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Abstract

Powertrain electrification including hybridizing advanced combustion engines is a vi-
able cost-effective solution to improve fuel economy of vehicles. This will provide op-
portunity for narrow-range high-efficiency combustion regimes to be able to operate
and consequently improve vehicle’s fuel conversion efficiency, compared to conven-
tional hybrid electric vehicles (HEV)s. Low temperature combustion (LTC) engines
offer the highest peak brake thermal efficiency reported in literature, but these en-
gines have narrow operating range. In addition, LTC engines have ultra-low soot and
nitrogen oxides (NOx) emissions, compared to conventional compression ignition and
spark ignition (SI) engines. This dissertation concentrates on integrating the LTC
engines (i) in series HEV and extended range electric vehicle (E-REV) architectures
which decouple the engine from the drivetrain and allow the ICE to operate fully in
a dedicated LTC mode, and (ii) a parallel HEV architecture to investigate optimum
performance for fuel saving by utilizing electric torque assist level offered by e-motor.
An electrified LTC-SI powertrain test setup is built at Michigan Technological Uni-
versity to develop the powertrain efficiency maps to be used in energy management

control (EMC) framework.

Three different types of Energy Management Control (EMC) strategies are developed.

The EMC strategies encompass thermostatic rule-based control (RBC), offline (i.e.,

xli



dynamic programing (DP) and pontryagin’s minimum principal (PMP)), and online
optimization (i.e., model predictive control (MPC)). The developed EMC strategies
are then implemented on experimentally validated HEV powertrain model to inves-
tigate the powertrain fuel economy. A dedicated single-mode homogeneous charge
compression ignition (HCCI) and reactivity controlled compression ignition (RCCI)
engines are integrated with series HEV powertrain. The results show up to 17.7%
and 14.2% fuel economy saving of using HCCI and RCCI, respectively in series HEV
compared to modern SI engine in the similar architecture. In addition, the MPC re-
sults show that sub-optimal fuel economy is achieved by predicting the vehicle speed

profile for a time horizon of 70 sec.

Furthermore, a multi-mode LTC-SI engine is integrated in both series and parallel
HEVs. The developed multi-mode LTC-SI engine enables flexibility in combustion
mode-switching over the driving cycle, which helps to improve the overall fuel econ-
omy. The engine operation modes include HCCI, RCCI, and SI modes. The power-
train controller is designed to enable switching among different modes, with minimum
fuel penalty for transient engine operations. In the parallel HEV architecture, the
results for the UDDS driving cycle show the maximum benefit of the multi-mode LTC-
SI engine is realized in the mild electrification level, where the LTC mode operating
time increases dramatically from 5.0% in Plug-in Hybrid Electric Vehicle (PHEV) to

20.5% in mild HEV.
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Chapter 1

Introduction

The U.S. light-duty (LD) regulations require a fleet average of 4.3 liter/100 km by
2025 in order to meet the 101 g/km CO; level |11]. In addition, in the European
Union, the average fleet fuel consumption regulations for the new cars require 4.1
liter /100 km by 2021 [12]. High efficiency engines along with powertrain electrifica-
tion will play a critical role in meeting such stringent goals from the cost-effectiveness
perspective 13,14, 15]. Currently, the spark-ignition (SI) engine fueled with gasoline
is the primary engine used in the LD vehicles in the U.S. [11]. Conventional com-
pression ignition (CI) engines are noteworthy for the LD vehicles due to their higher
efficiency. However, the CI engines require an expensive and complex aftertreatment

system for particular matter (PM) and NO, control [16]. To improve vehicular fuel



economy and reduce aftertreatment expenses, various studies have investigated ad-
vanced combustion regimes to achieve higher thermal efficiencies than those in CI
engines while diminishing engine-out emissions [17, [18, [19]. A promising advanced
combustion regime is low temperature combustion (LTC), and consists of a family
of variants including homogeneous charge compression ignition (HCCI), reactivity
controlled compression ignition (RCCI), and partially-premixed charge compression
ignition (PCCI) |20, 21]. LTC engines can offer peak indicated thermal efficiency of

53% [19] with ultra low NO, and PM engine-out emissions [19].

Even though the LTC engines benefit from higher thermal efficiencies and relatively
inexpensive aftretreatment systems, they have narrow operating ranges and often re-
quire more complex combustion control which makes them challenging and less desir-
able for automotive powertrains. In addition, as the fleet merges to a higher degree of
powertrain electrification path, more opportunities for advanced combustion regimes
(i.e., LTC) will arise. It is because the powertrain electrification allows the engine to
be downsized and operated in a narrow-range high-efficiency combustion regimes as
compared to the conventional powertrains. In order to tackle these two challenges,
this PhD dissertation investigates integration of the LTC engines with hybrid electric
powertrains in order to minimize the LTC engine transitions and improve the oper-
ating range by taking advantage of powertrain hybridization. To do this, powetrain
hybridization is investigated for i) Series HEV (SHEV), and ii) parallel HEV with dif-

ferent hybridization levels. In the SHEV architecture, the engine is decoupled from



the drivetrain, which allows the ICE to operate in a narrow operating range. SHEV
architectures also remove the engine mode transients, therefore, these architectures
tackle the two major challenges of the LTC engine by adding electric components
cost to the powertrain. There are currently some SHEVs and E-REVs on the mar-
ket such as the Chevrolet Volt, Fisker Karma, BMWi3. In addition, integrating the
LTC engines with parallel HEV architecture, decreases the ICE mode transitions by
using e-motor torque assist. Thus, the parallel HEV architecture improves the LTC
narrow operating range and facilitates implementation of this promising fuel-efficient
powertrain, while adding lower cost to the powertrain. Chevrolet Malibu, Chevrolet
Impala, Buick Regal, Mercedes-Benz S400 are some examples of the parallel HEV

architectures.

