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Abstract

The in-cylinder trapped air, residual gas, and temperature are important dynamic
parameters in Gasoline Direct Injection (GDI) Spark Ignition (SI) engines for fuel
and combustion control. However, their real-time prediction for transient engine op-
erations is complicated, especially when concerning variable valve timing. A dynamic
cycle-by-cycle control-oriented discrete nonlinear model is proposed and developed in
this thesis to estimate the in-cylinder mixture temperature and the mass of trapped
air, and residual gas at the point of Intake Valve Closing (IVC). The developed model
uses in-cylinder, intake and exhaust pressures as the primary inputs. The exhaust
gas back ow into the cylinder is estimated using a compressible ideal gas model that
is designed for engines equipped with Variable Valve Timing (VVT). The designed
model is integrated into a rapid-prototype control system for real-time operation.
The model's dynamic behavior is validated using an engine dynamometer transient

test cycle under real-time conditions.

The cold crank-start phase signi cantly contributes to the engine-out total emissions
during the US Federal Test Procedure (FTP). The rst three engine cycles of the cold
crank-start for a Gasoline Direct Injection (GDI) engine in Hybrid Electric Vehicle
(HEV) elevated cranking speed is investigated at 2C. To this end, the impact of

the operating strategy on the individual-cylinder engine-out emissions is analyzed
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guantitatively. For this purpose, a new dynamic method was developed to translate
the engine-out emissions concentration measured at the exhaust manifold outlet to
mass per cycle per cylinder. The HEV elevated cranking speed provides valve timing
control, throttling, and increased fuel injection pressure from the rst rings. This
study concentrates on analyzing the cranking speed, spark timing, valve timing, and
fuel injection strategy, and parameter e ects on engine-out emissions. Design of
Experiment (DOE) method is used to create a two-step multi-level fractional-factorial
test plan with a minimum number of test points to evaluate the signi cant parameters

a ecting engine-out emissions during cold crank-start. The split injection parameters,
including the Start of the rst Injection (SOI), End of the second injection (EOI), and
split ratio, in addition to the rst cycle additive fuel factor, are investigated. Results
show that using the high cranking speed with stabilized low intake Manifold Absolute
Pressure (MAP), highly-retarded spark timing, high valve overlap, late intake rst
injection, 30 CAD bTDC ring EOI, and low rst cycle fuel factor reduces the average

st three cycles HC emission by 94%.
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Chapter 1

Introduction

1.1 In-Cylinder Parameters Estimation

Emission regulations set by the U.S. Environmental Protection Agency (EPA) and
California Air Resources Board (ARB) for the Light Duty Vehicles (LDV) have pro-
gressively become more stringent over the recent decade. The combined allowed value
for Nitrogen Oxides (NOx) and unburnt hydrocarbon (HC) emissions, as signi cant
factors for smog formation, has decreased by 46% from Tier2 emission regulation be-
ginning in MY 2017 and will see a further 65% reduction from 86 to 30 mg/mi by
2026 with Tier3 [1]. To meet the new requirements, engines have been equipped with

new technologies, downsizing and turbocharging, Gasoline Direct Injection (GDI),



and VVT. Moreover, in-cylinder and exhaust pressure sensors have been utilized in
several studies to develop new models to estimate individual-cylinder parameters such
as in-cylinder gas temperature and residual gas. The estimated parameters are then
incorporated for individual in-cylinder air charge prediction to improve Air to Fuel
Ratio (AFR) control during transients. Precise AFR control in advanced engines is
essential to reduce engine-out emissions to meet emission regulations. In conventional
AFR control methodologies, part of the AFR control complexity relates to the trans-
port delay from where the air-fuel mixture is prepared inside the cylinder to where an
oxygen sensor senses it. Using the in-cylinder AFR control, the transport delay and
the AFR excursions during dynamic conditions are reduced, resulting in more precise
AFR control, especially during the transients. In addition, the estimated in-cylinder
parameters are used for accurate and dynamic individual-cylinder combustion phasing

control as a potential improvement for engine-out emissions reduction.

The new European Real Driving Emissions (RDE) testing requirements have been
phased in from 2017. The RDE will be applied to all new cars by the beginning of 2021
to regulate vehicle emissions in real driving operations. The RDE considers higher
accelerations, along with gradient, stop-and-go, or greater speeds [2]. As a result,
a precise model for predicting the mass of trapped air charge and residual gas with
improved dynamic behavior is required to cover broad real driving emissions. This
model can signi cantly help to decrease the Non-Methane Organic Gases (NMOG)

and NOx engine out and tailpipe emissions when coupled with catalyst temperature



and oxygen storage state control [3].

Chapter 2 of this study reviews the state-of-the-art research for air charge models
for RDE conditions. It presents a new real-time model to estimate the in-cylinder
trapped air charge, residual gas, and temperature in a state-of-the-art four-cylinder
turbocharged GDI engine equipped with intake and exhaust VVT. The model is
control-oriented, as all manipulated variables (inputs), measured intermediate vari-
ables, estimated parameters (outputs), and disturbances are formulated for engine
control, model uncertainties are described, and constraints on the inputs and states
are de ned. The trapped air charge is calculated at Intake Valve Closed (IVC) using
an event-based approach cylinder-by-cylinder. In this research, IVC is considered as
the beginning of each cycle before ignition and combustion. The developed model
uses the residual gas mass de ned from the previous cycle that has owed back from
the exhaust and possibly into the intake. The residual gas back ow mass during the
valve overlap is calculated based on the compressible ideal-gas ow using the cylinder
and exhaust pressure sensors' dynamic data. The developed model is computationally
e cient, not including iterative loops and complex numerical calculations, capable of
being implemented in a production ECU. It is physics-based with low calibration

e orts comprising 32 required calibration points in total to cover broad engine part-
load speed and load conditions. In contrast, a conventional ECU requires calibrating
512 points for 24 measuring points of load, engine speed, and valve overlap every 8

points. Also, it is a dynamic model with one cycle resolution, which captures the



engine transients with less than 1.5% average relative steady-state error.

1.2 Cold Crank-Start Emissions Analysis

The Federal Test Procedure, FTP-75, is used for emission certi cation and fuel econ-
omy testing of light-duty vehicles in the United States. Figure 1.1 shows the US
EPA Urban Dynamometer Driving Cycle for FTP-75, comprising three phases, cold
start, transient and hot start. The transient cold start phase has the most signi cant
contribution to the cumulative HC emission over the FTP-75 cycle. For instance, the
cumulative tailpipe HC emission over the FTP-75 cycle for a 2010 vehicle equipped
with a 3.5 liters turbocharged GDI engine and a low-temperature Three-Way Cata-
lyst (TWC) shows that the cold-start phase is responsible for 97% of the tailpipe HC
emissions [4]. More important, during the rst four seconds of the cold-start phase,
including the conventional low-cranking speed crank-start period, 110 mg of unburnt

HC equivalent to 32% of the Tier3 limit is scavenged out of the engine [5].

Given the upcoming highly restrictive emission regulations for the combined allowed
value for Nitrogen Oxides (NOx) and unburnt HC emissions, this signi es the impor-
tance of engine emission control from the cold start phase when a vehicle begins to
operate. Extensive studies have been done to reduce the engine-out emissions in the

FTP-75 transient and hot start phases. However, reducing the engine-out emissions



Figure 1.1: The US FTP-75 driving cycle
during the cold \crank-start" phase remains challenging, while there are multiple
opportunities for improvement. For this purpose, rstly, the cold-crank-start period
contribution has to be quanti ed precisely to analyze the cold-start emissions e -
ciently. This thesis aims to provide a methodology and analytical tools for engine

cold crank-start dynamics and emissions analysis.

To meet the new fuel consumption requirements, new technologies, such as downsiz-
ing and turbocharging, Gasoline Direct Injection (GDI), and Variable Valve Timing
(VVT), have recently been utilized broadly. For instance, GDI engines have experi-
enced a rapid adoption in the market, increasing from 0% in 2007 to over 50% market
share in 2016 in the US[6], and a foreseen market share of up to 97% by 2025[7].
In addition, many vehicle manufacturers are increasingly using Hybrid Electric Ve-

hicles (HEV) in their near-zero-emission vehicle (ZEV) product portfolios[8] because



of speci c CO2 vehicle emission reduction legislation[9].

The GDI engines have several advantages for reducing fuel consumption; however,
the direct injection of the liquid fuel into the cylinder leads to emissions challenges,
especially for HC during the cold-start phase. In the conventional vehicles, the cold
crank-start includes the lowest temperature and lowest engine speed compared to
all the other engine operating modes throughout the FTP-75 driving cycle. There-
fore, considerable constraints occur on the fuel evaporation and mixture formation in
conventional low cranking speed crank-start, leading to a substantial required over-
fueling to guarantee an ignitable fuel-air mixture. The cold cylinder walls cause fuel
Im formation as one of the important reasons for increasing HC emission [10], and
is further extubated due to the over-fueling requirement. Additionaly, part of the
injected fuel absorbs into the oil layer and, after combustion, is desorbed back into
the bulk gases as another reason for HC emission increase. Furthermore, the heat
transfers away from the ame front to the cold cylinder walls increases, and the post-
ame oxidization rate of the resulting emissions from combustion decreases. As a
result, ame quenching distance grows, causing the increase of gaseous fuel escaping

from combustion and HC emission.

Another factor of importance is that the low engine speed during cranking reduces
the charge motion, resulting in poor mixture formation. As a consequence, fuel evap-

oration and mixture homogeneity decrease. Furthermore, the post- ame oxidization



rate decreases in low engine speed because the quality of mixing unburnt HC with the
hot bulk gases reduces in the vicinity of the cold walls. Besides, the fuel evaporation
decreases due to the lack of hot residual gases in the rst cycle events compared to
the next combustion cycles during the crank-start. A portion of the fuel injected in
the rst cycle that does not contribute to the combustion or scavenged out of the
cylinder as unburnt HC during the exhaust stroke remains in the cylinder as residual
fuel. The residual fuel contributes to the combustible mixture of the second cycle. In
the cold-crank phase, higher ring-gap and lack of lubrication results in considerable
blow-by rate and charge loss compared to other engine operating states [11]. As a
result, a portion of the injected fuel is lost through the lubrication oil and blow-by

gases into the crankcase.

In the HEVS, the engine is cranked to idle speed quickly using a powerful integrated
starter and generator, or electric motor instead of the starter as an auxiliary rotation
device. Therefore, the transients of the engine during the start-up are di erent, and
there are several additional opportunities, such as VVT control, throttling, and high
fuel pressure from the rst ring over conventional low cranking speed vehicles for

cold-start emissions improvement.

Chapter 3 presents an individual-cylinder dynamic analysis of the engine-out emis-
sions for a GDI engine at the motored elevated HEV cranking speed during the cold

crank-start initial three cycles. Firstly, the most critical parameters a ecting the



engine-out emissions during the cold-crank start are speci ed. Then, an optimal test
plan, including the test parameters levels, is derived using the DOE method. The
tests are accomplished on engine-dyno with duplicating the motored elevated HEV
cranking speed cold crank-start process. Finally, the experimental data are used along
with the developed dynamic method for translating the emissions concentration to
mass per cycle per cylinder to analyze the engine-out emissions behavior and distin-
guish the optimal engine operating strategy. The precise dynamic individual-cylinder
cycle-by-cycle engine cold crank start analysis determines the optimal engine control
inputs trajectories. The optimal control inputs trajectories can be used for predictive
closed-loop AFR and combustion control during the engine cold crank-start phase to

minimize the engine-out emissions.

The speci ¢ contributions of this thesis are:

1. Development of a real-time discrete non-linear cycle-by-cycle physics-based
model to estimate the mass of trapped air; charge and residual gas with low

calibration e ort

2. A new pegging method using both intake and exhaust absolute pressures, Dual-
Pressure Pegging (DPP), is introduced to compensate the thermally-induced
intracycle in-cylinder pressure sensor drift for precise estimation of the gas ex-

change during the exhaust stroke and valve overlap;



10.

Estimating the mass of exhaust gas back ows into the cylinder during valve

overlap based on compressible ideal gas ow equations;

. A new ampli cation technique for in-cylinder pressure transducer signal, Dual-

Scale Ampli cation (DSA), is introduced to increase the measured in-cylinder

pressure Signal-to-Noise-Ratio (SNR) during the gas exchange;

Integration and validation of the in-cylinder air charge, residual gas, and tem-
perature model on the rapid-prototype engine control system for real-time op-

eration assessment.

