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Abstract

Integrated thermal energy management across system level components in electric
vehicles (EVs) and hybrid electric vehicles (HEVS) is currently an under explored
space. The proliferation of connected vehicles and accompanying infrastructure in
recent years provides additional motivation to explore opportunities in optimizing
thermal energy management in EVs and HEVs with the help of this newly available
connected vehicle data. This thesis aims to examine and analyze the potential to
mitigate vehicle energy consumption and extend usable driving range through optimal
control strategies which exploit physical system dynamics via controls integration of

vehicle subsystems.

In this study, data-driven and physics-based models for heating, ventilation and air-
conditioning (HVAC) are developed and utilized along with the vehicle dynamics and
powertrain (VD&PT) models for a GM Chevrolet Volt hybrid electric vehicle to enable
co-optimization of HVAC and VD&PT systems of HEVs. The information available
in connected vehicles like driver schedules, trip duration and ambient conditions is
leveraged along with the vehicle system dynamics to predict operating conditions of
the vehicle under study. All this information is utilized to optimize the operation of
an integrated HVAC and VD&PT system in a hybrid electric vehicle to achieve the

goal of reduced energy consumption.

XXiX



For achieving the goals outlined for this thesis, an integrated HVAC and VD&PT
model is developed and the various components, sub-systems and systems are val-
idated against real world test data. Then, integrated relationships relevant to the
thermal dynamics of an HEV are established. These relationships comprise the com-
bined operational characteristics of the internal combustion (IC) engine coolant and
the cabin electric heater for cabin heating, coordinated controls of IC engine using en-
gine coolant and catalyst temperatures for cabin thermal conditioning in cold ambient
conditions and the combined operational characteristics of the air-conditioning com-
pressor for conditioning both cabin and high-voltage battery in an HEV. Next, these
sub-system and system relationships are used to evaluate potential energy savings in

cabin heating and cooling when vehicle's operating schedule is known.

Finally, an optimization study is conducted to establish an energy e cient control
strategy which maximizes the HVAC energy e ciency whilst maintaining occupant
comfort levels according to ASHRAE standards, all while improving the usable range
of the vehicle relative to its baseline calibration. The mean energy savings in overall
vehicle energy consumption using an integrated HVAC - Powertrain control strategy
and a coordinated thermal management strategy proposed in this work are 3% and

14% respectively.

XXX



Chapter 1

Background and Introduction

1.1 Trends in Modern Automotive Industry

Future fuel economy and emission regulations under the Corporate Average Fuel
Economy (CAFE) standards [6] administered by NHTSA and Clean Air Act under
the Environmental Protection Agency (EPA) dictate fuel e ciency improvements
required by automotive manufacturers in the US. Globally, the energy demand for
transportation is expected to rise by about 30% between 2014-2040 [1]. This is a
consequence of the steady proliferation of the global light-duty vehicle eet as shown

in Figure 1.1.

We observe an exponential increase in the non-conventional fuel powered vehicles,



Figure 1.1. Projected trends in global light-duty vehicle eet [1]
highlighted by the projected increase in hybrid vehicles. Engineering solutions to
negate the e ects of increasing energy demands and pollution by the transportation
sector involve a mix of improvements in the well-established components of a vehicle

along with hybridization and integration of electri ed powertrains.

In recent years it has been the understanding that this energy burden can be alleviated
by the advent of a connectivity infrastructure. According to IEEE, a connected
vehicle refers to applications, services, and technologies that connect a vehicle to its
surroundings [7]. The connected vehicle infrastructure includes all communication

devices which allow for information transfer between vehicles and their surroundings



as well as between several vehicles and within vehicles. According to [2], the market
share of connected vehicles in North America is expected to grow as shown in Figure

1.2.

Figure 1.2: Projected market share (in USD Billion) of connected vehicles
in North America [2]

We observe that while safety, which is the major driving force in increasing pene-
tration of connected and autonomous vehicles, remains a major application area, the
share of vehicle management grows steadily. This application area refers to the imple-
mentation of energy management strategies utilizing the connectivity infrastructure.
The market penetration of connected and autonomous vehicles, illustrated in Figure
1.3, presents great potential in improving vehicle energy e ciency as we strive to
meet future fuel economy and emission standards while managing the global energy

demand of transportation.