Figure [[T] categorizes the prior hybrid electric vehicle (HEV) studies based on dif-
ferent engine types including conventional (i.e., SI, CI, Atkinson) and advanced com-
bustion engines (i.e., LTC). In the first category, conventional SI and CI engines have
been used in different HEV architectures. The SI engines have been integrated in
HEV and range extender architectures |22, 23, 24, 125, 26]. Atkinson SI engines are
popular in the market and are used in the Toyota Prius, Ford C-Max, Lexus RX
450h, and Honda Accord. In reference [27, 28], Toyota has achieved 10% lower fuel
consumption compared to SI engine by converting the Honda Accords PHEV SI en-
gine to the Atkinson cycle. The CI engine mostly have been integrated in trucks and

Sport Utility Vehicles (SUVs) [29, 130, 31, 132, 133].
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In the second category, the LTC engines are integrated in different HEV architectures.
Few studies are found in the literature that explores the LTC-HEV powertrain. Such
powertrains are divided into two subcategories based on the LTC engine combus-
tion regimes including the single-mode LTC and multi-mode LTC. In majority of the
previous works, the engine has been flexible to switch from a single-mode LTC to
a conventional mode [15, 134, 35, 136]. In the single-LTC mode subcategory, HCCI
was the first type that was studied in electrified powertrains. In the first study at
Argonne National Lab, the effects of using a dual-mode SI-HCCI engine in different
vehicle electrification levels were analyzed [35]. In both studies, in references [34] and
[36], the fuel economy benefits of the SI-HCCI engine are studied for parallel HEV
architectures. RCCI was the second type of LTC engines that have been studied
in an HEV powertrain. In reference [37], researchers at the University of Wisconsin-
Madison and Oak Ridge National Laboratory used an RCCI engine in a series-parallel
hybrid electric powertrain and they found 12% fuel economy improvement over the
similar HEV running with a modern SI engine. In [15] the RCCI-CI engine is inte-
grated in a power-split HEV architecture in which a rule-based energy management

controller (EMC) was used for evaluating the fuel economy improvement.



1.1 Shortcomings of State-of-the-art Research

Although hybridized LTC powertrain is promising to offer fuel economy advantage
compared to conventional HEVs, the following shortcomings are found in the literature
to properly assess the potential of LTC-HEV powertrains and address pertaining

control challenges.

1 Lack of any study for development of EMC strategies for LTC-HEV powertrains
and also investigation into the effect of EMCs on the potential of fuel economy

improvement for these powertrains,

1 Lack of any study on purely dedicated LTC mode in LTC-HEV powertrain to

investigate the ultimate powertrain fuel saving,

1 Lack of any study on multi-mode LTC engine in hybrid electric powertrain to

investigate the ultimate powertrain fuel saving,

1 Lack of any study on the fuel consumption reduction of a multi-mode LTC-SI

in a parallel HEV configuration by considering the emission constraints,

1 Lack of any study on the effect of the hybridization level on the fuel saving over

the single-mode SI in the parallel HEV,

1 Lack of any study on the trade-off between the number of engine modes and

the engine mode-switching fuel penalty on the powertrain fuel economy;,



1 Lack of any experimental data for LTC-HEV models. This calls for design and

building a test-bed to extract the powertrain components models.

1.2 Objectives

Four main objectives in this PhD dissertation research are:

1. Design, and build hybridized LTC test platform, with capability of the EMC
strategies implementation, for extracting experimentally validated quasi-static
models for model-based control of LTC-HEV powertrain in parallel HEV and

SHEV architectures,

2. Develop EMC strategies including rule-based, global optimization, and model

predictive control for hybrid powertrains integrated with LTC engines,

3. Analyze the effects of multi-mode LTC engine on the powertrain ultimate fuel

economy of LTC-HEV powertrains,

4. Investigate effects of hybridization level, driving cycle type, and mode-switching

fuel penalty on LTC-HEV powertrains.

This PhD research is addressed the shortcomings (Section [[LT]) through the following

chapters presented in this work:



1 Chapter 2: Investigate the fuel economy advantage of the single-mode HCCI
engine in SHEV architectures compared to SI engines. Optimal EMC and MPC

EMC strategies are developed and explained,

1 Chapter 3: Investigate the fuel economy advantage of the single-mode RCCI
engine in SHEV architectures, compared to SI and CI engines. Global optimal

EMC and local optimum MPC EMC strategies are developed and explained,

1 Chapter 4: Design, develop, and build a test setup for LTC-HEV powertrain
experimental testing; build a control software platform for evaluation of model-
based EMC strategies. The models of the experimental setup are integrated

with the optimization framework in the chapters 5 and 6,

1 Chapter 5: Study the fuel saving and energy analysis of a multi-mode LTC-SI

engine in SHEV architectures by including the mode-switching fuel penalty,

1 Chapter 6: Study the fuel saving and energy analysis of the multi-mode LTC-SI

engines in parallel HEV architectures for different hybridization levels.