Development of a new method to quantify engine-out emissions in mass per

cycle per cylinder

Development of an engine-dyno test methodology to duplicate the motored HEV

elevated cranking speed cold crank-start process

Utilize DOE methods to create a two-step multi-level fractional-factorial test
plan with an optimal number of test points to analyze the engine-out emissions

during the cold-start rst cycles

. Analysis of the engine operating strategy, including cranking speed, spark tim-

ing, and valve timing with respect to their impact on the engine-out emissions

Analysis of the split injection strategy's parameters, including SOI, EOI, split

ratio, and the rst cycle fuel factor impact on the engine-out emissions



11. Derivation of the optimal control inputs trajectories resulting in the lowest HC

and NOx emissions during the cold start rst cycles
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Chapter 2

In-Cylinder Air Charge, Residual

Gas and Temperature Estimation

The in-cylinder trapped air, residual gas, and temperature directly impact Spark
Ignition (SI) engine operation and control. However, estimation of these variables
dynamically is di cult. This chapter proposes a dynamic cycle-by-cycle model for
estimation of the in-cylinder mixture temperature at di erent events such as Intake
Valve Closed (IVC) and the mass of trapped air and residual gas. In-cylinder, intake,
and exhaust pressure traces are the primary inputs to the model. The mass of trapped
residual gas is a ected by valve overlap increase due to the exhaust gas back ow. Of
importance to engines with Variable Valve Timing (VVT), the compressible ideal-gas

ow correlations are applied to predict the exhaust gas back ow into the cylinder.
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2.1 Introduction

Precise estimation of the in-cylinder air charge is vital for engine control. Engine
torque, AFR, and combustion phasing control depend on the estimated air charge and
residual gas concentration. The conventional and in-cylinder pressure-based methods
have already been investigated for air charge estimation. In the conventional meth-
ods, intake Manifold Absolute Pressure (MAP) and Mass Air Flow (MAF) sensors
have been utilized; however, this results in several issues, and obstacles [12]. The
MAF sensor is an appropriate device to measure the engine's total air consumption
in steady-state conditions. However, its measured data for transient conditions can
not be used unless the lling and emptying dynamics of the intake manifold are mod-
eled and integrated into real-time observers [13, 14, 15, 16, 17]. The intake manifold
dynamic model needs MAP sensor data and Volumetric E ciency (VE). The VE has
been traditionally speci ed using look-up tables that require signi cant calibration ef-
forts, especially for the engines with VVT [18]. Speed-density is another conventional
method for air charge estimation using intake manifold temperature, MAP sensors,
and VE data. The speed-density method has a lower cost and proper transient per-
formance, but still requires considerable calibration e orts [19]. Several studies have
been done to reduce VE calibration e orts, such as using Arti cial Neural Network
(ANN) [20, 21, 22] or a parametric model [23, 24]. The ANN model had a prob-

lem with the points outside the training region and could not be easily implemented
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in mass-production engine controllers. The parametric models included several cali-
brated parameters requiring extensive engine test datasets to be calibrated o ine and
required adaptive corrections. In another study, researchers developed a model for
fresh air charge and residual gas fraction estimation for a turbocharged VVT engine
using engine speed, intake manifold pressure, and VVT actuator positions [25]. This
model also needed signi cant calibration e orts, and compressible- ow-based correla-
tions used for residual gas fraction estimation were not validated. As a source of error,
in all conventional methods, the total air consumed by the engine was calculated, and

the trapped air in all cylinders was assumed to be equal.

The cylinder pressure-based method was rst introduced in the 1990s to overcome
conventional methods' drawbacks. Table 2.1 shows the summary of cylinder pressure-
based air charge and residual gas estimation models from the literature review and

this work.

In one research paper, the temperature of air and fuel mixture at the beginning of
compression stroke was adapted by a Kalman Iter to improve the transient response
of the model [26]. This research was done on a Multi-Port Fuel Injection (MPFI)
engine without VVT, using the in-compressible ow-based method developed by Fox
et al. [27] for residual gas fraction calculation. The Fox model uses incompressible

ow with the average pressure di erence between the exhaust and intake to estimate
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Scholars M. Mladek G.Colin J. Worm S. Wang A.Yazdani A.Thomasson This Work
Engine MPF| . MPFI VWT MPFI WWT MPFI VT GDI WT Diesel VWT GDI WT
Dual-position IVT
Estimated . . . 1.Air charge
In-Cylinder L A qharge Air charge Air charge Residual gas LA mass LAwr Qharge 2.Residual gas
2. Residual gas 2.Residual gas 2.Residual gas
Parameters 3.Temperature
1.Cyl. Pressure 1.Cyl. Pressure
2.MAP L.Cyl. Pressure 1.Cyl. pressure L.Cyl. Pressure 1.Cyl. Pressure | 2.MAP
Input 2.MAP 2.MAP
3.Exh. Pressure Cyl. pressure 2.MAP . 2.MAP 3.Exh. Pressure
Parameters . 3.Exh. Pressure| 3.Inlet air temp. .
4.Inlet air temp. 4.Exh. tem 3.Exh. Pressure 4Rel. humidity 3. Exh. Pressure| 4.Inlet air temp.
5. Spark timing i i P T 5.Rel. humidity
1.0 ine initial ) Cycle-by-cycle Cycle-by-cycle
" . . Real-time ) ) Event-based
Model condition Online Oine . Event-based O ine lterative .
S . Control-oriented ; Real-time
2.0nline iterative Online .
Control-oriented
Residual gas | Iteration using incompressible incompressible incompressible Compressible Compressible
Ny . - NA
estimation spark timing ow based ow based ow based ow based ow based
Computation | IVC to 50% mass . .
duration / burned position/ IVC to IGN / IVC to IGN IVO to EVC Entire cycle / IVC to EVO Entire cycle /
X 1CAD 0.5CAD 0.5CAD
sampling rate| 0.2CAD
Ideal gas law Ideal gas law Ideal gas law Ideal gas law
. N . Ideal gas law Ideal gas law "
Assumptions | Fixed stoich. . Mass Ideal gas law Mass . First law
First law ) ) First law -
AFR conservation conservation Mass conservation
ecilll[bratlon NA moderate moderate modearte high low low
1000 & 5000RPM | 1000 10 4500RPM |lr\5|x|)5(|)>‘t P! ésgogga’\:l 600 to 1450RPM ;550?013 ggg??r\;’gp
Steady-state | 1000 to 5000RPM| 2 engine speed | _: MAP:0.3to 0.9bar | .~ "~ 50 to 2500Nm " ’ -
s Di erent EGR rate X Di erent cam X Di erent cam phasing,
validation zero to full load 2 load Di erent cam - Di erent cam
and cam pahse hasin phasing, AFR hasin AFR and CA50
phasing and CA50 phasing GT-Power TPA-based
1000 to 3500 and | 1400 to 1600RPM 1000 to 4500RPM
Transient 4800 RPM/intake | 3500 to 1000RPM | 2 to 6bar IMEP ) 0.5 to 10bar IMEP
- NA NA L - S . Not included -
validation valve transitions with valve timing | (High overshoots (Good overshoot, rising
transitions during transitions) and settling times)

Table 2.1
Summary of cylinder pressure-based air charge and residual gas estimation
models compared to the study in this work

residuals for the overlap period. The dynamic behavior of Hart's model was also val-
idated using the hot- Im air mass meter data. In another research, it was assumed a
xed stoichiometric air/fuel ratio, and air charge calculations were done from Intake
Valve Closed (IVC) to 50% mass burned position for every cycle [28]. This research
was also accomplished on an MPFI engine with double-position variable inlet valve
timing. In this research, an iterative approach was used for residual gas fraction es-
timation, and spark timing was considered as an input for the burn rate estimation.
In one study, a model-based control strategy for estimation of the air mass was intro-
duced to control the Exhaust Gas Recirculation (EGR), and AFR [29]. This study

also used a high computational iterative method. In other studies, cylinder pressure
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di erence was used as Delta-P to estimate cyclic trapped fresh air charge in the cylin-
der [30, 31]. In these works, the in-compressible ow-based FOX model was used for
residual fraction calculation, and the designed model was not suitable for the engine
with cam phaser and EGR. One algorithm considered a duration between the IVC
and ignition at every cycle and predicted the fresh air mass based on total in-cylinder
trapped mass [32]. In this algorithm, the in-compressible ow-based correlation was
used for residual fraction estimation. The proposed algorithm was sensitive to the
cylinder pressure o set, and the model was not evaluated and veri ed for transient

conditions.

In recent works on air charge and residual fraction estimation, presented by Yazdani
et al. [33] and Thomasson et al. [34], Yazdani et al. proposed a cycle-by-cycle cylin-
der pressure-based air charge and residual gas estimation model. This model also
used the incompressible ow-based Fox model as a base for estimating the mass of
residual gas. Also, the transient response of the model showed signi cant overshoot
during engine dynamic conditions. Thomasson et al. used compressible ow correla-
tions to predict the mass of residual gas mass; however, the model was not assessed
and validated for transient conditions. Shu Wang et al. [35] developed a model for
estimation of the mass of residual gas for Sl engines. Wang's model was control-
oriented, but it also assumed the gas ow as an in-compressible ow and needed a
signi cant amount of calibration. In addition, Cavina et al. [36] designed a static

residual fraction estimator for a GDI engine based on the compressible ow-based Fox
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model. Guardiola et al. [37] developed a model for cylinder charge and composition
estimation for a Reactivity Controlled Compression Ignition (RCCI) engine in which
in-cylinder pressure resonance with a closed-loop intake manifold observer was used.
Shaver et al. [38] proposed a compressible ow-based dynamic model to estimate
the residual gas e ect on Homogeneous Charge Compression Ignition (HCCI) engines
with Variable Valve Actuation (VVA). Most of the methods discussed above were not
thoroughly validated in both steady-state and transient conditions using data from a

high- delity engine simulation model or experimental data.

The research in this chapter aims to develop a computationally e cient, physics-
based model to be implemented in the engine Electronic Control Unit (ECU) for
a real-time estimate of the mass of trapped air charge and residual gas in-cylinder
gas temperature with minimum calibration e ort. This goal is ful lled by designing a
discrete and dynamic Multi-Input-Multi-Output (MIMO) cycle-by-cycle, event-based
model, which uses in-cylinder, intake, and exhaust pressures data to estimate the

outputs. The speci ¢ contributions of this work are:

1. Development of a discrete cycle-by-cycle physics-based model to estimate the

mass of trapped air; charge and residual gas with low calibration e ort

2. Validation of the model in steady-state and transient conditions using experi-

mental data;
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3. A new pegging method using both intake and exhaust absolute pressures, Dual-
Pressure Pegging (DPP), is introduced to compensate the thermally-induced
intracycle in-cylinder pressure sensor drift for precise estimation of the gas ex-

change during the exhaust stroke and valve overlap;

4. Gas exchange dynamics are considered using high-resolution crank-angle based

cylinder pressure, intake and exhaust manifold pressures;

5. Estimating the mass of exhaust gas back ows into the cylinder during valve

overlap based on compressible ideal gas ow equations;

6. A new ampli cation technique for in-cylinder pressure transducer signal, Dual-
Scale Ampli cation (DSA), is introduced to increase the measured in-cylinder

pressure Signal-to-Noise-Ratio (SNR) during the gas exchange;

7. Integration and validation of the model on the rapid-prototype engine control

system for real-time operation assessment.

2.2 Experimental Setup

A Ford 2.0L Ecoboost turbocharged in-line 4-cylinder GDI engine was utilized for
this study. The engine was equipped with two intake and two exhaust valves per
cylinder. Intake and exhaust valve timings were adjusted using an oil-driven dual-

independent valve phasing system. A summary of the engine technical speci cation
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is presented in Table 2.2. A Bosch production ECU read the engine sensors and com-
manded the actuators to control the engine. All parameters of the Bosch production
ECU were accessible through ATI Visio® software. The Bosch ECU connects with
Delphi Cylinder Pressure Development Controller (CPDC) via a CAN interface. The
designed real-time model in Simulink/State ow environment was programmed inside
the CPDC and tested and validated while synchronized with the engine production

ECU.

Figure 2.1 represents a schematic of the test engine experimental setup. A 450 hp
Alternating Current (AC) dynamometer controlled the engine speed and load to run
under desired steady-state or transient operating conditions. Two independent exter-
nal cooling systems were used to adjust the engine coolant and inlet air temperatures
to the desired operating values. Inlet air temperature was regulated by controlling the

coolant temperature of the turbocharger after-cooler. Using these external cooling

Compression Ratio 9.3:1
Bore 87.5 mm
Stroke 83.1 mm
Connecting Rod Length 155.9 mm
Wrist-Pin O set 0.6 mm

Base Intake Valve Open (IVO) 11° ATDC
Base Intake Valve Close (IVC) 247 ATDC
Base Exhaust Valve Open (EVO)| -216 ATDC
Base Exhaust Valve Close (EVC)| 8° ATDC
Firing Order 1-3-4-2
Table 2.2
Engine technical speci cation

18



Figure 2.1. Schematic of the engine experimental setup
systems, the engine coolant and inlet air temperatures were adjusted to the engine
normal operating values, 85C and 40C, respectively, while the dynamic cycle was

accomplished.