Figure 1.3: Connected and autonomous vehicles global market share [3]

1.2 NEXTCAR Program

This thesis comprises work done under the Advanced Research Projects Agency
Energy (ARPA-E) NEXT-Generation Energy Technologies for Connected and Au-
tomated on-Road Vehicles (NEXTCAR) Program (heretofore referred as only “pro-
gram’) [8] which was commissioned primarily to tap the signi cant potential of vehicle
connectivity and automated operation in improving the e ciency of energy usage and
reducing energy-related emissions. There exist some vehicle energy e ciency studies
in the area of connected and automated vehicles (CAVs), which present energy con-

sumption reduction solutions [9, 10, 11, 12]. However, ARPA-E notes that there is



a dearth of real-world/on-road test validation data for these proposed technologies.
Additionally, to date, two independent approaches for improving vehicle energy e -
ciency, namely; a purely connectivity-driven and a purely regulatory-driven approach,
have shown signi cant depth of research. This program aims to bridge the technical
gap in this area through co-operative e orts of these independent research communi-
ties. The schematics in Fig. 1.4 show the status-quo and the vision of the NEXTCAR
program in Fig. 1.4(a)and 1.4(b) respectively. It aims to enable co-optimization of
vehicle dynamics and powertrain (VD&PT) level control and optimization techniques

for the purpose of reducing overall energy consumption.

(@) (b)

Figure 1.4: Existing and NEXTCAR's proposed system interactions

Under this program, the Michigan Technological University (MTU) team, in collabo-
ration with General Motors (GM), is implementing a vehicle platooning approach to

leverage vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I) and vehicle-to-cloud



(V2C) communication and thereby enable VD&PT control and optimization. A eet

of 8 hybrid electric Chevrolet Volt MY2017 vehicles (heretofore referred as “test ve-
hicle’) is used in conjunction with a custom 18-wheeler Mobile Lab, for real-world
validation tests implementing the model-predictive control on vehicle dynamics, pow-
ertrain and heating, ventilation and air-conditioning (HVAC) operation. Figure 1.5
shows an overview of the connected vehicle system and the ow of information as
proposed by the MTU NEXTCAR team. The goal of this project is to develop tech-
nologies which can demonstrate a 20% reduction in energy consumption and improve

electric range by 6% in future CAVS.

Figure 1.5: Overview of Michigan Tech's NEXTCAR project proposal



1.3 Literature Review

Due to federal regulations and customer demands, vehicle HVAC systems are required
to provide passengers with safe and comfortable driving conditions. Heating and cool-
ing the vehicle cabin, to meet these requirements, has been shown to consume large
amounts of energy available in conventional vehicles as well as HEVs and EVs. Ac-
cording to a study of several EVs, PHEVs and HEVs conducted by Argonne National
Laboratory (ANL), cabin conditioning can reduce the electric range by 20%-59% in
20°F ambient conditions [13]. For a pure battery electric vehicle (BEV), the Ford
Focus, it has been reported that air-conditioning results in a 53.7% reduction in elec-
tric range, whereas cabin heating results in a 59.3% reduction in electric range over
the Urban Dynamometer Driving Schedule (UDDS) drive cycle [14]. Another study
conducted at ANL by Lohse-Buch et al. evaluated the e ects of varying ambient
conditions on fuel and energy consumption due to cabin climate control in several

EVs, HEVs, PHEVs and conventional vehicles [15].

A recent study by Wang et al. proposed a model predictive controller (MPC) for e -

cient cabin air-conditioning (A/C) compressor operation by leveraging vehicle speed
pro le information available in a connected vehicle framework [16]. Similarly, Eck-
stein et al., in another study [17], proposed an MPC to improve EV range. Zhang et

al. presented an energy-optimal control scheme for complex non-linear vehicle A/C



models to manage trade-o s between fuel savings and cabin comfort [18]. However,
optimal HVAC control rst requires modeling and validation of the vehicle's HVAC
system components. The modeling of cabin thermal dynamics is a well-explored
area. A simple transient thermal model for vehicle cabin is developed by Marcos
et al. [19], while a two-zone transient thermal model is developed and validated by
Torregrosa-Jaime et al. [20]. Fayazbakhsh et al. proposed a heat balance method for
estimating cabin heating and cooling loads to develop cabin thermal models [21]. The
component and sub-system comprising the vehicle HVAC system are also important
to model accurately to aid implementation of thermal management strategies. The
sub-system con guration and control schemes in the test vehicle are comprehensively
analyzed by ANL researchers in [22]. Further individual test vehicle systems are ex-
plained in detail in [23, 24, 25]. The work done earlier to model the VD&PT system
of the test vehicle in [5] as part of this NEXTCAR project is built upon in this thesis.
The VD&PT model comprises of physical-empirical models of test vehicles IC engine,
lithium-ion battery, 2 electric motor-generators among others. Although several re-
cent studies have focused on powertrain and energy management control strategies
utilizing connected vehicle information, there has not been substantial research in
co-optimization of vehicle HVAC operation and integrated thermal management of
electri ed powertrain and HVAC in a connected vehicle infrastructure. The work
done in this thesis covers development of control-oriented models of vehicle HVAC

and integrating powertrain thermal management with vehicle HVAC to ensure cabin



comfort while reducing energy consumption.