Figure depicts the organizations of this dissertation.
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Chapter 2

Single-Mode HCCI Engine as

Range Extender!

Clean energy-efficient engine technologies including Low Temperature Combustion
(LTC) show promise for fuel economy improvement in Hybrid Electric Vehicles
(HEV). In this chapter, fuel economy improvement of a specific type of LTC en-
gines, known as Homogeneous Charge Compression Ignition (HCCI), in synergy with
a series Hybrid and Extended Range Electric Vehicle (E-REV) powertrain is inves-
tigated. An experimentally validated HCCI engine model is developed to simulate

engine behavior. Three types of Energy Management Control (EMC) strategies are

!This chapter has been published in International Journal of Powertrain [1] with permission from
Inderscience as shown in Appendix
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designed and implemented. The EMC strategies encompass offline and online opti-
mization strategies including thermostatic Rule-Based Controller (RBC), Dynamic
Programing (DP), and Model Predictive Control (MPC). The simulation results are
used to investigate the fuel economy benefits of an HCCI-based powertrain compared
to a modern Spark Ignition (SI) engine-based powertrain in both series HEV and
E-REV configurations. Moreover, the impact of number of engine operating points
and driving cycles on the HCCI potential fuel economy improvement are examined.
The results show 17.7% fuel economy improvement in Series HEV and 18.0% fuel
economy improvement in E-REV compared to a conventional HEV using an SI en-
gine in Urban Dynamometer Driving Schedule (UDDS) driving cycle. In addition,
simulation results show the HCCI fuel economy improvement of 16.2% in New Euro-
pean Driving Cycle (NEDC) and 18.9% in JC08 Japanese driving cycles. Simulation
results show that selection of the number of engine operating points accounts for up
to 10% difference in fuel economy improvement. DP-based EMC provides 15.6% fuel

economy advantage over the thermostatic RBC in an HEV using an HCCI engine.

2.1 Introduction

The U.S. transportation sector will account for 28 percent of total U.S. energy usage
by 2040 [38]. In contrast to the historical trend of 1.1 percent energy growth in the

average annual transportation sector from 1975 to 2011 |39], this number will remain

12



almost identical to the current value by 2040. This lack of growth is due to the pro-
jected reduction in energy use for Light Duty Vehicles (LDVs), which compensates for
energy consumption increase in other transportation sectors such as aircraft, marine,
and rail even though the Vehicle Miles Travel (VMT) projection increases almost
one thousand miles per vehicle by 2040. This reduction in LVDs energy usage is a
result of the projected improvement in the fleet fuel economy. This significant im-
provement in LVDs is not reachable by simply improving conventional powertrains,
thus the integration of high efficient Internal Combustion Engines (ICEs) and vehicle
electrification (i.e., HEVs) shows the most promise [34]. This chapter investigates fuel
economy benefits of fuel-efficient ICE technology (i.e., LTC engines) in synergy with

an HEV.

The projected statistics of HEV and Electric Vehicle (EV) sales show a remarkable
growth by 2040 to meet the more restricted CAFE and Greenhouse Gas standards [39)].
The greatest growth in sales value belongs to vehicles with greater All Electric Range
(AER) including high range Plug-in HEVs (PHEVs) and EVs, which will increase by
91.2% and 13.3% from 2011 to 2040, respectively, compared to only 3.5% sale increase
for Conventional HEVs in 2040 [39]. Moreover, EVs can be designed as Extended-
Range Electric Vehicles (E-REVs) to alleviate range anxiety concerns by increasing
the vehicle AER. In Series HEV architecture and range extender, the ICE is used as
a genset to boost the driving range of the car. There are currently some vehicles on

the market that use this concept, like the Chevrolet Volt, Fisker Karma, BMWi3,
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and Cadillac ELR, and their number is growing. The focus of this chapter is on a

Series HEV and an E-REV.

Furthermore, the largest potential fuel economy improvement in HEVs and E-REVs
is provided by improvement in ICE fuel efficiency, compared to improvement in other
components of HEVs [40]. An LTC engine encompasses a family of ICE technologies,
including Premixed Charge Compression Ignition (PCCI), Homogenous Charge Com-
pression Ignition (HCCI), and Reactivity Controlled Compression Ignition (RCCI)
engines. In this chapter, the focus is on utilizing HCCI in a Series HEV and E-REV.
HCCI technology combines the benefits of both Spark Ignition (SI) and Compression
Ignition (CI) engines. In addition, HCCI offers peak indicated thermal efficiency up
to 50% [41] which is higher than ST and CI engines, while having low Nitrogen Oxides
(NOx), and negligible Particulate Matter (PM) emissions [16]. The drawback of an
HCCI engine is its narrow operating range, which can be tackled by using a Series
HEV architecture or range extender without the need to switch the engine operating
mode. In this chapter, the potential fuel saving of using an HCCI engine in series
HEV and E-REV configurations is compared to the same configurations running by

a modern SI engine.