Kistler 6125A pressure transducers were used to measure the cylinder pressures with
an accuracy of 2%. An OMEGA pressure sensor was used to measure the dynamic
pressure in the intake manifold with an accuracy of 0.25%. A fast response piezoresis-
tive Kulite pressure sensor was used to measure the dynamic pressure in the exhaust
manifold with a measurement bandwidth of 150 kHz and an accuracy of 1.5%. The

temperature drift of the Kulite exhaust pressure sensor was compensated using an
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OMEGA pressure sensor with a measurement bandwidth of 1 kHz. The OMEGA
pressure sensor was mounted using a pipe with a length of about 90 cm to maintain
a distance from the engine, not a ected by the engine heat. It measured the exhaust
pressure at the same location, shown in gure 2.1, as the Kulite sensor measured.
An AD Combustion Analysis System (CAS) with 16-channels was used for crank
angle-resolved data acquisition. Cylinder and exhaust pressure data were recorded
by CAS with a sampling resolution of 0.5 CAD. High-resolution measured cylinder
and exhaust pressure data captured gas exchange dynamics during the valve overlap.
K-type thermocouples were used to measure inlet air and exhaust gas temperatures

in the intake and exhaust ports.

The air and fuel mass ows were measured by a laminar mass ow-meter and a
Coriolis ow-meter, respectively. The fuel used for the experiments is E10 gasoline
with an AKI of 87. An 801-110S Fluke AC/DC Clamp-On Current Probe was used to
measure the injection pulse of the fuel injection in all cylinders. CAS with 0.5 CAD
resolution recorded the injection pulse and fuel rail pressure traces. The injection
pulse trace was used to extract the actual injection pulse width. A wideband UEGO
sensor was also used along with the production sensor with an accuracy of 1% around
lambda 1. The output of the wideband UEGO sensor was monitored using an ETAS

lambda-meter and recorded by CAS.

The output of the cylinder pressure transducer needs to be referenced to an absolute
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pressure, which is used for pegging. Referencing the cylinder pressure transducer
output to MAP at the Bottom Dead Center (BDC) before compression is the most
common pegging method [39]. However, the MAP-based pegging procedure does not
consider thermally-induced intracycle and inter-cycle sensor drift caused by thermal
gradients in the sensor [40]. The cylinder pressure data is the key input for estimat-
ing the trapped air charge and residual gas, especially for calculating the exhaust
gas back ow during the valve overlap. Therefore, the intracycle thermal drift of the
cylinder pressure sensor output should be compensated. For this purpose, a new
method for Dual-Pressure Pegging is introduced in this study for cylinder pressure
data pegging using both MAP and exhaust pressure data. In the DPP method, the
cylinder pressure transducer output is pegged in the middle of the exhaust stroke,
between 300 to 303 CAD, in addition to BDC before compression. The middle of the
exhaust stroke is the point where the blowdown phase is complete, and the cylinder
and exhaust pressures come to near equilibration. Figure 2.2 shows the di erence
between the MAP-based and DPP-based pegged cylinder pressure traces. The pres-
sure range related to the intake and exhaust strokes is highlighted. The DPP pegging
entirely compensated the cylinder pressure deviation from exhaust pressure in the
MAP-pegged cylinder pressure caused by the intracycle thermal drift. As a result,
cylinder pressure matches the exhaust pressure from the end of blowdown up to where

intake valves open with less than 1% error.

The entire range of measurement of the cylinder pressure transducer is from 0 to 100
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Figure 2.2: MAP and dual-pressure pegged cylinder pressure traces

bar, which is converted to 0 to 5V at the output of the main scale ampli er. Therefore,

a wide region of the measured cylinder pressure in each cycle has a low SNR. This
region includes the entire intake and exhaust strokes and a part of compression and
expansion strokes. In this region, the cylinder pressure is between 0 to 3 bar. Even
small SNR cylinder pressure during intake and exhaust strokes will propagate to a
signi cant error to the entire designed model implemented in the CPDC. The new
DSA technique is introduced to solve this problem and improve the designed model

outputs' precision.

Figure 2.3 shows how the DSA technique is implemented to prepare high-precision
cylinder pressure data for the CPDC. In the DSA technique, a di erential ampli er is

used in addition to the main scale ampli er. The new di erential ampli er ampli es
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Figure 2.3: Dual-scale technique implementation on CPDC
the cylinder pressure signal from the charge ampli er output and crops out part of
the data related to the high cylinder pressure zone over 3 bar. As a result, the signal
range from 5 to 25 V is clipped, and the 0 to 5 V range is mapped for the cylinder
pressure data in the range of 0 to 3 bar. The embedded software of the CPDC was
developed so that each cylinder had two-cylinder pressure inputs, one for the range of
0 to 100bar and the second for the range of O to 3 bar. The cylinder pressure inputs to
the designed model during the intake and exhaust strokes, including IVC, compression
BDC, IVO, EVC, and EVO, were produced using second cylinder pressure input with

high resolution.
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2.3 Physical Model Development

In the newly developed real-time nonlinear MIMO model, individual-cylinder pressure
trace in every cycle is used event-based to estimate the mass of in-cylinder trapped
fresh air and residual gas. In addition, the temperature of the in-cylinder trapped
mixture at IVC and exhaust gas at the end of blowdown are also predicted, which
can be used as inputs to combustion phasing and catalyst thermal models, respec-
tively. Figure 2.4 shows a block diagram of how the model operates event-by-event

throughout a cycle for a single cylinder, including inputs and outputs.

Figure 2.4. A block diagram representation of the cycle-by-cycle event-
based performance of the model including inputs and outputs for a single
cylinder
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The model comprises several calculations based on thermodynamic laws and com-
pressible ideal gas ow correlations. Every cylinder's cycle starts at the IVC and
ends at the next cycle IVC. Figure 2.5 shows the physical laws and relationships used
in the developed model throughout one cycle on a P-V diagram. The model is divided

into two major sub-models, (i) residual gas and (ii) air charge.

Figure 2.5: A P-V diagram including all physical laws and relationships
that are used for calculation of the air charge and residual gas masses during
one cycle
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2.3.1 Residual Gas Sub-Model

In this study, residual gas is the in-cylinder burnt gas trapped at IVC from the
previous engine cycle. The residual unburnt fuel from the previous engine cycle
is assumed to be negligible for a warm engine. The mass of the total residual gas
contributed in the cylinder trapped mixture at IVC is equal to the mass of in-cylinder

trapped gas at EVC when there is negative overlap.

Mres [K] = Mevc[K] (2.1)

From EVC to IVO, the combustion chamber is a closed system, and trapped residual
gas remains constant. After IVO, a portion of the trapped residual gas that ows
back into the intake manifold is assumed entirely sucked back into the cylinder during
the intake stroke. The total residual gas contributed in the cylinder trapped mixture
at IVC is composed of two portions in the positive overlap. The rst portion is the
exhaust gas that remains in the cylinder during the exhaust stroke and is trapped in
the cylinder at IVO,

Mresyap [K] = mivolK] (2.2)

Meyvc and my, o are estimated in the air charge sub-model. The second portion is
the exhaust gas that ows back from the exhaust manifold into the cylinder dur-

ing the valve overlap from IVO to EVC. Both exhaust and intake valves are open
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simultaneously during the valve overlap, and the exhaust gas is exchanged between
the exhaust manifold, cylinder, and intake manifold based on pressure di erences.
However, it is assumed that a portion of the exhaust gas, which ows into the intake
manifold runner during the valve overlap, is completely sucked back into the cylinder
during the intake stroke of the same cycle. Thus, the mass of the exhaust gas that
ows back into the cylinder is a function of engine speed, in-cylinder and exhaust
manifold pressures and temperatures, intake and exhaust valve timings, and exhaust
valves characteristics, including pro le discharge coe cient and e ective area. In this
study, the exhaust gas mass ow across the exhaust valves during the valve overlap
is calculated using the correlation for compressible ideal gas ow for sub-critical ow

as following,

, ( " 1 #) 1
CDA pup[k] I:)down [k] - 2 F)down[k] o
_EXh[ ] g Rethup[k] PUF’[k] 1 Pup[k]

(2.3)

where, py, and T, are upstream pressure and temperatur@gown is the downstream
pressure, A is the e ective area of the engine exhaust valve, N is engine speed and
Rexn is the gas constant of the exhaust gas, which is assumed constant and equal to
277@, Cp is the Discharge Coe cient that is determined experimentally in the ow
test bench, and is assumed constant and equal to 1.3 [11]. If the exhaust gas ow

across the exhaust valve is choked, downstream to upstream pressure raf-’ﬁ% is

less than or equal to the critical pressure ratio, 0.546, for = 1:3, and the exhaust
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gas mass ow is calculated as following [11],

+1
2( 1)

™
N

CoA Pl
Rexh Tup [k] +1

Mexn [k] = (2-4)

After IVO, exhaust gas evacuation from the cylinder into the exhaust manifold can
continue for a short duration until cylinder pressure is higher than exhaust pressure.
Then, in Equation (3) or (4), upstream pressure is cylinder pressury, = Peyi, and
downstream pressure is exhaust manifold pressumBiown = Pexh- [N addition, the
temperature of the in-cylinder gas owing out of the cylinder during valve overlap is

the average of the in-cylinder gas temperature at IVO and EVC,

TivolK] + TevclK]

TuplK] = Tres[K] = >

(2.5)

The in-cylinder gas temperature at IVO,T,y o, and at EVC, Tgy ¢, are calculated in

the air charge sub-model. As soon as the cylinder pressure decreases less than exhaust
pressure, exhaust gas back ow into the cylinder begins. Then, Equation (3) or (4)
are used assumin@up = Pexhs Pdown = Peyi @Nd Typ = Texn. Texn IS the temperature of

the exhaust gas in the exhaust manifold runner from the exhaust temperature model.
Due to the cylinder and exhaust pressures’ highly dynamic behavior during valve
overlap, the valve overlap period is divided into several segments. Each segment is
determined as a period in whichp.y, is continuously greater thanpey, or vice versa.

Thus, the mass of exhaust gas crossing the exhaust valve is calculated with 0.5 CAD
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resolution using dynamic cylinder and exhaust pressures data for each subsection as

following,

Z i+1
mon k= g Meald d 26)

wheremeyy,, is the mass of exhaust gas ows in each segment, andand ;.; de ne
the beginning and end of each segment. If the exhaust gas ows back into the cylinder,
Mexh, = Mpackfiow; @nd if the exhaust gas is evacuated out of the cylindeme,,, =
Mevacuated; - 1N€N, the portion of the residual gas which is added during the valve

overlap is estimated,

xn
mresov [k] = mbackflowi [k] mevacuatedj [k] (2-7)
i=1 j=1

The mass of total residual gas that remains inside the cylinder at IVC for combustion

in the next engine cycle is the sum of the trapped and overlap parts,

Miesi [K] = Mresya [K]+ Mes,, [K] (2.8)

2.3.2 Air Charge Sub-Model

The trapped fresh air mass is estimated as one of the in-cylinder total trapped mixture
components at IVC. To estimate the trapped air mass at IVC, six calculation steps

in di erent events are accomplished throughout a cycle, as shown in Figure 2.5.
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Step 1: IVC to EVO

From IVC to EVO, both intake and exhaust valves are closed, and control volume,
including the combustion chamber, is assumed to be a closed system neglecting the
blow-by. The e ect of gas composition change due to combustion is also ignored.
Therefore, the in-cylinder gas temperature at EVOTgy o, is derived using ideal gas
and mass conservation laws,

Pevo [K] Vevo [K]
Ru r]tot [k 1]

Tevo [K] = (2.9)

where, R, is the universal gas constant equal to 83145, ny is the number of

moles of the total trapped mass at IVC from the previous cyclRey o and Vey o are

cylinder pressure and volume at EVO, respectively.

Step 2: EVO to End of Blowdown(BWD)

Isentropic blowdown process is assumed after the exhaust valve opens, during which
a rapid decrease of cylinder pressure occurs. The end of the blowdown point is
considered a xed engine position at 260 CAD, where cylinder pressure and exhaust
manifold pressure come to be nearly equal. Thus, the in-cylinder gas temperature

at blowdown, which is considered as in-cylinder exhaust gas temperatuiBsxy , IS
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calculated using an isentropic expansion equation,

Evo 1

PBW D [k] EV O

Texu [K] = Tevo [K] Pevo K

(2.10)

where, gyvo is assumed to be constantly equal to 1.29, which is the specic heat
ratio of the exhaust gas at the temperature of 1200 K [11] arfégwp is the cylinder
pressure at the end of blowdown. The mass of in-cylinder trapped exhaust gas after

the isentropic blowdown process is calculated as below,

Pewo [K] Vewo [K]
Rexn Texn [K]

MEexH [k] = (211)

where Vgwp is cylinder volume at the end of blowdown.