It must be understood that these integrated control strategies will be largely depen-
dent on the degree of hybridization of the vehicle powertrain and con guration of the
vehicle HVAC system. In several EVs, HEVs and PHEVs, heat pumps which use ei-
ther waste heat from electronic components or ambient air heat for cabin conditioning
as studied in [26, 27]. Several optimization studies for improving energy e ciency of
the heat pumps have been performed in [28, 29]. A dual source heat pump with mul-
tiple operation modes using independently or some combination of air and waste heat
as heat sources is proposed in [30]. They showed improvements in the heating per-
formance of dual source heat pumps compared to single source ones. However, heat
pumps pose some problems in their usage in EVs and HEVs. The issues of adverse
e ects on their energy e ciency in cold ambient conditions are explored in [31, 32]. In
several practical implementations, heat pumps are supplemented by electric heaters
which use battery power for cabin heating purposes. An energy consumption analysis
of the HVAC system and overall vehicle energy under di erent operating conditions is
carried out by simulating cabin HYAC model for an electric vehicle [33]. However, in
several current production EVs, HEVs and PHEVs, including our test vehicle, heat
pumps are entirely eliminated from the HVAC system due to complexity, cost and

packaging issues.



1.4 Motivation

The vehicle HVAC system is the largest contributor to ancillary load in conventional
vehicles with as much as 5.5% of total vehicle fuel demand coming from the cabin
cooling demand, corresponding to 18% of fuel economy drop as reported in [34].
Particularly, for hybrid electric vehicles, this issue is compounded due to the absence
of continuous waste heat from the internal combustion engine. Limited availability
of this waste energy for cabin conditioning makes the energy requirement for heating
and cooling the cabin much more signi cant. As explained in Section 1.3, overall
vehicle energy e ciency and electric range is considerably a ected by the vehicle

HVAC loads.

To ful ll the program's real-world validation test requirement, a custom drive cycle
(heretofore referred as "MTUDC') shown in Figure 1.6 was devised. It comprises
of city driving with several start-stop events, highway driving at cruising speeds and
some rapid acceleration and deceleration events to replicate real-world driving as close

as possible.

The energy consumption of test vehicle was analysed on MTUDC under varying
operating and ambient conditions to quantify the impact of vehicle HVAC loads on

overall vehicle energy and electric range. Two instances are shown in Figure 1.7.

10



(a) Drive cycle on map (b) Velocity pro le

Figure 1.6: Custom drive cycle devised by the MTU NEXTCAR team

Figure 1.7: Comparison of total vehicle energy distribution to understand
HVAC contribution (Experimental data)

It was observed that for cold ambient conditions, the test vehicle utilized a large
amount of energy for cabin conditioning when operating in charge depleting (CD)
mode. The engine speed pro le for a sample MTUDC test, shown in Figure 1.8(a),
illustrates the energy intensive operation of the test vehicle due to the multiple en-

gine on events to provide engine assist via engine waste heat. In contrast, the energy
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e cient electric heater contributes a much lower proportion of energy for cabin con-
ditioning, which is illustrated as "HVAC-Heater' in Figure 1.8(b). Additionally, the
engine on events near the end of the drive cycle will potentially contribute very little

in maintaining cabin comfort level while consuming relatively large amounts of energy.
The emissions related issues with engine on events in cold ambient conditions com-
pound the high energy consumption issues. All these issues can be positively tackled
by optimizing integrated operation for thermal management and utilizing connected

vehicle information and thus provides motivation to the work done in this thesis.