Previous studies on different types of ICE utilization in HEVs are divided into three
main groups: CI engines, SI engines, and LTC engines. Figure 2] outlines some of

the major ICE types along with the different types of EMCs used in HEVs. In the
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first category, a CI engine has been used in different HEV architectures [42, 43, |44,
45, 146, 147, 48, 149]. The CI engines have been mostly used in Sport Utility Vehicles
(SUVs) and trucks |44, 46, 48, 148, 150]. In another category, SI engines have been used
in HEV configurations, and E-REV [51, 52, 153, [54]. Recently, Atkinson cycle-based
engines have become more popular in the market (e.g. Ford C-Max, Toyota Prius,
Lexus RX 450h, and Honda Accord PHEV). In 28] Toyota R&D group redesigned an
engine based on the Atkinson cycle to improve the engine fuel efficiency. In addition,
in [27], a Honda Accord PHEV was redesigned based on the Atkinson cycle and 10%
lower fuel consumption was achieved compared to the SI engine. In the literature,
some studies conducted on integrating LTC engines with HEVs. In the first study at
Argonne National Lab, the effects of using a dual mode SI-HCCI engine in different
ranges of vehicle electrification levels were studied [35]. They predicted a range of
6% to 15% fuel consumption reduction in different powertrains and driving cycles.
In another study [34], fuel economy improvement of an HCCI engine versus an SI
engine for two mild and medium parallel HEVs were done. The authors could achieve
a range from 17% to 35% fuel economy improvement by using a dual-mode SI-HCCI
in comparison to a conventional SI non-hybrid powertrain. In both [34, 135] studies,
a dual-mode (SI-HCCI) engine is used with a rule-based EMC. This thesis includes
the first study on pure HCCI mode engine synergy with a series hybrid powertrain.
This chapter investigates the impact of driving cycles, number of the engine operating

points, and engine startup fuel penalty on both series HEV and E-REV powertrains.
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Figure 2.1: Different types of ICEs and EMCs used in HEVs in previous
studies.

In addition, Figure 2.1] lists the different EMC approaches in HEV control. These
include 1) Rule-Based Controller (RBC) such as thermostatic [45] and fuzzy [50]
strategies. The RBC strategies are robust and have low computational costs. How-

ever, they offer only limited optimization and may fail to completely exploit the HEV
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benefits [55, 156]; 2) Offline global optimization such as Dynamic Programming (DP)
[49, 157], and Pontryagin Minimum Principle (PMP) [51, |52]; the DP method is a
global optimization method that assumes the information of an entire driving cycle
is available and numerically finds the global optimal solution. This method is not
implementable in real applications due to the necessity of knowing a priori of the
driving cycle [55]; 3) Real time optimization controllers such as Model Predictive
Controllers (MPC) 42, 58], Equivalent Consumption Minimization Strategy (ECMS)
[47, 159], and Stochastic Dynamic Programming (SDP) [48]. The MPC method is
a local optimization method that is implementable online but requires high compu-
tation. In this chapter, three different EMCs, including a representative from each

group, are considered to determine the impacts of an HCCI engine in a series HEV

and an E-REV.

To the best of the author’ knowledge, this is the first study undertaken to analyze
hybridization of an LTC engine in a series HEV and E-REV configuration. The
contribution from this chapter is threefold. First, it investigates the potential fuel
economy improvement by using a dedicated HCCI mode in a series HEV and an
E-REV. Second, it shows the first implementation of different EMC strategies for a
series HEV architecture integrated with an HCCI engine. Third, it studies the impact

of the number of engine operating points on the fuel economy of HCCI-based HEV.

This chapter is organized as follows. In Section 2.2, the developed HEV model is
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presented and the main components of the HEV model are described. Section 2.3
explains three different EMC strategies including thermostatic RBC, DP, and MPC.
The Model validation results are shown in Section 2.4. In addition, the results of
the series HEV with single engine operating point are discussed in Section 2.4.2.
The effect of the number of engine operating points on the series HEV fuel economy
improvement is presented in Section 2.4.3. Besides the series HEV, another study is
done for E-REV and the results of the fuel economy are reported in the Section 2.4.4.
Moreover, the effect of the driving cycle on the both series HEV and E-REV fuel
economy improvement is presented in Section 2.4.5. Finally, Section 2.5 summarizes

all findings from this chapter.

2.2 HEYV Modeling

A nonlinear and forward-in-power HEV model is developed in Matlab/Simulink to
evaluate the EMC strategies and fuel economy benefits. Subsequently, the series
HEV model was built by integrating submodels for the HCCI engine, generator,
E-motor, battery pack, and Longitudinal Vehicle Dynamic (LVD). The supervisory
control module was introduced within the powertrain to manage the balance between
the multiple power sources onboard. The top level Simulink model of the series
HEV is shown in Figure 2.2 where the main focus is on HCCI engine synergy with

the main HEV model components and the supervisory controller. A PID controller
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simulates the driver behavior to track the target driving cycle. Based on the driver-
requested power and the battery State Of Charge (SOC), the supervisory controller
specifies the engine power profile and the battery pack power request. The E-motor
power request is supplied by the battery pack and the engine/generator. The LVD
submodel includes accurate aerodynamic and rolling resistance forces for a typical
sedan. The HCCI engine and generator submodels are quasi-static models. In the
following sections, detailed models of the major HEV components are presented. The

description for sizing of each HEV component is provided in the Appendix [Al
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Figure 2.2: A schematic diagram to illustrate the power and control flow
and main components of a series HEV.