Step 3: End of Blowdown(BWD) to IVO or EVC

The sequence of step 3 is from the end of blowdown to IVO if there is a positive
overlap or from the end of blowdown to EVC if there is a negative overlap. From
the end of blowdown to IVO or EVC, the control volume is an open system where

cylinder pressure is almost constant. As a result, the energy balance equation is used,

Qexn [K]+ Wexn [K]  Hexn [KI = Uexn [K] (2.12)
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where, Qexn » Wexn ,» Hexn  are energy transfer by heat, work, and mass, respec-
tively, and Ugxy is internal energy change from the end of blowdown to IVO or
EVC in the combustion chamber.Qexy Is calculated as convective heat transfer from
the in-cylinder exhaust gas to the cylinder wall, assuming cylinder wall temperature

is the same as engine coolant temperature.

Qext [K]= hexn A (Tewp Kl Teoolant [K])  texn [K] (2.13)

wherehgxy is convective heat transfer coe cient, A is the e ective surface area, and
Tewp and Toant are average in-cylinder exhaust gas temperature from the end of
blowdown to IVO or EVC and engine coolant temperature, respectivelyTgwp IS

calculated as below,

Texu [K]+ Tivo=evc [K]

Tewo [K] = 5

(2.14)

texy IS the time duration from the end of blowdown to IVO or EVC in seconds

which is calculated using engine speed as below,

exn [K]

texn [K] = 6N [K]

(2.15)

where gxy is the duration from the end of blowdown to IVO or EVC in crank angle
degrees. In Equation (12) Wexn is negligible, assuming to have constant pressure
from the end of blowdown to IVO or EVC. Also,Hexy can be neglected because

most of the in-cylinder exhaust gas is evacuated from EVO to the end of blowdown,
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and in-cylinder and exhaust pressures come to nearly equal. Therefore, the mass of
in-cylinder gas is assumed to be constant from the end of blowdown to IVO or EVC
equal tomey,. The change of internal energy can be calculated using average speci ¢

heat at constant volume of exhaust gasC,,,,, , as following,

Uexn [K] = mexn [K] Cueyy Tivo=evce K] Texn [K] (2.16)

where, C

VEXH

is assumed to be constantly equal to 84&§— for the temperature of
1000 K [11]. Thus, from a combination of the equations (11) to (16), the in-cylinder

gas temperature at IVO or EVC is achieved,

6N [K]m [K]Cv .
hExH [%: EXHEX[E] 0:5 Texn [k] + Tcoolant [k]

TIV O=EVC [k] = 6N [K]M exr [k]CVEXH +05 (217)
hexn [KIA  exn [K] )

hexy A is the rst calibration parameter of the model. The mass of in-cylinder

trapped exhaust gas at IVO or EVC is calculated as following,

Pivolk] Vivolk]

Mo [K] = 2.18
Vol Rew Twold (2:18)
Where, Piyo and V,y o are cylinder pressure and volume at IVO.
P K] Vevclk
mEVC[k] — EVC[ ] EVC[ ] (219)

Rexn  Teve [k]

Where, Pgyc and Vey ¢ are cylinder pressure and volume at EVC.
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Step 4: IVO to EVC or EVC to IVO

In the case of positive overlap, the temperature of the in-cylinder gas at EVC is

calculated usingT,yo from step 3 and the isentropic expansion equation,

PEVC [k] wvo 1

Teve [K] = TivolK] (m) Vo (2.20)

For negative overlap, the temperature of the in-cylinder gas at IVO is calculated using

Tevc from step 3 and isentropic expansion equation,

PIVO [k] _vo 1

Tivo [K] = TevclK] (m) Vo (2.22)

where, vo is assumed 1.305, which is the speci ¢ heat ratio of the exhaust gas at

900 K[11].
Step 5: IVO or EVC to Compression Bottom Dead Center (BDC)

From IVO or EVC to compression BDC, air induction and direct fuel injection into
the cylinder occur. The First Law of Thermodynamics for the combustion chamber

assuming as an open system is,

Qint [K] - Wint [K]+ Hint [K] = Uint [K] (2.22)

where,QnT , WinT » HinT are energy transfer by heat, work, and mass, respectively,
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and Ut is internal energy change during intake stroke in the cylinder.Q,nt
is calculated as convective heat transfer from in-cylinder mixture to the cylinder
wall or vice versa, assuming cylinder wall temperature is the same as engine coolant

temperature,

Qint [K] = hint [KIA (Tint [K] Teootant [KI) — tin [K] (2.23)

where, hjyt IS convective heat transfer coe cient and t,yt is the time duration

from IVO or EVC to compression BDC which is calculated using engine speed,

inT [K]

tint [K] = 6N [K]

(2.24)

Where, |yt is the duration between IVO or EVC to compression BDC in crank
angle degreesT,yt Is the average in-cylinder mixture temperature at IVO or EVC

and compression BDC,

Tivo=evc [K] + Tepc [K]

Tint [K] = >

(2.25)

where, Tgpc is the temperature of the in-cylinder trapped mixture at BDC compres-
sion. hexy A is the second calibration parameter of the model. In equation (22),

Wnt IS the work produced by cylinder assuming cylinder pressure is constant while
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cylinder volume is increasing,

Pivo=evc [K] + Pepc [K]

Wint [K] = >

Veoc [K]  Vivo=evc [K] (2.26)

Where, Pgpc and Vgpc are cylinder pressure and volume at BDC compression, re-
spectively. H\yt is the input enthalpy into the cylinder through air induction and
fuel injection. Decomposing the input enthalpy of the di erent inducted gases and

injected fuel to the internal energy and ow work,

H|NT [k] = mairint [k] (uairint + pair int Vairint )
+ Mu 20, [K] (Un20, + PH20i VH 205, )

+ mresim [k] (Uresim + presim Vresim )+ Miyel [k] (Ufuel + Pruel Vfuel) (2-27)

where,mg;,, andmy,o,, are the masses of inducted dry air and air water vapor into

int
the cylinder from VO or EVC to compression BDC.m,s,, IS the mass of a portion
of the residual gas that ows into the intake manifold runner during valve overlap

and is assumed to be completely inducted back into the cylinder during the intake

stroke. m¢ye IS the mass of injected fuel into the cylinder during the intake stroke
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and calculated using the previous cycle estimated trapped air mass,

Mair [k 1]

des [k] AF stoich

Myuer [K] = (2.28)

where, 4es IS the desired lambda valueAF gicr 1S the stoichiometric air-to-fuel ratio
for E10 fuel and assumed constant and equal to 14.(;%. The liquid fuel is
injected directly into the warm cylinder during intake stroke is mostly vaporized.
Therefore, the change of internal energy from IVO or EVC to compression BDC is
composed of two major parts, the injected fuel internal energy of vaporization and

the di erence of internal energy between two thermodynamic states,

Unt [K]l = Uspc [K]  Uwvo=eve [K] + Urg,. [K] (2.29)

where,Uyy o=evc andUgpc are internal energy of in-cylinder contents at IVO or EVC
and compression BDC, respectively. The internal energy of the in-cylinder mixture

at compression BDC is estimated as below,

Uspc [K] = Mair,, [K] Uair,, + Mu2o, Kl Un20, + Mivel [K] Utgel

+ Mresy [K] Ures (2.30)
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where, m,es,,, IS the mass of total residual gas in the cylinder at compression BDC

as input from the residual gas sub-model. Depending on having positive or negative
valve overlap, exhaust gas in the cylinder at IVO or EVC is the trapped residual gas

at IVO or EVC, respectively. Then, the internal energy of the in-cylinder gas at IVO

or EVC is calculated,

Uvo=evc [K] = Myo=evc K] Uvo=evc (2.31)

The injected fuel internal energy of vaporizationlJg,,, , is calculated assuming 90%
of the total injected fuel is vaporized during the intake stroke in the engine normal
operating condition,

Ufgfuel [k] = 09 mfuel [k] ufgfue| (232)

where, uzq,., IS the internal energy of vaporization of the fuel on a unit mass basis
assumed to be constant and equal to 349;%;"7 at the average in-cylinder temperature

during the intake stroke, 500 K. In equation (27), the pv uid work of the cylinder
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inlet mixture components can be combined and calculated as below,

Pair int Vair int + PH 20int VH 20int + presim Vresim

= MAP [K] Vgpc [K]  Vivo=evc K] (2.33)

From the combination of the equations (22) to (33) and expressing the change of
internal energies using temperature di erence and average specic heat at constant

volume,

Miyer [K]

fuel

Qint K] Wint [K]+ MAP [K] (Vepc [K]  VevcK]) + Pruel
Urg e [K] = (Mair o [KICv,, + Muz0,, [KICw,0) (Teoc [K]  Trun [K) +
Miyel [k]CVfue| (TBDC [k] Tfuel [k]) +

Mresi [KICvies Teoc [K]  Tivo=evc K] (2.34)

where, e is the density of the E10 fuel assumed to be constantly equal to 757:—1%1,
Pruel IS the fuel pressure in the fuel rail, upstream of the injector, which is measured

by a production pressure sensoil,,, is the inducted air temperature in the intake
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manifold runner, which is modeled as a function of the boosted air temperature

measured by a production sensor before throttldy;,

inlet !

Trun [K] = Tairimet kl+ T (2.35)

Tiuel IS the fuel temperature in the fuel rail, which is assumed to be constant and equal

to 323K, C,,, , C C andC,,, are the average speci ¢ heat at constant volume

Viuel * ~VH 20 Vres

of dry air, fuel, air water vapor and residual gas, respectively. No condensation or
water injection occurs to the air from the ambient to the cylinder. Thus, air water
vapor mass inside the cylinder at compression BD®y 20, , IS achieved using ideal

gas law andTgpc ,

(RHIK] Psat[K]) Veoc [K]

2.36
Ruz20 Teoc [K] ( )

My 20,, [K] =

where, RH is ambient relative humidity, Pss[K] is air vapor saturated pressure at
the ambient temperature, andRy o is the air water vapor gas constant, assuming
a constant equal to 461.5kgj—}L [11]. The trapped dry air at compression BDC is

calculated as below,

my 20int [k] Mres o [k] My yel [k]
M H 20 M res M fuel

Mair i [K] = Ntotgoe [K] M air (2.37)
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where,My 20, Mes, Mfuer @and M, are molar masses of the air water vapor, residual
gas, fuel and dry air are assumed constantly equal to be 18.02, 30.5, 100.1 and 28.97

k‘r;—gm, respectively. Nyt 1S the number of moles of the total trapped mixture at

compression BDC,

Peoc [K] Veoc [K]
Ru TBDC [k]

Notgoe [K] = (2.38)

From the combination of equations (34) to (38), a second-degree equation as a function
of Tgpc Is derived. Solving this equation, the temperature of the total trapped

mixture at compression BDC is estimated.

Step 6: Compression BDC to IVC

In-cylinder mixture temperature at IVC, T,,c, is estimated using the polytropic

eqguation,
Npoly (k1 1

Pive [K] "poly [k]
Peoc [K]

Tive [K] = Teoc [K] (2.39)

where, Py ¢ is in-cylinder pressure at IVC, andnygy is the polytropic index in the
compression stroke. The polytropic index is calculated between -60 to -120 CAD after
IVC. Then, using T\vc and ideal gas law, the number of moles of the total trapped

mass at IVC, ny, IS calculated,

Pive [K] Vive [K]

Mot (K] = R o

(2.40)

Where, Vv ¢ is the in-cylinder volume at IVC. In-cylinder trapped mass at IVC is

41



a composition of the fresh air, including air and water vapor, fuel, and residual gas.
Air water vapor is calculated again at IVC usingT,y ¢ and V,y ¢ in the equation (36).

The mass of in-cylinder trapped dry air,mg; , is estimated as below,

Mu20[K]  Mresi (Kl Miuer [K]

Mair [K] = Nt [K
air [K] tot [K] My 20 M res M tyel

Mair (2.41)

2.3.3 Nonlinear Control-Oriented MIMO In-Cylinder Air

Charge, Residual Gas and Temperature Model

A combination of the equations in Residual Gas and Air Charge sub-models creates

a control-oriented nonlinear discrete MIMO state-space model,

X[k +1] = f (x[K]; ulk]; d[k])

y[k] = h (x[K]; ulk]; d[k]) (2.42)
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where, X[K] is model state, u[k] is intermediate control input, d[K] is disturbance input,

and y[K] is the output vectors.

