneous.

3) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

() The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) icensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or ts principals, employees, agents or affiiates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a Separate instrument,
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e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
Whose geographical jurisciction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court,

Last updated October 2022
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bcc Marketplace

Thisis a License Agreement between Sadaf Batool (User") and Copyright Clearance Center, Inc. {"CCC") on behalf
of the Rightsholder identified in the order details below. The license consists of the order details, the Marketplace
Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are inclucled

below,

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date 20-Mar-2023

Order License D 13362252

ISSN 1946-3952

LICENSED CONTENT

Publication Title SAE International journal
of fuels and lubricants

Article Title Closed-Loop Predictive
Control of a Multi-mode
Engine Including
Homageneous Charge
Compression Ignition,
Partially Premixed Charge
Compression [gnition, and
Reactivity Controlled
Compression Ignition
Modes

Author/Editor Society of Automative
Engineers.

Type of Use

Publisher
Portion

Rightsholder
Publication Type
Start Page

End Page

lssue

Volume
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Republishin a
thesis/dissertation
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Chapter/article

SAE International
Journal
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Date

Language

Country

REQUEST DETAILS

Portion Type
Page Range(s)
Total Number of Pages

Format (select all that
apply)

Who Will Republish the
Content?

01/01/2009
English

United States of America

Chapter/article
1536
2

Print, Electronic

Academic institution

Duration of Use Life of current edition

Lifetime Unit Quantity More than 2,000,000

NEW WORK DETAILS

Title Dynamic Modeling and
Predictive Control of
Multi-Mode Combustion
Engine

Instructor Name Sadaf Batool

ADDITIONAL DETAILS

Order Reference Number  Chapter-3

Rights Requested
Distribution

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date
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Worldwide
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The following terms and conditions (“General Terms"), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted! by Copyright Clearance Center, Inc. ("CCC') on behalf of the
applicable Rightsholders of such Works through CCCs applicable Marketplace transactional licensing services (each, a

“Service'),

1) Definitions. For purposes of these General Terms, the following definitions apply:
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“License" is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forthin the Order Confirmation,

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms set forth on specific Order Confirmations not set forth i the General
Terms that can include terms applicable to a particular CCC transactional licensing service andlor any Rightsholder-
specific terms,

“Rightsholder(s)" are the holders of copyright rights in the Warks for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms" means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
Collectively.

I I,

“User"or “you" is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's benal, such person shall be deemed jointly a User for purposes of stch Terms,

“Wark(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation,

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms,

5) Scope of License; Limitations and Obligations. Al Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works
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6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availabiliy of the invoice via the Marketplace
platform, and (i if the User does not pay the invoice within 30 days of receipt, the User may incur a Service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as fit had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (i) is non-exclusive and non-
transferable, and (i) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shal render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or abscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCCifit becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indlicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work s required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably
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legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which s the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liguidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, inclucing legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
Which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
AWORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full iability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCCNOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (out licensable) use of a Work that is terminated immediately upon notice thereof may be
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liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
Is not terminated immediately for any reason (including, for example, because materials containing the Waork cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting Such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

/) The copies and anthologles created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar enties.

i) No License granted shall in any way: () include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit "publishing ventures” where any
particular anthology would be systematically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction i the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

() use s limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one nstitution of learning
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E)in the case of a photocapy permission, no materials may be entered into electronic memary by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (out stll within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied),

Iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear al the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
inlearning management systems, or posts on academic institution intranets, the following addtional terms apply:

) The pay-per-uses sulbject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-ased content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
ollege or university, accessible only under appropriate electronic controls (e.g, password);
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B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)i)A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(o)(i(A) above, including any necessary resizing, reformatting or modification
of the resolution of stch requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)()A) above, but also
the following authorizations: () to include the requested material in course materials for use consistent with
Section 14(b){)(A) above; (i to display and perform the requested material to stich members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (i) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such "clipping" or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material s used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any ather form of
manipulation, alteration or eciting of the requested material,

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantivel non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (i
permit "publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

i) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:
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A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limitec! to not more than 25% of the text of a book or of the items in a published collection of essays,
poems o articles;

() use is limited to not more than the greater of () 25% of the text of an issue of a journal or ather periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

03 proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
0 3 statement to the effect that such copy was made pursuant to permission,

0 3 statement identifying the class to which the material applies and notifying the reader that the material
has been madle available electronically solely for use in the class, and

0 3 statement to the effect that the material may not be further distributed to any person outside the class,
Whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof,

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

hitps:/marketplace.copyright. com/rs-ui-webimpllicense/f4a054d7-8a24-49ad-beaf-d2809999cealdbbieheb-f523-4495-924a-¢TechB3%hb 1013

298



321123, 10:55 AM https:Imarketplace.copyright. com/rs-ui-webimplicense/4a054d7-8a24-49ad-beaf-d26809999cealdbbbebeb-f5a3-4495-924a-cTecdb63%bb1

Iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit, As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audlt; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

() Pay-Per-Use Permissions for Certain Reproductions (Academic photocapies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (i) below (which must be subject to separate license from the
applicable Rightsholder) for. academic photocopies for library reserves and interlibrary loan reporting and non-
academic internal/external business uses and commercial document delivery.

) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;

il reproduction of an entire Work (cover-to-cover copying) except where the Workis a single article

Iv) reproduction for resale to anyone other than a specific customer of User,

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or

directly from the rightsholder.
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Any license granted s further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

) Electronic Reproductions in Onfine Environments (Non-Academic-email, intranet, internet and extranet). For
"electronic reproductions’, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

/) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping" does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms,

15) Miscellaneous.

8) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms,

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

() The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
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applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or ts principals, employees, agents or affiiates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, Simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
ona copy of the Order Confirmation or in a separate intrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisciction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court,

Last updated October 2022
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Query regarding copyrights of a published paper

IFAC Secretariat <secretariat(@ifac-control org> Thu, Nov 3, 2022 at 7:10AM
To: Sadaf Batool <batool@mtu.edu>

Dear Sadof,

This paper has been published under the new copyright rules and the authors can reproduce al version of
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