In Figure 1.8(b), the energy consumed by the battery and the engine together con-
stitute the traction energy. The "HVAC-Heater' is the cabin electric heater energy

and "HVAC-Fuel (Engine assist)' represents the engine fuel energy utilised for cabin
thermal conditioning purposes. Note that the thermal energy losses involved are not

considered in analyzing the energy distribution shown here.
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(a) HVAC heating operation

(b) Energy distribution summary

Figure 1.8: Experimental test data in cold ambient conditions for MTUDC
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1.5 Organization of Thesis

The work presented in this thesis is organized as follows: Chapter 2 covers the exper-
imental setup required for the various tests conducted during the course of this the-
sis. Chapter 3 covers the modeling tasks undertaken to develop MATLAB/Simulink
based models of the various components, sub-systems and systems comprising the
test vehicle HVAC system to help analyze and develop energy saving strategies in
this work. Chapter 4 presents the validation results of all the models developed in
this work against experimental data collected from the corresponding tests. Chapter
5 proposes modi cations in the test vehicle control strategies for reduction in the
total vehicle energy consumption. It presents 2 case studies to illustrate the energy
savings due to the synergistic combination of control strategies in connected vehicle
scenarios. Additionally, Monte Carlo simulations are conducted to evaluate e ect of
random variables on the energy saving potential of the proposed strategies. Finally
Chapter 6 presents the ndings of this work and proposes some direction for future

work that can build upon the work accomplished in this thesis.
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Chapter 2

Experimental Setup

2.1 \ehicle Speci cations

The GM Chevrolet Volt MY2017 PHEV test vehicle is used as the baseline vehicle
for all work done in this thesis under the NEXTCAR program. To build the cabin
thermal model, a rst-order computer-aided design (CAD) model is developed on
SolidWorks to extract vehicle speci ¢ dimensions. The CAD model is built using
measurements made on the test vehicle at MTU Advanced Power Systems Research
Center (APSRC) Laboratory. The Table 2.1 shows the extracted dimensions used in

the cabin thermal model.
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Table 2.1
Cabin Dimensions of Test Vehicle

Parameters Values
Cabin Shell (Wall) 6.82m?
Cabin Interior Mass 8.31Im?
Horizontal Walls 2.04m?
Front Walls 1m?
Front Windshield 1.26m?

Right & left-side Walls 1.88m?
Right & left-side Windows 0.71Im?

Rear Walls 1.19n2
Rear Windshield In?
Angles of tilt:
Front Windshield 26.94
Rear Windshield 16.37

2.2 Cabin Temperature Measurement

Cabin temperature measurement during in-vehicle on-road tests required WiFi-
enabled temperature sensors. A set of ve thermocouple sensors with attached probe
and data logging capabilities from Lascar Electronics were used. The sensor spec-
i cations are described in Table 2.2. The collected temperature data is uploaded
to the EasyLog Cloud software on host PC when WiFi network is available after
completion of a test. The data can be exported in several usable formats including
comma-separated values (CSV) les. The cabin thermal model developed in Chapter
3 Section 3.2 was validated in part using the test data collected from the thermo-

couple sensor setup described here and in part using available test data described in
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Section 2.7.

Table 2.2
EasyLog Temperature Sensor Speci cations

Measurement Range -20°C to +60°C / -4°F to +140°F
Accuracy 0.2C/ 0.4F
Logging Rate Selectable between 10 sec and 12 hours

2.3 Solar Irradiation Measurement

For the solar load characterization tests, the pyranometer setup at Keweenaw Re-
search Center (KRC) weather station was used. The weather station is equipped
with two pyranometers which record both shortwave and longwave radiation along
with surface albedo. The solar azimuth and elevation angles for a given latitude and
longitude position and time of day were acquired from an online calculator provided
by Keisan Casio [35], but are also easily available from vehicle controller area network

(CAN) data. A sample test setup is shown in Figure 2.1.
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Figure 2.1: Test vehicle setup for solar load measurement at Keweenaw
Research Center

2.4 Cabin Blower Flow Rate Measurement

The cabin blower characteristics were not provided by the vehicle manufacturer and
it was not feasible to disassemble the blower fan and motor to determine the speci ca-
tions. However, it was imperative to determine the air volume ow rate entering the
test vehicle cabin for varying user-de ned fan speed settings. The rate of heat removal
or addition in the vehicle cabin is dependent on the air volume ow rate through the
cabin blower. The test setup, adopted from [36] and [37], for characterizing the cabin

blower consists of a specialized sheet metal ow box interfacing with the air inlet on
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the test vehicle. Figure 2.2 shows the test setup constructed at MTU APSRC Labs
according to the ASME standard [38]. One end of the ow box connects with the
air inlet accessed by removing the cowl covering it on the top right side of the hood
and the other end is interfaced with a 5 feet long, 4 inch outer diameter polyvinyl
chloride (PVC) pipe. The other end of the PVC pipe is tted with a 65 mm ori ce

plate using an adapter and pressure taps for connecting an oil manometer.