2 3
N [K]
pcyl [k]
int ady [k]
exi [K] 2 3
Tive K]
2 3 Pexh [k] 2 3
Texn [K] RH [K] Mair [K]
[ = § L uk=Bmappg? 5 dk=§ L yiK=
Mair [K] Tamb[K] Mres K]
Trun [K]
TEXH [k]
Tcoolant [k]
des[k]
Tfuel [k]
Pruel [k]
(2.43)

where, .., exhe are the intake and exhaust valves timing, respectively, and are
used with cylinder pressure trace to produce cylinder pressure and volume in di erent
events during an entire cycle. The ambient air relative humidity and temperature
are considered as disturbances in the vector. The state-space realization includes
two states, Texy and my,, which are presented as nonlinear functions of states
and inputs. The inputs included inug are, in fact, intermediate control variables.

Intermediate control variables can be described as functions of independent control
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inputs, including throttle position, valve timing, injected fuel amount, and timing.
The outputs of the model all can be demonstrated as nonlinear functions of the states

and inputs as well,

Texn [K+1] = f1(Texn [K]; mair [K]; ulk]; dk])
Mair [K + 1] = 2 (Texn (K] mai [K]; ulk]; d[K])
Tive [K] = f3(Texn [K]; mai [K]; ulk]; d[k])

Mres[K] = 4 (Texn [K]; ulk]; dk]) (2.44)

2.4 Model Calibration and Validation

The model described in section 4 includes two key calibration parametetsyxy A

and hyt A, the convective heat transfer coe cients during exhaust and intake strokes
multiplied by the e ective surface area. The calibration parameters were implemented
in the form of look-up tables. The selection of appropriate inputs and breakpoints
of the inputs for the look-up tables were made using experimental data for a wide
range of the engine normal part-load operating conditions. The two-level full-factorial

Design of Experiments (DOE) method was used to determine the test plan for the
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experimental data. DOE techniques help determine concurrently the individual and
interactive e ects of all factors that can in uence the outputs of the developed model.
Using DOE, a complete insight of interaction between design elements is achieved,
facilitating a robust design. Using the DOE method, sensitive areas in the model

that could cause problems are recognized and resolved.

The factors a ecting the designed model outputs are engine speed and load (IMEP),
intake and exhaust valve timing, combustion phasing (CA50), and Lambda. Table
2.3 represents the two-level DOE test plan, including low and high levels of all de ned
factors covering the experimental engine part-load operating conditions. The DOE
test plan comprises 64 tests in total. During the DOE tests, every factor was tested
on the experimental engine at its low and high levels while all other factors were xed.
Between every two DOE tests, the engine was run until the inlet air and exhaust gas

temperatures were stabilized at the new test point.

A set of data was recorded for every test point as soon as all engine parameters,
especially inlet air temperature, were steady. The DOE test points, including simul-

taneous intake valve advance and exhaust valve retard, -30 and 30 CAD respectively,

Table 2.3
DOE test plan for the designed model calibration

Engine Intake Exhaust
Factors Speed I(IEFI,E; Advance Retard (Céic)) Lambda

(RPM) (CA) (CA
Levels | Low | High | Low | High | Low | High | Low | High | Low | High | Low | High
Value | 1500| 3500| 250 | 750 | -30 0 0 30 8 18 | 0.9 1
Points 2 2 2 2 2 2
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caused very high overlap, 60 CAD. Very high overlap led to unstable engine operation
and high COV of IMEP. Therefore, the DOE test points comprising very high overlap
were replaced with -20 and 10 CAD intake advance and exhaust retard, respectively.
As a result, all DOE test points included a similar overlap duration equal to 27 CAD
considering -3 CAD of overlap with cams at pinned positions in which the engine was

operating stably.

Crank angle-resolved experimental data including engine position, speed, MAP, cylin-
der and exhaust pressures, and cycle-averaged data comprising valve timing, inlet air
and exhaust gas temperatures, Lambda, ambient temperature, and humidity, as well
as air and fuel mass meters data, were recorded for each test. This data was used to

de ne the values of the calibration parameters for each engine DOE test point.

Direct measurement of residual fraction in the cylinder for calibration and valida-
tion of the designed model is possible [27]. However, residual fraction measurement
is complex and has several limitations and associated uncertainties and errors. For
instance, charge non-uniformity and cycle-to-cycle uctuations result in variation of
the measured hydrocarbon concentration and subsequent error on residual fraction
measurement [41]. A well-accepted approach to residual fraction determination is the
GT-Power TPA method [42]. The GT-Power TPA method analyzes the steady-state
experimental data to determine the quantities such as residual gas fraction and cylin-

der temperature, which are di cult to measure directly. As a result, the calibration
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of the designed model comprises two major steps. The rst step is determining the
residual fraction and cylinder temperature validation values using the GT-Power TPA
model. The second step is to calibrate the designed model using the air and fuel mass
meter data and GT-Power TPA model validation values, including the trapped air

and residual masses and in-cylinder gas temperature at IVC and the end of blowdown.

2.4.1 GT-Power TPA-based Validation

The GT-Power TPA mode o ers a simulation-based method to analyze steady-state
experimental data to determine the quantities such as residual gas fraction and cylin-
der temperature, which are arduous to be measured directly. For this purpose, a
single-cylinder GT-Power model of the experimental engine was built. The model
was parameterized using the experimental engine geometry speci cation, including
the combustion chamber and components at the cylinder inlet and outlet. In addi-

tion, the experimental engine valve pro les shown in Figure 2.6 and Coe cient of

Discharge (CD) characteristic curves represented in Figure 2.7 (a) and (b) were set
in the model. Furthermore, the injectors and fuel speci cations were also adjusted in

the GT-Power model based on experimental engine data.

For each steady-state DOE test point, the GT-Power model was fed by the 300 cycle-

averaged intake manifold, in-cylinder, and exhaust pressure traces, as well as engine
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Figure 2.6: The experimental engine valves pro le
speed, intake and exhaust valves timings, Lambda, inlet air, exhaust and ambient
temperatures, and relative humidity. Then, the Overall Convection Multiplier of
the engine cylinder heat transfer was ne-tuned such that the GT-Power simulated
cylinder pressure trace coincided with the experimental data throughout the cycle at
the di erent strokes and peak pressure with less than 1% error. Figure 2.8 shows how
measured experimental and GT-Power simulated cylinder pressure traces match one

another for one of the DOE test points.

The simulated values of IMEP and trapped air mass at IVC matched with the ex-
perimental data from CAS and mass ow meter with a relative error less than 2%.
The identical procedure was accomplished for all DOE test points using the GT-

power model to derive residual fraction, cylinder mixture temperature at IVC, and
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Figure 2.7: Experimental engine valves Coe cient of Discharge character-
istic curves
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Figure 2.8: Experimental and GT-Power simulated cylinder pressure traces
for the DOE test point (N=1500RPM, IMEP=250kPa, Intake Advance=0
CA, Exhaust Retard=30 CA, CA50=8 CA aTDC and Lambda=1)

average exhaust gas temperature during the exhaust stroke. Figure 2.9 depicts the
simulated in-cylinder temperature pro le, including in-cylinder gas temperature at
di erent events, as well as trapped air mass and residual fraction from the GT-Power

model for one of the DOE test points.

The estimated parameters from the GT-power model and the related DOE factors
were analyzed using Minitab to de ne the most prevailing factors. As a result, the
lowest possible calibration e orts with acceptable precision for the developed model
were identied. The Pareto charts that assist in visualizing all factors’ main and
interaction e ects to the estimated parameters are shown in Figures 2.10, 2.11, and

2.12 for signi cance level, , of 0.05. The red vertical dash lines are the reference
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Figure 2.9: GT-Power simulated results including in-cylinder gas temper-
ature, trapped air, fuel and residual gas masses at IVC for the similar DOE
test point in Fig. 9

lines for statistical signi cance depends on the signi cance level. Bars that cross the
reference line are statistically signi cant. For instance, in gure 2.10 for trapped
air mass, the bars representing factors B, A, and AB cross the reference line at 4.5.
These factors are statistically signi cant at the 0.05 level with the model terms. To
summarize, Pareto charts show the IMEP and engine speed are dominant factors for
trapped air mass at IVC, and IMEP, valves timing, and engine speed have the most
contribution to the residual fraction and temperature at IVC. Therefore, the IMEP,
engine speed, and valves timing were selected as inputs for the calibration look-up
tables of the designed model, including two low and high levels for each, resulting in

16 calibration points in total.
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Figure 2.10: Pareto charts of the model outputs for air mass

2.4.2 MIMO Model Calibration

The developed model was parameterized with the engine speci cations, including
valve prole and Coe cient of Discharge used for the GT-Power model, and was
fed with similar inputs. Then, the simulated results from the GT-Power model for
residual fraction, in-cylinder mixture temperature at IVC, and the average exhaust
gas temperature during the exhaust stroke, as shown in gure 2.9, were used for

calibration and validation of the developed model.
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Figure 2.11. Pareto charts of the model outputs for residual fraction

As discussed above, the designed model includes two calibration parameters, con-
vective heat transfer coe cients of heat transfer multiplied by e ective area,h;yt A

and hexy A, in the exhaust and intake strokes. The calibration parametehexy A,
primarily a ects the mass of the trapped residual gas at IVO, and average cylinder
exhaust gas temperature, wheredsyt A has the prevailing e ect on the trapped air
mass and cylinder mixture temperature at IVC. Howeverh,yt A and hgxy A have

an interactive e ect on intermediate variables and outputs of the model. Therefore, a

step-by-step calibration procedure was derived for calibration of the model as follows,

1. It is assumed the heat transfer during the exhaust stroke is negligible, and in-

cylinder gas temperature is constant from the end of blowdown to IVO or EVC
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Figure 2.12: Pareto charts of the model outputs for temperature at IVC

(hexn A =0).

2. hiyt A is calibrated to have the model estimated air mass equal to the steady-

state experimental data from the air mass meter.

3. hexnA is calibrated to increase the heat transfer during the exhaust stroke. As a
result, the exhaust gas temperature decreases, and the mass of trapped residual
gas increaseshehA is calibrated to have the estimated residual fraction and
exhaust gas temperature from the developed model equal to the simulated values

from the GT-Power model with a de ned acceptance margin.

4. hi A is ne-tuned concurrently with he,y, A change to preserve the estimated
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air mass equal to the experimental data.

Figure 2.13 represents the step-by-step calibration procedure owchart. This calibra-
tion procedure was used to de ne the calibration parameteryyt A and hexy A, for

the 16 points from the DOE.

Figure 2.13: Developed model calibration procedure
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2.4.3 MIMO Model Steady-State Validation

Having h;yt A and hgxy A calibration parameters for di erent engine speeds and
loads and valve timings, the heat transfers during intake and exhaust strokes were
calculated, and their trends were examined and compared to expectations. Figures
2.14 and 2.15 represent the heat transfers during intake and exhaust strokes in di er-
ent engine speeds and IMEPSs, respectively, as well as various valve timings. Figure
2.14 shows the heat transfers during the intake, and exhaust strokes decrease while
the engine speed increases at the same load, as their duration reduces. In addition,
engine volumetric e ciency decreases and results in in-cylinder total trapped mass
and enthalpy decrease. Here, the experimental data from the air mass meter also
demonstrates total engine air consumption decrease when engine speed increases,
verifying the volumetric e ciency reduction. Figure 2.15 highlights the increase in
heat transfer for both intake and exhaust strokes resulting from in-cylinder trapped

mass and enthalpy increase while engine load increases at constant engine speed.

On the other hand, valve overlap via exhaust valve retard leads to increased heat
transfer for the intake and exhaust strokes. An increase in intake stroke heat trans-
fer growth ensues from increasing residual fraction and in-cylinder trapped mixture
temperature. In addition, the EVO retard leads to more expansion, a shorter blow-

down phase, and less exhaust gas scavenging out of the cylinder. As a result, the
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Figure 2.14: Heat transfers during intake and exhaust strokes at constant
engine load

Figure 2.15: Heat transfers during intake and exhaust strokes at constant
engine speed
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enthalpy of the in-cylinder exhaust gas ow and heat transfer during exhaust stroke
increases. Additionally, as the in-cylinder gas temperature at each event, shown in
Figure 2.5 P-V diagram, depends on the temperature from prior events, increasing or
decreasing the trapped mixture temperature],yc, causes respectively, the decrease
or increase of the subsequent in-cylinder exhaust gas temperatuigxy , and heat

transfer during exhaust stroke as well.