2.2.1 HCCI Engine

Table 2.1] lists the HCCI engine specifications. The rated produced power of the

engine is 24.1 kW. The engine speed range is from 800 rpm to 2500 rpm with IMEP
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varying from 3.6 to 9.1 bar [60]. This engine operates under ultra-lean and lean
conditions (0.38 < ¢ < 0.72) as shown in Table 21l A detailed physical HCCI engine
model is found in [20] is used in this chapter. The HCCI model has been extensively

validated against steady-state and transient experimental data in |20, 61].

Table 2.1
HCCI engine parameters.

Parameters Values
Max. Power (kW) @ 2500 rpm 24.1
Max. Torque (N.m) @ 1300 rpm 160.6
Engine Speed (rpm) 800—2500
Fuel-Air Equivalence Ratio, ¢ (-)  0.38—0.72
Intake Pressure (kPa) 135

The input to the HCCI engine model is the fuel equivalence ratio (¢); and the output
is power and fuel consumption based on the engine power needed. To calculate the
generated power and fuel consumption of the HCCI engine, the ¢ value must be
known. Thus, a PID controller is designed to determine the required ¢ values for
different levels of power needed from the HCCI engine. One engine map is designed
to relate ¢ and speed to the generated power (Figure 23ta). The engine output
torque is known by dividing the engine output power by the engine speed, so another
engine map is developed to relate the engine torque and speed to Brake Specific Fuel
Consumption (BSFC) to calculate the fuel consumption. The resulting BSFC map is

shown in Figure 2.3}b.
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Figure 2.3: HCCI engine power and BSFC variation as a function of engine
speed and ¢.

2.2.2 Battery

A battery model from [62] is used to calculate the SOC based on the battery power
usage. This model has been used widely in previous EV and HEV studies due to
its simple implementation [63]. One output of the supervisory EMC in Figure
is the battery requested power, which is used by the battery model to calculate the
SOC and the battery voltage. The battery model assumes identical charging and
discharging characteristics for the battery. The battery open circuit voltage (E) has

a nonlinear relationship with the actual battery current (), which is introduced by:
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Q-1

b=ho-ha—ra

+ Aexp(—B. /Zdt (2.1)

where () is the battery nominal capacity. A, B, and K are the battery parameters
obtained from the battery voltage discharge curve. The values for these parameters

are provided in the Appendix [Al The SOC is calculated by:

soc — 1 11t

(2.2)

The battery energy capacity in this chapter was designed to supply the vehicle-
required electrical energy for 40 miles AER, which is in the same range as other
E-REVs, including the Chevy Volt and Cadillac ELR. Energy capacity is calculated
based on the 300Wh/mile energy requirement of a mid-size passenger car [64] as the
energy capacity highly depends on the driving cycle. Thus, the battery pack energy
capacity in this chapter is sized to address this requirement. Table 2.2] shows the
specifications of the selected battery. More discussion on the battery sizing is found

in the Appendix [Al
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Table 2.2
LV30P SAFT Li-ion battery parameters.

Parameters Values
Max Power (kW) 215
Capacity (kwh) 18.5
Mass (kg) 190

Specific Power (W /kg) 1136
Specific Energy (Wh/kg) 97
Max. Peak Power (A) 500

2.2.3 Traction E-motor

The actual produced power of the E-motor is obtained from the efficiency map at each
power-speed operating point. The map covers both motoring and braking modes.

Equation (2.3)) shows the torque relation of the E-motor:

PoavaitableMmotoring (a) motoring
Wmotor
Tonotor = (2 ' 3)
_ Pavgilable (b) braking
WmotorMbraking

where Pqiae refers to the available electrical power in the battery. Consequently,

the vehicle traction force (Fiqction) and the E-motor speed (wioror) are calculated by:
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Tmo or
F’traction - Rt Gr (24)

‘/ve icle
Wmotor = E l Gr (25)

where Gr is the final gear ratio between the E-motor and the driveline, and R is
the wheels radius. The actual vehicle speed (Viepice) is obtained from the LVD
model, which will be presented in the section 2.2.41 The UQM E-motor is chosen
among different common HEV traction E-motors based on the vehicle’s gradeability
and acceleration constraints (see the Appendix [Al for details). Table lists the
specifications of the UQM E-motor.

Table 2.3
Parameters for UQM PowerPhase 75 traction E-motor model.