Figure 2.2: Flow bench setup for test vehicle cabin blower characterization
at Advanced Power Systems Research Center Laboratory
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2.5 Cabin Thermal Masses Characterization

The rst-order estimation of the physical dimensions of test vehicle cabin carried out

in Section 2.1 give us the surface areas and volumes of the components inside the
vehicle cabin. However, along with these physical dimensions, the thermal masses of
the nodes, de ned in the cabin thermal model, are important parameters to estimate
the thermal energy gained and lost by the respective nodes. The test setup for this
characterization test involves introducing a known heat source inside a vehicle cabin
instrumented with thermocouples as illustrated in Figure 2.3. The test vehicle was
positioned stationary, indoors, and turned o for this test. An electric resistive heater

of known heat capacity was placed inside the test vehicle and the cabin doors and
windows were shut with no passengers inside to minimize additional heat loads and

leakages to the environment.
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Figure 2.3: Cabin thermal mass characterization test setup at Advanced
Power Systems Research Center Laboratory

2.6 CAN Data Acquisition

The vehicle CAN data acquisition through the on-board diagnostic (OBD) port of the
test vehicle was carried out using both Vector Informatik GmbH VN5610A network
interface tool and dSpace MicroAutoBox. Both the data acquisition setups are shown
in Figure 2.4. The technical speci cations of the Vector CAN tool used in our tests

are detailed in Table 2.3.

A Data Base Container (DBC) le was provided by GM along with their
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(a) Vector CANoe setup

(b) dSpace MicroAutoBox setup

Figure 2.4. CAN data acquisition setup in test vehicle
manufacturer-speci ¢ CAN message IDs to access various available CAN signal data
on the test vehicle. A Vector CANoe tool, CANdb++ Editor, was used to create
speci c test recorders for the VN5610A tool and the recorded data was exported as
CSV les for model calibration and validation purposes. Similarly, after some test
vehicles in the eet were instrumented with dSpace MicroAutoBox for rapid controls

implementation, required CAN signal data was recorded and stored using the dSpace
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Table 2.3
Speci cations of Vector CAN tool (VN5610A) used for data acquisition

Ethernet: Channels/transceiver 2x BCM89811, 2x BCM54810

Ethernet: Physical layer 100 BASE-T1 (Broad-Reach)

and 10BASE-T/100BASE-TX
Baudrates % 10Mbit/s ,100 Mbit/s ,1000 Mbit/s
CAN (FD) : Physical layer CAN Highspeed(CAN FD capable)
CAN (FD) : Connectors 1x D-SUB9 (dual channel)
Analog and Digital I/O 1x Digital in/out,

e.g. for DolP Activation Line
Mean reaction time 250 s

ControlDesk software.

2.7 Argonne National Laboratory (ANL) Test

Data

Researchers and technicians at Argonne National Laboratory (ANL) conducted sev-
eral chassis dynamometer tests on the test vehicle and provided data to the MTU
NEXTCAR team. This test data was used in conjunction with data from tests con-

ducted on MTUDC to develop, calibrate and validate component and system models
and to extract control logics implemented in the test vehicle. Table 2.4 shows a

summary of tests conducted at ANL.

23



Table 2.4
ANL vehicle data summary

Number of test cycles
Climate control setpoint
Drive cycles

Performance test
Engine start conditions

Ambient temperature

25

72F

UDDS
HWFET
US{06

Passing maneuvers
Charge depleting
Charge sustaining
Cold{start
Warm{start

-rC

22°C-26C
35°C-41°C
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Chapter 3

Modeling

3.1 Background

The work done in this thesis focuses on the overall HVAC modeling and its integration
with the VD&PT model to enable optimization of the integrated operation of the
HVAC and electric powertrain systems of a hybrid electric vehicle, speci cally the test
vehicle. Figure 3.1 shows an overview of the integrated VD&PT and HVAC models
that were developed for the purposes of this work. The VD&PT model developed for
this program, as referred to in Section 1.3, is capable of estimating vehicle dynamics

and energy consumption within 5% of real-world test data.

Several HEVs including the test vehicle for this project have engine assisted heating
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wherein engine waste heat in the form of thermal energy of engine coolant is used
along with the electric heater which is the primary heat source for cabin heating
purposes. Additionally, some EVs and HEVs like the test vehicle also have shared
cooling loops for battery and cabin cooling purposes. The thermal coupling evident
between the vehicle HVAC and powertrain systems is important in evaluating optimal
operating points for the proposed integrated system and is thus explained in detail

in the following sections.
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