Contrary to the exhaust valve retard, increased valve overlap via intake valve advance
causes the intake and exhaust stroke heat transfer to decrease. Intake valve advance
leads to opening the valves before TDC-Intake during the exhaust stroke while the
piston is going up and intake manifold pressure is considerably lower than in-cylinder
pressure. As a result, a higher amount of exhaust gases ow back into the intake
manifold runner compared to the exhaust retard condition. Consequently, the residual
gas is cooled down inside the intake manifold runner before it is sucked back into the
cylinder during the intake stroke, resulting in the in-cylinder mixture temperature

and heat transfer decrease during the intake stroke.

The trapped air mass estimated by the GT-Power model and designed model, as
well as the experimental data from the LFE air mass meter, are presented in Figure
2.16. The calibrated GT-Power model and MIMO model estimate trapped air mass

with less than 1.8% relative error compared to the measured LFE air mass meter

experimental data. Figures 2.17 and 2.18 show the estimated residual fraction and
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Figure 2.16: Comparison of GT-Power TPA and developed model results
for in-cylinder trapped air mass

in-cylinder mixture temperature at IVC from the calibrated GT-Power and designed
models. The MIMO model estimates the residual fraction andi,, ¢ within 2.1% and
1.8% in comparison to the GT-Power model results, respectively. The average of the

relative error for 16 DOE test points for air mass, residual fraction, andl,y ¢ is 1.5%.

Estimated residual fraction and in-cylinder mixture temperature at IVC from the
calibrated and validated designed model based on the GT-Power model simulated
results and LFE air mass meter experimental data are represented for 16 DOE test
points in Figures 2.19 and 2.20. The residual fraction depends signi cantly on engine
load (IMEP), valve overlap, and engine speed, as is expected. Reduction of IMEP and
engine speed and increasing valve overlap cause residual fraction to rise as expected.

Figure 2.20 shows the in-cylinder mixture temperature decreases when the engine
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Figure 2.17: Comparison of GT-Power TPA and developed model results
for Residual fraction

Figure 2.18: Comparison of GT-Power TPA and developed model results
for in-cylinder gas temperature at IVC
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load increases caused by a signi cant increase in the mass of trapped fresh air charge
in the cylinder relative to residual gas. In addition, when engine speed increases, the
duration of the intake stroke decreases, and heat transfer from the in-cylinder mixture

to the cylinder wall reduces. Consequently, the in-cylinder mixture temperature at
IVC increases while engine speed rises. Also, higher valve overlap at the same engine
speed and load results in a higher residual fraction and higher in-cylinder mixture
temperature. In Figure 2.20, intake valve advance leads to earlier intake valve open
and lower cylinder pressure, resulting in a lower in-cylinder mixture temperature at

IVC.

Figure 2.19: Designed model results for Residual fraction
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Calibration parameters, hj; A and hen A, for 16 selected DOE test points, includ-

ing low and high engine speed, IMEP, and valve timing, were inserted in two 4-
dimensional look-up tables using linear interpolation. The look-up tables were uti-
lized to generate the parameters while the MIMO model was run in a transient cycle

to validate the model's dynamic behavior.

2.4.4 MIMO Model Dynamic Behavior Validation

The in-cylinder air charge, residual gas, and temperature model were run and val-
idated rst oine as a Matlab code using transient experimental data. Then, the
model was implemented on the CPDC rapid-prototyping ECU in Simulink/State ow

and was run and validated in real-time in parallel to the engine production ECU via

Figure 2.20: Designed model results for in-cylinder mixture temperature
at IvC
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CAN communication as shown in Figure 3 on the engine dynamometer.

2.4.4.1 Oine Dynamic Validation

The in-cylinder air charge, residual gas, and temperature model calibrated using GT-
Power TPA results was implemented as a Matlab code and validated rst in o ine
conditions. The model Matlab code is included in Appendix A. Then, a randomly
generated transient vehicle driving cycle was applied as a reference to analyze and
verify the MIMO model dynamic behavior. The driving cycle captured various tip-
in/tip-out events over varied speed/load conditions. The dynamometer controller was
programmed with the relevant speed/torque pro le to simulate the transient driving
cycle. The dynamometer reproduced the transient behavior of the engine from the
test vehicle by adjusting the dyno speed, torque, and pedal position. Bosch PCM
controlled the engine, and all data from production sensors and test bench instru-
mentation sensors were recorded throughout 1250 cycles of the dynamic cycle. The
acceleration and deceleration rate of speed and torque applied by the dynamometer
for the simulated driving cycle are shown in Table 2.4[43]. The scatter plot in Figure
2.21 depicts the engine operating conditions covered during the 1250 cycle test. Red
dots represent the engine speed/load operating points used for o ine validation of
the model[44]. The blue dots show the 16 calibration points selected based on DOE

analysis[45].
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Figure 2.21. Engine operating condition scattering during transient cycle
Air and fuel mass meters are located at a distance from the engine and are not
appropriate to be used as references for validation of the model estimated trapped
air during transitions. Thus, the air mass in the exhaust gas is calculated using
the experimental data measured by the exhaust gas oxygen (UEGO) sensor. Then,
the gas transport delay from the engine cylinder to the UEGO sensor is estimated.
For this purpose, the measured injection pulse width and fuel rail pressure with the

injector fuel delivery calibrations were used to calculate the ow rate of the injected

Maximum speed Maximum load
acceleration| deceleration| acceleration| deceleration
(rpm/sec) (rpm/sec) (bar/sec) (bar/sec)

1370 -1150 33 -63

Table 2.4
Transient test acceleration and deceleration speci cation
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fuel mass,m;,, . The test engine injector's fuel delivery characteristic curves in mg
per injection based on injection pulse width in msec and fuel rail pressure in psi have

been shown in Figure 2.22.

As the representative of the gas transport transient behavior, fuel transport dynamics
from when it is injected directly into the cylinder to when an experimental lambda
sensor measures its e ect is modeled for a wide range of engine speed and load as

following,

Mf yeco (S) — 1 s T
= e
ms,, (S) 1+ yUecosS

(2.45)

Where, m; .., is the ow rate of the fuel mass measured by the UEGO sensor,

Figure 2.22: Injector fuel delivery characteristic curves
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ueco IS the time constant of the sensor from its speci cation sheet and T is the
period between the moment of fuel injection into the cylinder and the moment of AFR
measurement by the UEGO sensor. T was measured in di erent engine speeds and
loads by commanding lambda value to be changed from stoichiometric condition to
both rich and lean conditions[46]. The transport-delay compensated lambda value
resulting from the fuel transport dynamics model is used to produce the experimental

reference dynamic air charge as followed

Mair o = UEco AFswoich Mieeo (2.46)

Figure 2.23 depicts the inputs and outputs of the designed discrete cycle-based in-
cylinder air charge, residual gas, and temperature model during the dynamic cycle.
The spark timing, controlled by the production PCM to the optimum value through-
out the transient cycle, is also shown in gure 2.23. After any acceleration or decelera-
tion, the model output for air charge settled in a new steady-state level with less than
2% error. However, a 2% steady-state error results from the 16 point calibration for
the entire range of the engine part-load operating condition[45]. Other vital outputs
comprising the mass of trapped and overlap back ow residual gas and in-cylinder gas
temperatures at IVC and after blowdown are also depicted in Figure 2.23. Dynamic
behavior of the in-cylinder trapped mixture temperature at IVC during transitions is
interesting as it is an essential input for combustion phasing estimation[43]. Similarly,

in-cylinder exhaust gas temperature at the end of the blowdown should have proper
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dynamic behavior as it is propagated to the engine-out exhaust gas temperature es-

timation that is used in the catalyst warm-up model[45].

Figure 2.23: The oine MIMO model validated outputs in a transient
driving cycle
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To scrutinize the MIMO model dynamic behavior during transitions, one of the tip-

in and tip-out transitions shown in Figure 2.24 is zoomed in and analyzed in detail.
Figure 2.24 shows a tip-in between cycles 70 and 90 in which about 900 and 80 kPa
increase in the IMEP and MAP occurs, respectively. In addition, the exhaust valve
timing experiences 27 CAD retard from the parking position and settles back to the
parking position again at the end of the transition. The intake valve remains in the
parking position until cycle 86 and then advances for 12 CAD. As it is seen in Figure
2.24, the model estimated trapped air charge at IVC increases from 100 mg to 530 mg
following the experimental reference dynamic air charge cycle-by-cycle without delay.
Furthermore, the estimated trapped air pursues the dynamic of the model's inputs
during acceleration and does not show any extra overshoot. The residual fraction
also decreases by about 12% due to the trapped air charge increase, while the valve

overlap is approximately the same at the beginning and end of the transition.

Figure 2.25 shows a tip-out between cycles 680 and 700 in which about 800 and 60
kPa decrease in the IMEP and MAP occurs, respectively. In addition, the intake
valve timing changes from 20 CAD advance to the parking position while the exhaust
valve remains entirely at the parking position. As it is seen in Figure 2.25, the
model estimated trapped air charge at IVC decreases from 405 mg to 95 mg following
the experimental reference dynamic air charge cycle-by-cycle without delay. The
estimated trapped air follows the dynamic of the model's inputs during deceleration

and does not show any extra overshoot. The residual fraction also increases by about
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Figure 2.24: The oine MIMO model validated outputs during a tip-in
transition

10% due to a 310 mg trapped air charge decrease while the valve overlap decreases

for about 20 CAD.
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Figure 2.25: The oine MIMO model validated outputs during a tip-out
transition

2.4.4.2 Real-Time Implementation and Validation

The model was implemented on the CPDC rapid-prototyping ECU in Simulink/S-
tate ow and was run and validated in real-time in parallel to the engine produc-

tion ECU via CAN communication as previously shown in Figure 2.3 on the engine
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dynamometer. The Simulink/State ow model is included in Appendix B. The cal-
ibration parameters comprising convective heat transfer coe cients of heat transfer
during intake and exhaust strokes were added to the real-time model as two look-up
tables. The look-up tables included real-time cycle-based engine speed, IMEP, and

intake and exhaust valves timing as inputs.

The dynamic behavior of the implemented real-time model on CPDC was assessed
and validated in a 1350 cycles transient cycle on the engine dynamometer. Bosch
PCM controlled the engine with CPDC being operated in parallel. Figure 2.26 shows
inputs and outputs of the real-time model on CPDC recorded by ATI-Vision software
during the cycle. The dynamics of the inputs, including valve timing, Lambda, and
in-cylinder pressure in dierent events, are seen in Figure 2.26. Figure 2.26 also
depicts that in the steady-state regions, the real-time estimated air mass follows
the experimental LFE air mass meter data with less than 2% error. Figure 2.27
shows the real-time model estimated air charge against the LFE air mass meter
data per cycle and cylinder. The average error is 1.45 mg throughout the transient
cycle steady-state regions, and the standard deviation of error is 4.2 mg. The real-
time dynamic behavior of the estimated trapped residual gas, the mass of exhaust
gas owing back into the cylinder during valve overlap, residual fraction, and in-
cylinder gas temperature at IVC and after blowdown are also depicted in Figure
2.26. Similarly, the estimated residual gas and in-cylinder temperature parameters'

dynamics do not include overshoot.
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Figure 2.26: The experimental validation of real-time model in a transient
driving cycle

To analyze the real-time model dynamic behavior during transitions, one of the tip-
in and tip-out transitions shown in Figure 2.26 is zoomed in and assessed in detail.

Figure 2.28 shows a tip-in between cycles 520 and 540, including the IMEP and
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Figure 2.27. The real-time model estimated air charge against the LFE
air mass meter data per cycle and cylinder

MAP dynamics while engine load increases. The exhaust valve timing is changed
from 28 to 11 CAD retarded while the intake valve remains in the parking position.
The dynamics of the in-cylinder pressure at IVC and EVO are also seen in Figure
2.28. The model estimated trapped air charge at IVC follows the input dynamics,
especially the in-cylinder pressure dynamics, cycle-by-cycle during the acceleration.
The residual fraction also decreases by about 9% due to a 17 CAD decrease of valve

overlap while the trapped air charge increases about 80mg.

Figure 2.29 shows a tip-out between cycle 710 and 730 in which about 255 and 21
kPa decrease in the IMEP and MAP occurs, respectively. The exhaust valve timing
is retarded 16 CAD while the intake valve remains in the parking position. The

model estimated trapped air charge at IVC follows the input dynamics, especially the
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in-cylinder pressure dynamics, cycle-by-cycle during the deceleration. The residual
fraction also increases by about 7% due to a 15 CAD increase of valve overlap while

the trapped air charge decreases about 80 mg.