Parameters Values
Peak Power (kW) 75
Peak Torque (N.m) 240
Maximum Speed (rpm) 7500
Maximum Efficiency 0.94
Voltage Range (V) 250-400
Peak Input Current (A) 400
Gear Ratio 2
Mass (kg) 41
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2.2.4 LVD Model

The purpose of the LVD model is to calculate the vehicle actual speed (V') based on

vehicle dynamics:

av
ME = Firaction = Farag — Froit — Fgravity (2:6)

where M is the vehicle total mass; Fyrag, Fron, and Fyaiy are aerodynamic drag
force, rolling resistance force and gravity force, respectively. Each of these parasitic

forces are calculated by:

1
Fdrag = ipACdV2 (27)
Fron = Mgf.(1+ L) (2.8)
roll — gjr 100 .
Fyravity = Mg cos 0 (2.9)

where p is the air density, A is the vehicle frontal area, Cy is the vehicle aerody-
namic drag coefficient, f, is the rolling resistance coefficient, and 6 is the road slope.

Table 2.4] lists parameters of the LVD model.
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Table 2.4
Vehicle specifications.

Parameters Values
Vehicle Curb Weight (kg) 1411
Differential Gear Ratio 3.25
Wheel Radius (m) 0.381
Drag Coefficient 0.25
Rolling Resistance 0.01

2.2.5 Vehicle Performance

The HEV model is implemented in Matlab/Simulink. The vehicle acceleration per-
formance was designed to reach 60 mph in 12.2 seconds, which is similar to a common
mid-size HEV on the market [65]. The vehicle braking performance was designed to
stop from 60 mph by traveling 53.4 meters [65]. Figure 2.4 shows acceleration and
braking performance of the developed HEV model. The model was verified with the
performance target values, which include a 0 to 60 mph acceleration time of 12.2 sec-
onds and braking distance of 47 meters when stopping from 60 mph. These numbers
verify that the developed HEV model has similar acceleration and better braking
performance than a common mid-size HEV. In addition, the model can satisfy the

gradeability requirements for a mid-size HEV (see the Appendix [A]).

26



100

50

0 10 20 30 40 50 60
Travelled Distance (m)

(b)

100

Vehicle Speed (km/h)

-
-
-
----
-
.
-

80
60’ ”””” - -

40

.
.
-
-

201

-
="
-
P

-
----
-

OO 2 4 6 8 10 12 14

Time (sec)

Figure 2.4: Simulated acceleration and braking performance of the HEV
in this chapter.

2.3 Energy Management Controller (EMC) De-

sign

The most important objectives of the EMC strategies include (i) meeting the driver
requested power for the traction, (i7) sustaining the battery charge, and (iii) min-
imizing fuel consumption. Here, three types of EMC strategies are developed and
tested for the HEV with the HCCI engine. These strategies include thermostatic
RBC control, global optimal control (i.e., DP), and MPC. Desired SOC window of

0.5 < SOC <€0.9is used in all the three EMCs.
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2.3.1 EMC Type I: Rule-Based Control (RBC)

In thermostatic RBC, the EMC rules are designed heuristically without driving cycle
information. The battery SOC is the only input to the control unit, which forces the
battery to keep the SOC on the desired window (0.5 < SOC < 0.9), by controlling
the engine on/off status. The thermostatic RBCs cannot adapt their rules with the
driving cycles, which results in non-optimal efficiency for a wide operating range.
Simple implementation for real-time EMC application is the major advantage of the

thermostatic RBC strategies [66].

2.3.2 EMC Type II: Global Optimization - Dynamic Pro-

gramming (DP)

In a series HEV, the engine power profile is determined by optimization-based EMC
while minimizing a cost function. If the driving cycle is known, meaning that the
driver power request is known, then a global optimal solution can be found [66].
While this approach cannot be applied in real-time EMC applications, the solution
from this method can be used as an ideal reference set for evaluating other optimal
EMCs. In this chapter, DP method based on Bellman’s Principle of Optimality [67]

is used to find a global optimum solution assuming that the entire driving cycle is
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known in advance. To design the EMC strategy, first a simple backward model of the
series HEV is used to decrease the optimization problem calculation time [49, I68].
This model simplifies the whole series HEV in two paths including fuel energy path
and battery energy path. The backward model replaces the intermediate components
(i.e. engine, generator, and battery) in the path by their net effect on the combined

path efficiency.

The transition cost between k" state to j* state at successive times is defined by
J;j(t,uy) from the following equation:

Jj(t, uk) = AEf(t, uk) + o AE{,(T,, uk) (210)
j J

J

The index j represents the feasible transitions between two states in the successive
times and the index k shows the control state at the current time ¢. Furthermore,
AEy(t,ux) and AEy(t, uy) are the energy consumptions of the ICE path and the
j j
battery path respectively for the transition between the k' state to the j** state
in the successive times. The control variable, wug, is the required ICE/generator
power produced which is determined by the DP control policy. The battery energy
is weighted by an equivalence factor . If « is large, the battery path will be in a
charge sustaining mode. In contrast, if a is small, then the battery energy increases,

which results in SOC depletion. In this chapter, « is a constant value that is tuned

by an offline optimization to enforce the battery to operate in a charge sustaining
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mode. By changing the a value, the battery can operate in a charge depleting mode.

AFE(t,uy) and AEy(t, ui) are calculated by the following equations:
J J

1 ([prath(t,uk) Prparn(t + 1, )

AE; (L ug) = = AL+ Nyt g s @ ) 211
i f( k> 2 nfpath(tauk) nfpath(t_l_la])] BT st LAY ( )

(2.12)

1 [ Poparn(t, Popan(t + 1,7
AEy(t, up) = 3 [ bpath (1, Ur) bpatn (£ + ‘7)] At
J

Nopath (t, Uk) — Moparn(t + 1, J)

where 7parn and Mppern, represent the combined efficiency in the ICE path and the
battery path for the transition between the k' state to the j** state in the successive
times, respectively. my g0 in Equation (ZI0]) is the fuel penalty for each engine
start-up. The cost associated with the engine start-up is incorporated in Equation
(Z1I1) by introducing the Nj; constant which is equal to 1 when engine is at start-up
and it is equal to 0 during the rest of the engine operation. Q; gy is the gasoline fuel

lower heating value.

The summation of produced power from the fuel path and the battery path should be
equal to the driver requested power (F,.,). Thus, in the DP strategy, by specifying
the required engine power (P (t, ux)) at the k™ state, the required battery power

(Popatn(t, ur)) at the same state in time ¢ can be calculated by:

Pbpath(ta uk) = Preq(ta uk) - prath(ta uk) (213)
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The discretization of the DP problem is done with 1 second time step over the whole
driving cycle period. In the backward DP, the optimal cost-to-go from the current

time (¢) to the end of the driving cycle is defined as:

S*(t, ug) = mijn [J;(t, ug) + S*(t+1,7)] (2.14)

where S*(t,uy,) is the optimal cost-to-go from the k' state at the current time ¢ to
the end of the driving cycle. S(t+ 1, u;) represents the optimal cost in the next time

(i.e., t + 1) associated with the control state u; to the end of the driving cycle.

A nonlinear HEV model, which does not include the driver model, is used to increase
the real-time implementation flexibility of optimal EMC model. This backward model
assumes that the vehicle tracks exactly the driving cycle; thus, the vehicle power
demand directly calculates from the driving cycle. In addition, a complex forward
Simulink vehicle model is designed for analysis of the HEV vehicle. For confirming
that the backward model can track dynamics of the target HEV, simulation results of
the backward model are compared to those of the complex forward Simulink vehicle
model. The comparison results in Figure show that the calculated E-motor power
request from the backward model is close to the complex forward model. Therefore,

the backward model can be used as a plant model for DP controller design, while
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the final EMC strategies are tested in the detailed forward HEV model. It should be
noted that implementing the DP for real-time operation is challenging. The purpose
for including DP results in this chapter is to present the ultimate energy saving using
the HCCI hybrid electric powertrain. The DP values serve as a benchmark for the

comparison with RBC and MPC results with different time horizons.
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Figure 2.5: Comparison of E-motor speed and torque simulation results
from forward and backward HEV models during Extra-Urban Driving Cycle
(EUDC) driving cycle.
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2.3.3 EMC Type III: Model Predictive Controller

The majority of the EMC optimization techniques require the information of the
entire driving cycle in advance. This requirement makes it challenging to implement
EMC strategies in real-time [69]. Given that the vehicle speed can be predicted over
a short Time Horizon (TH), the optimization method can be applied over a short
TH instead of over the entire driving cycle. The vehicle velocity information over a
short TH can be obtained from the GPS estimated data. The cost function (J) in
the n'® TH is shown in Equation (2I5)). J is minimized over TH by selecting optimal

ICE/generator power.

J(n) = /:+TH(P +aP ) dt (2.15)

subject to:
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Pe,min < Pe < Pe,ma:c
Pm,min < Pm < Pm,max

Ne,min < Ne < Ne,mam
(2.16)

Nm,min < Nm < Nm,max
SOC i < SOC < SOC 4z

SOCai=o = 0.8

where the subscripts min and max denote minimum and maximum, respectively. The
first term in Equation (ZI5) refers to the fuel energy consumed by the ICE and the
second term refers to the battery electrical energy consumed or recharged during the
drive cycle. The subscripts e and m in Equation (ZI€]) designate engine and motor,
respectively. The DP formulation in Section 2.3.2 is used over the TH to calculate
the optimal ICE/generator power at time step n. A closed-loop MPC is designed
to reject disturbances such as sudden changes in the estimated driving cycle data.
However, this EMC strategy does not provide a globally optimal solution, but it can
be used for real-time implementation. In the current formulation, the time domain is
discretized into one-second intervals. The solutions consist of local optimum control

signal at each time step.
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2.4 Results and Discussions

In this section, firstly, validation of the developed model components is shown; sec-
ondly, the results for the single model series HEV is presented and then the impact
of the engine operating points and the results for the E-REV model are discussed.
Lastly, the effect of driving cycles type on the fuel economy is examined. In sub-
sections 2.4.2] to 2.4.4] Urban Dynamometer Driving Schedule (UDDS) driving cycle
is used. The impact of the engine operating points and the type driving cycles are

presented in the subsections 2.4.3 and 2.4.5] respectively.

2.4.1 Validation of Model Components

The HCCI engine model has been validated previously against the experimental data
at a wide operating range [20]. Here validation of two major HEV components,

including the E-motor and battery, is presented.