2.45 MIMO Model Sensitivity Analysis

The designed model included several assumptions. The sensitivity of the model out-
puts to the considered assumptions is analyzed for the range of engine part load

conditions in this section.

Gas Composition Change from IVC to EVO

The ideal gas and mass conservation laws were used in the developed model for
calculation of the Tgy o from T,y ¢, assuming gas composition does not change from
IVC to EVO for simpli cation. In reality, the gas composition is changed from a
mixture including unburned air and fuel and burned residual gas at IVC to mostly
burned gas at IVO in the engine's normal operating condition. Uncertainty analysis
shows that this assumption causes less than 0.5% relative error in the trapped air

charge and residual gas estimation.

Constant End of Blowdown Position
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Figure 2.28. Zoomed-in view of Figure 2.26. The real-time model validated
outputs during a tip-in transition
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Figure 2.29: Zoomed-in view of Figure 2.26. The real-time model validated
outputs during a tip-out transition
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The designed model used 260 CAD as a constant engine position for the end of
blowdown. In reality, the end of blowdown changes with engine speed and load and
cam phasing. Uncertainty analysis shows that 28CA change of the end of blowdown
position from 250 to 270°CA results less than 0.15% change in the trapped air
charge and residual gas estimation. The position of the end of blowdown impacted
the calculation of T\, o or Tgyc using the energy balance equation used from the end
of blowdown to IVO or EVC. Therefore, the uncertainty resulted from the variation of

the end of blowdown position is compensated by the calibration parametédrgyy A.

Constant Speci ¢ Heat Ratios

The developed model used a constant speci ¢ heat ratio of the exhaust gas at IVO and
EVO. However, the speci c heat ratio of the exhaust gas changes with equivalence
ratio and temperature variation[11]. For our case, equivalence ratio, antkyo and
T\vo change for the DOE tests were over the range of 0.9 to 1, 940 to 1380 K, and
650 to 930 K, respectively. Consequentlyezyo and vo could have a variation from
1.25 to 1.35[11]. This 0.1 variation in the speci ¢ heat ratios causes a 0.25% relative

change in the trapped air charge and residual gas estimate.

Constant Fuel Vaporization Portion

In the model, the portion of the fuel is vaporized during the intake stroke while it is
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injected into the cylinder chamber was constantly considered equal to 90%. Uncer-
tainty analysis shows that a 5% change in the portion of vaporization of the injected

fuel results in a 1% change in the trapped air charge estimate. The vaporization
portion of the fuel impacts the charge cooling of the inducted gases. Therefore, the
uncertainty resulting from the fuel vaporization portion is lumped into the calibration

parameter, h;yt A.

2.5 Summary and Conclusion

A nonlinear discrete MIMO physics-based model was developed to estimate the mass
of trapped air and residual gas and in-cylinder mixture temperature in a turbocharged
VVT-GDI engine. A precise dynamic cycle-by-cycle prediction of individual-cylinder
mass of trapped air and residual gas and in-cylinder mixture temperature at IVC are
vital to improving fuel and combustion phasing control. The developed model used
dynamic in-cylinder, intake, and exhaust pressures to estimate the required param-
eters and was validated through dynamic experiments and analysis. Compressible
ideal gas ow correlations were used to derive the model from estimating the residual

gas resulting from exhaust back ow during valve overlap.

The model was calibrated and validated using experiments developed based on a

full-factorial, two-level DOE test plan, including 64 test points. The GT-Power TPA
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method and experimental data from the LFE air mass meter were used to calibrate
and validate the designed model in steady-state conditions with a maximum 1.5% av-
erage relative error. The optimum number of calibration points was determined using
DOE analysis based on Pareto charts. As a result, 16 calibration values were de ned
as adequate calibration e ort for each calibration parameter to have less than 2% error
of the estimated parameters across all tested engine part-load operating conditions.
The calibration e ort of the model is signi cantly low, 32 points, compared to the
extensive VE look-up table calibration, 512 points required in VVT-based traditional

models.

The model was implemented as a built-in code in the Delphi CPDC rapid prototype
engine controller for experimental assessment and validation in real-time conditions.
Dynamic validation of the real-time model was accomplished using a transient cycle
in real-time conditions. The estimated parameters followed the transitions cycle-by-
cycle with no lag and extra overshoot and less than 2% steady-state relative error.
Compared to the GT-Power TPA model, the developed model runs 2800 times faster

and was easily implemented on the rapid-prototype ECU.

The model has been designed modular and can be further developed for other engine

operating conditions, such as cold-start, in the future.
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Chapter 3

Elevated HEV Cranking Speed

Cold Start Emissions Analysis

The cold crank-start phase signi cantly contributes to the engine-out total emissions
during the US Federal Test Procedure (FTP). The rst three engine cycles of the cold
crank-start for a Gasoline Direct Injection (GDI) engine in Hybrid Electric Vehicle
(HEV) elevated cranking speed is investigated at 2G. To this end, the impact of the
operating strategy on the individual-cylinder engine-out emissions is analyzed quan-
titatively. For this purpose, a new dynamic method was developed to translate the
engine-out emissions concentration measured at the exhaust manifold outlet to mass
per cycle per cylinder. The HEV elevated cranking speed provides valve timing con-

trol, throttling, and increased fuel injection pressure from the rst rings. This study
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concentrates on analyzing the cranking speed, spark timing, valve timing, and fuel in-
jection strategy and parameters e ect on engine-out emissions. Design of Experiment
(DOE) method is used to create a two-step multi-level fractional-factorial test plan
with a minimum number of test points to evaluate the signi cant parameters a ecting
engine-out emissions during cold crank-start. Out of the rst step DOE analysis, the
optimal cranking speed, spark timing, and valve timing, which results in the lowest
unburnt HydroCarbon (HC) and NOx emissions, are distinguished. Then, xing the
rst step parameters at their optimal values, the second step is accomplished with
the fuel injection parameters sweep. The split injection parameters, including the
Start of the rst Injection (SOI), End of the second injection (EOI), and split ratio,

in addition to the rst cycle additive fuel factor, are investigated. Results show that
the high cranking speed with stabilized low MAP, highly-retarded spark timing, high
valve overlap, late intake rst injection, 30 CAD bTDC ring EOI, and low rst cycle

fuel factor reduces the HC emissions 94%.

3.1 Introduction

Several studies have already examined GDI engine operation strategy and emissions
analysis during the cold crank-start phase. Table 3.1 describes the summary of the
GDI engine emissions analysis from the literature and this work. In one study, Ro-

driguez et al. investigated the e ect of the operation strategy on rst cycle CO, HC,
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and PM/PN emissions in a GDI engine through analyzing a single combustion event-
out emissions in di erent Start of Injection (SOI), Fuel Enrichment Factor (FEF),
spark timing, and fuel pressure [5]. In another study, the same authors evaluated the
e ects of the injected fuel mass, SOI, and spark timing on the initial three engine
cycles-out emissions [47]. In these two studies, the valve timing was in a conventional
parking position. | another work, Rodriguez et al. researched the e ect of valve
timing with large negative valve overlap on initial three engine cycles-out emissions
at constant engine load, combustion lambda, spark timing, and injection timing in
another study [48]. All three above studies were carried out for the conventional
cranking speed of 280 rpm. Next, Rodriguez et al. accomplished a carbon accounting
analysis in di erent FEF, single injection timing, spark timing, MAP, fuel pressure,
and engine cranking speed to assess the amounts of fuel contribute to combustion,
being evacuated as unburnt HC emissions, remaining in the combustion chamber as
residual fuel, and lost as blow-by or being absorbed in the lubrication oil [49]. All the
above studies were done with the engine operating in single cylinder mode, resulting
in an intrinsic deviation from 4-cyl engine real dynamic behavior during cold crank-
start even if the engine is externally assisted in simulating the 4-cyl engine speed
transient. In addition, Rodriguez et al. have not analyzed the e ect of the split injec-
tion strategy on cold crank-start emissions. More important, to convert the measured
concentrations from emission analyzers to the mass, they have used the theoretical

isentropic expansion of an ideal gas for the exhaust process, which imposes another
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Scholars J.Rodriguez J.Rodriguez Jinghu Hu Zheng Xu V. Kale This Work
Mode Crank Crank Crank Crank Crank Crank
First cycle First cycle 5 cycles Fast Idle 3 cycles | 3 cycles
Cranking Low/280 280/700/1200 Low/280 200/500/1200 | Low/180 | 600/1100/1600
Speed (RPM)
Fuel Low/50 Low/50 50 to 125 100 41030 | 100
Pressure (bar)
Fuel Injection Single Injection Single Injection Split Injection | Split Injection Single Split Injection
Strategy 9 I 9 ! p ! P I Injection | Intake/Compression
1. Fuel Pressure 1. Cranking Speed 1. Cranklng Speed
2. Spark Timing 2. Fuel Pressure 2. Spark Timing
Analyzed 3' valve Timin 3. Spark Timing N/A N/A 1.AFR 3. Valve Timing
Parameters ' g 4. FEF 2.80I 4. Fuel Factor
4. FEF
5 SOl 5. SOI 5. SOI
' 6. MAP 6. EOI
o 1.Quasi-steady 1.Quasi-steady Y . 1. Dynamic
Em_lssm_n 2. Single cylinder | 2. Single cylinder L.Quasi-steady| 1.Quas-steady N/A 2. Individual-cylinder
Estimation 2. Mass ow 2. Mass
3. Mass ow 3. Mass ow 3. Mass
1. Trapped air mass
2. Residual Fraction
3. In-cylinder temp.
Estimated Fuel 4. Combustion lambda
N/A N/A N/A . N/A 5. Residual fuel
Parameters evaporation .
6. Fuel evaporation
7. Blowby rate
8. Exhaust gas dynamic|
9. Post-oxidized HC
Emission 1. HFR400 FFID | 1. HFR400 FFID | 1. Horiba 1 EFID 1. HFR500 FFID
2. Fast NDIR500 | 2. Fast NDIR500 | (accumulated) | = N/A 2. Fast NDIR500
Measurement . ] . 2. Accumulated ;
3. Cylinder runner | 3. Cylinder runner | 2. Engine out 3. Engine out
. . Pressure ratio vs IMEP
Combustion | Negative IMEP | N/A N/A N/A Normal late-burn
Classi cation | Misre - -
Mis re/Partial burn
Table 3.1

Summary of GDI engine cold crank-start emissions analysis compared to
the study in this work

error in estimation.

Fan et al. studied the e ect of split injection on the combustion characteristics of the
rst crank-cycle in constant conventional cranking speed, spark timing, fuel pressure,
and valve timing in parking position [50], and analyzed HC emissions concentration
for the entire cranking process without translating to mass [51]. Wiemer et al. inves-
tigated the e ect of fuel quantity, injection timing, and spark timing in an engine with

a strati ed fuel injection strategy during the conventional speed cold crank-start-up

phase and evaluated the HC emissions in concentration [52]. Xu et al. analyzed
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the e ect of split injection strategy on engine cranking and run-up HC emissions
based on cumulative feed gas HC in concentration [53]. Hu et al. introduced a new
cumulative-based technique for cycle-resolved measuring of cold start rst ve cy-
cles HC and CO/CO2 emissions in the conventional cranking speed GDI engine cold
start operating conditions with constant parameters [54]. Kale et al. investigated the
conventional cranking speed Sl engine startup trace on a single cylinder GDI engine
simulating the engine's initial combustion cycles including engine speed, manifold

pressure and fuel pressure [55].

Some other studies on engine-out emissions during cold crank-start were conducted for
HEVs. Yu et al. investigated the transient characteristics of combustion and single-
cylinder-out HC emissions concentration in di erent cranking speed start/stop oper-
ation initial cycles in HEV equipped with a Port-Fuel-Injected (PFI) engine [56, 57].
Li et al. analyzed e ects of coolant temperature, fuel temperature, cranking speed,
injection timing, and total equivalence ratio on the combustion characteristics and
emissions concentration of the GDI engine rst combustion cycle under strati ed
combustion conditions for HEV quick start process [58]. Pham et al. researched the
characterization of cumulative HC and NOx emissions from blended plug-in HEVs
during the high-power cold-starts in di erent driving cycles [59]. Kawaguchi et al.
investigated cumulative HC and NOx emissions during cold-start phase of the FTP-

75 driving cycle for a motored start concept in a PHEV with PFI engine [60]. All the
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above studies have relied either on cycle-resolved emissions concentration or cumula-

tive mass measurement.

This study aims to better understand the dynamic behavior of the engine-out emis-
sions during the cold crank-start phase of a GDI engine at HEV high cranking speeds.
To this end, the engine-out emissions are analyzed utilizing a new dynamic method
developed to translate the emissions concentration measured with fast in-situ analyz-
ers at the exit of the exhaust manifold to mass per cycle per cylinder. The impact
of the engine operating strategy, including cranking speed, spark timing, valve tim-
ing, and fuel injection parameters on the initial three engine cycles emissions, are

investigated. The speci c contributions of this work are:

1. Development of a new method to quantify engine-out emissions in mass per

cycle per cylinder

2. Development of an engine-dyno test methodology to duplicate the motored HEV

elevated cranking speed cold crank-start process

3. Utilize DOE methods to create a two-step multi-level fractional-factorial test

plan with an optimal number of test points

4. Analyse of the engine operating strategy, including cranking speed, spark tim-

ing, and valve timing with respect to their impact on the engine-out emissions

5. Analysis of the split injection strategy's parameters, including SOI, EOI, split
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ratio, and the rst cycle fuel factor impact on the engine-out emissions

6. Derivation of the optimal control inputs trajectories resulting in the lowest HC

and NOx emissions during the cold start rst cycles

3.2 Experimental Setup

3.2.0.1 Engine Setup

The experiments were accomplished using a Ford 2.0L Ecoboost turbocharged in-line
4-cylinder GDI engine with independent intake and exhaust cam phasing control. A

summary of the engine technical speci cation is presented in Table 3.2. A Bosch
production ECU read the engine sensors and commanded the actuators to control
the engine. All parameters of the Bosch production ECU were accessible through

ATI Vision ® software.

Figure 3.1 represents a schematic of the test engine experimental setup.A 450 hp
Alternating Current (AC) dynamometer controlled the engine speed or load. NI-
VeriStand software was used to develop and speed/torque pro le to generate and
apply appropriate stimulus commands to the dynamometer to duplicate the intended

HEV motored crank-start speed-torque pro le. Kistler 6125A pressure transducers
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Compression Ratio 9.3:1

Bore 87.5 mm
Stroke 83.1 mm
Connecting Rod Length 155.9 mm
Wrist-Pin O set 0.6 mm

Base Intake Valve Open (IVO) 11° ATDC
Base Intake Valve Close (IVC) 247 ATDC
Base Exhaust Valve Open (EVO)| -216° ATDC
Base Exhaust Valve Close (EVC)| 8° ATDC
Firing Order 1-3-4-2
Table 3.2
Engine technical speci cation

were used to measure the cylinder pressures with an accuracy of 2%. An OMEGA
pressure sensor was used to measure the dynamic pressure in the intake manifold
with an accuracy of 0.25%. A fast response piezoresistive Kulite pressure sensor was
used to measure the dynamic pressure in the exhaust manifold with a measurement
bandwidth of 150 kHz and an accuracy of 1.5%. An AD Combustion Analysis System
(CAS) with 32-channels was used for crank angle-resolved data acquisition. Cylinder,
intake and exhaust pressure data were recorded by CAS with a sampling resolution
of 0.5 CAD. High-resolution measured cylinder, intake and exhaust pressure data
captured gas exchange dynamics during the valve overlap and exhaust gas transients
in the exhaust manifold during the exhaust stroke. The cylinder pressure data was
pegged based on Dual-Pegging method using both MAP and exhaust pressure data.
K-type thermocouples were used to measure inlet air and exhaust gas temperatures

in the intake port and exhaust gas path.

The air and fuel mass ows were measured by a laminar ow-meter and a Coriolis
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Figure 3.1: Schematic of the engine experimental setup

ow-meter, respectively. The fuel used for the experiments is E10 gasoline with an
AKI of 87. An 80I1-110S Fluke AC/DC Clamp-On Current Probe was used to measure
the injection pulse of the fuel injection in all cylinders. CAS with 0.5 CAD resolution
recorded the injection pulse and fuel rail pressure traces. The injection pulse trace
was used to extract the injection pulse width to con rm the ECU commanded values.
A wideband UEGO sensor was also used along with the production sensor with an
accuracy of 1% around lambda 1. The output of the wideband UEGO sensor was

monitored using an ETAS lambda-meter and recorded by CAS.

The fast response analyzers from Cambustion were used to measure the exhaust
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composition. The HFR500 Fast Flame lonization Detector (FFID) unit measured the
HC concentration with a response time t10-90 of 1ms. The NDIR500 fast analyzer
measured CO and CO2 concentrations, with a response time t10-90 of 8ms. Figure
3.2 and 3.3 represents the assembly of the emission analyzers' probes on the engine
and the sampling location of the emissions at the exhaust manifold outlet. CAS with
0.5 CAD resolution recorded the emissions traces. In this study, the measured HC
and CO/C0O2, and GT-Power simulated NOx concentration were used for for analysis.
However, the dynamic event-by-event exhaust gas mass owing out of the exhaust
manifold estimated by the developed method can be used to translate the measured

NOx emission concentration to mass in future work.

Figure 3.2: HC and CO/CO2 emission analyzers assembly on the engine
exhaust manifold outlet
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Figure 3.3: HC and CO/CO2 emission analyzers probes' tips position

3.2.0.2 Experiment Description

As seen in the experimental setup shown in Figure 3.1, the experiments for this study
were carried out in multi-cylinder mode at the engine real operating conditions in
the motored HEV elevated cranking speed cold crank-start phase. As a result, the
real speed/torque transient of a 4-cylinder engine is analyzed during the crank-start
conditions. To duplicate the HEV motored crank-start process at di erent cranking
speeds, the dynamometer was programmed to generate the appropriate speed/torque
pro le. Figure 3.4 represents the dynamometer speed/torque command for motored
HEV elevated cranking speed cold crank-start experiment with 1100 RPM cranking

speed. A short high-speed command from the dynamometer increased the engine
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speed to 1100 RPM rapidly and kept the engine motoring at 1100 RPM for 3 sec-
onds. The three-seconds motoring phase was included in the experiment to provide
adequate time to increase the oil pressure required for valve actuator activation to
adjust the valve timing to the target value from the rst ring. Furthermore, the
MAP was reduced and stabilized, and fuel pressure was increased to the fuel pressure
at the engine's targeted operating conditions, 100 bar, from the rst ring. After the

rst ring, the dynamometer commanded engine speed equal to 1500 RPM for the
transition period from 1100 RPM to 1500 RPM during the crank-start phase. Finally,

a small torque ramp was applied by the dynamometer reducing the e ective inertia
of the driveshaft and dyno in the test cell and simulating the inertia and accessories

torque in the vehicle when the engine begins to re.

Figure 3.5 shows how the engine speed and normalized load, spark timing, and
fuel pressure follows the reference HEV pro les using the appropriate dynamometer
speed/torque command shown in Figure 3.4. In addition, the valve timing dynamics,
including the intake advance and exhaust retard is represented in gure 3.5 (d) and
(e), showing that valve timing has reached the target value before the rst ring. The
experiment was done at cranking speed equal to 1100 RPM, spark timing, -10, -5.2,
-0.4, 4.4, 9.2, 14 CA aTDC in ring order, intake advance, 20 CAD, exhaust retard,
20 CAD, fuel factor, 1.15, split ratio, 0.5, SOl and EOI, 165 and 50 CA bTDC ring,
respectively. The fuel factor is de ned from the proportion of AFR from the injected

fuel mass to the fuel is required for a stoichiometric AFR based on the estimated
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Figure 3.4: Programmable dynamometer speed/torque command for mo-
tored cold crank-start with 1100 RPM cranking speed

Figure 3.5: The engine speed, normalized load, spark timing, and fuel pres-
sure pro les for the duplicated engine-dyno and reference HEV experiments
besides the valve timing dynamics at the motored high cranking speed cold
crank-start

trapped air mass. The fuel factor shows the amount of additional fuel injected in the

rst cycle to the fuel required in stoichiometric conditions.

In all experiments, the test room ambient, engine coolant, and intake air temperatures

were retained at the cold-start temperature requirement of the FTP-75 driving cycle,
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20°C 1°. For this purpose, two independent external cooling systems were used to
adjust the engine coolant and inlet air temperatures to the desired operating values.
Inlet air temperature was regulated by controlling the coolant temperature of the
turbocharger after-cooler. Seven cold-start tests were carried out per day, including
one overnight-cooled and six forced-cooled. At the end of each test day, the engine
was run in idle and part load conditions for half an hour to evaporate and exhaust the
fuel contamination of the engine lubrication oil created from the cold start tests. For
the overnight-cooled test, the engine was soaked for at least 12 hours from the engine
running for the fuel contamination removal on the previous test day. In addition, the
engine was motored for 100 cycles at 1000 RPM and Wide Open Throttle (WOT)
condition after each experiment to evacuate the residual HC from the combustion
chamber and exhaust path for the next test. After each cold-start test, the engine
was cooled-done to & using the external cooling system, fuel pressure and PCM
was reset, and the engine was naturally soaked for an hour to reach the FTP-75

requirement temperature, 20C  1°.

Figure 3.6 represents the standard deviation of the measured average rst cycle HC
emissions of a cold-start test that has been repeated on 3 di erent days, seven times
per day, once at the overnight-cooled conditions, and six times at the forced-cooled
conditions. For the 3 overnight-cooled tests, results showed 0.13 mg standard devia-
tion, and for the 18 forced-cooled tests, 0.11 mg standard deviation was achieved.

Therefore, applying precisely similar experiment conditions from test to test has
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Figure 3.6: The average measured rst cycle HC emissions for a test re-
peated in 3 di erent days at overnight-cooled and forced-cooled conditions
for the test results reputability check

shown the results are quite repeatable. In addition, the results shown in Figure 3.6

represent a 25% deviation between the average measured HC emissions of 3 overnight-
cooled tests and 18 forced-cooled tests. This amount of deviation is reasonable be-
cause no matter how careful you are, the forced-cooled test conditions can never be
equal to 12-hours soaked engine test conditions. However, it was used to derive an

accurate correction factor and apply it to the forced-cooled test results.

3.3 Method Development

The cold-crank-start phase is a highly dynamic condition. Therefore, each combus-

tion event has its own unique characteristics, as shown in Figure 3.7 for a motored

elevated cranking speed experiment. The experiment was done at cranking speed
equal to 1100 RPM, spark timing, -10, -5.2, -0.4, 4.4, 9.2, 14 CA aTDC in ring

order, intake advance, 20 CAD, exhaust retard, 20 CAD, fuel factor, 1.15, split ratio,
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Figure 3.7: Motored cold-start experiment at cranking speed 1100 RPM
with zoomed-in rst three cycles

0.5, SOI and EOI, 165 and 50 CA bTDC ring, respectively. The fuel factor is de-
ned from the proportion of AFR from the injected fuel mass to the fuel is required
for a stoichiometric AFR based on the estimated trapped air mass. The fuel factor
shows the amount of additional fuel injected in the rst cycle to the fuel required in

stoichiometric conditions.

The cold-crank-start phase includes engine speed and MAP dynamics, especially in
the case of low cranking speed. During the rst cycle, cylinder temperature is low
and includes cold air as trapped residual gas. As a result, the pistons ring-gap is high,
and there is a lack of lubrication oil, causing signi cant blow-by rate and charge loss,
including the lost fuel. Air residual is replaced by hot burned exhaust gas from the
second event, and cylinder wall temperature increases from the rst cycle combus-

tion, resulting in high in-cylinder temperature transients. As a result, injected fuel
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evaporation behavior varies signi cantly from the rst cycle to the next. Therefore,

a considerable portion of the injected fuel in the rst cycle does not evaporate before
the spark to be able to contribute to the combustion, and either exhausted as unburnt
HC out of the cylinder or remains inside the cylinder as residual fuel; the residual

fuel contributes to the next cycle's combustible mixture.

The engine control inputs, including throttle angle, spark timing, injected fuel
amount, and timing, all follow transient pro les. Furthermore, the rst cycle fuel

e ciency factor and consequently combustion Air-to-Fuel-Ratio (AFR) is di erent.
Moreover, in the motored high-speed HEV crank-start, valve timing is also controlled
from the rst cycle. The exhaust gas dynamics inside the exhaust manifold are also
added, considering the air inside the exhaust manifold is replaced by the burnt ex-
haust gas event-by-event during the rst cycle. Finally, the exhausted unburnt HC

is post oxidized, especially for the highly-retarded spark timing late-burn combus-
tion. As a result, a dynamic method is used for the individual-cylinder translation of
the engine-out emissions concentration to mass during the cold-start rst three cycles,
considering all the above-mentioned transients. Figure 3.8 represents a block diagram
of the method, including the top-level Inputs/outputs. The in-cylinder parameters
are estimated dynamically using the GT-Power Three Pressure Analysis (TPA) as
outlined below and detailed the previous studies' developed in-cylinder air charge,
residual gas, and temperature model[43, 44, 45, 61] adapted for motored cold-start

rst cycles.
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