The battery model accuracy is verified by comparing the battery model single cell
discharge profile with the one obtained from experimental data [5]. Figure shows
that the model can predict the battery discharge performance by Root Mean Square

Error (RMSE) of 0.17 V.
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Figure 2.6: Battery model validation against experimental data from [5].
In addition, Figure 2.7 compares the E-motor model accuracy at different operating
points. The comparison is done for both motoring and regeneration modes. Validation
results show that the E-motor model can predict efficiency of the E-motor for both

motoring and regeneration conditions with RMSE less than 1.5%.

2.4.2 Single Mode Series HEV

In series HEVs, the engine is decoupled from the drivetrain, which makes the engine
work most of the time at high efficiency operating points. Here, the engine is working
on an operating point to produce 15 kW. This amount of power is enough for the

engine to keep the vehicle speed constant at 70 mph on a flat road (see Appendix [A]).
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Figure 2.7: Experimental validation of E-motor efficiency using experi-
mental data from [6].

From Figure the minimum BSFC of the HCCI engine at 15 kW power occurs at
900 rpm engine speed and 160 N-m torque (point 2 on Figure 2:3tb). This operating
point is used for design of EMCs in this chapter. The rest of the power request will

be produced by the battery pack; thus, the power from the battery keeps changing

during the driving cycle.

To evaluate the HCCI engine fuel economy, a modern SI engine model is developed and
integrated into the HEV model in this chapter. The selected engine is a GM Ecotec
1.4L 4-cylinder SI engine, which is used in the Volt E-REV. Figure presents the
GM engine BSFC map based on the data from [7]. For 15 kW, the optimum BSFC

is 245 =2 at 1500 rpm with 95.5 N.m engine torque. This single operating point is
EWh 8 g g
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used as a basis of comparison in this section.
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Figure 2.8: BSFC map of GM Ecotec 1.4L SI engine. The data from [7]
was used to generate this Figure.

The E-motor and drive wheels speeds are synchronized with a single gear ratio that
matches the E-motor maximum speed (6000 rpm) and the vehicle maximum designed
velocity (100 mph). Figure shows the E-motor speed variation in the UDDS
driving cycle. The maximum E-motor speed reaches 4250 rpm, which corresponds to

the vehicle velocity of 56.7 mph in the UDDS driving cycle.

Figure 2.0 shows the E-motor efficiency map along with the E-motor operating
points for the UDDS driving cycle. The E-motor efficiency in both motoring and
regenerative braking modes changes in the range of 70% to 85%. The E-motor works

more efficiently at higher speeds and higher powers.
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Figure 2.9: Traction E-motor speed during the UDDS driving cycle.
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Figure 2.10: E-motor operating points, shown with '+’, plotted over E-
motor efficiency contours.
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Figure 2.17] verifies that the vehicle follows the driving cycle target speed. The vehicle
speed is tracked with RMSE of 0.9 mph. The results in Figure 2.11] confirm that
component sizing of the series HEV satisfies the vehicle power request in the UDDS
driving cycle. Consequently, this makes the developed HEV model reliable to be used

as a baseline for evaluation of the EMCs.
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Figure 2.11: Desired vehicle speed vs. actual vehicle speed.

Figure shows the variation of the battery SOC and engine on/off status in both
thermostatic RBC and DP EMCs. In the thermostatic RBC, the SOC values specify
the engine on/off status. In this chapter, for the UDDS driving cycle, when the
SOC is lower than 0.7, the RBC turns on the engine to charge the battery until
the SOC reaches the starting SOC value (i.e., SOC=0.8). In the DP controller, the

SOC variation is significantly less than that of the thermostatic RBC. Because of the
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charge sustaining mode, the number of engine on/off transition is greater in the DP

compared to the RBC (Figure Z_12Lb).
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Figure 2.12: Engine on/off status and the battery SOC pattern in the DP
and RBC strategies.

Figure compares the battery output power based on the vehicle power request by
using the DP control strategy. The DP strategy optimizes the engine operation based
on the fuel economy in the driving cycle. In Figure 2.13] there are different modes of
power distribution between the ICE and battery to meet the requested power. For
example at t=95 sec, when the power request is low, the ICE simultaneously charges
the battery and produces the requested power from the E-motor. Generally, the ICE
can be turned on or off during braking in contrast to the RBCs that turn off the ICE
during braking. The SOC variation in the DP method is small in the whole driving

cycle. During the aggressive acceleration from t=157 sec to t=335 sec, SOC drops
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more in comparison to other times due to the large increase in the power request. In
addition, in regenerative braking situations, the E-motor can recapture most of the
braking power at high speeds (e.g., at t=115 sec), whereas at low speeds (e.g., at

t=300 sec) the mechanical brake will assist the braking torque.
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Figure 2.13: Power split profile in the DP controller.

Figure 2.14] compares the SOC variation in the DP and MPC controllers with differ-
ent prediction Time Horizon (TH) values. In MPC, by increasing TH in the driving
cycle, the SOC path will become closer to the optimal SOC path in the DP. Longer
prediction TH means higher computational cost, which restricts the MPC implemen-

tation in real-time. Thus, there is a tradeoff between fuel economy improvement and
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computational load. The designed DP EMC algorithm in this chapter is computa-
tionally efficient. The simulation processing time on a 2.20 GHz Intel processor is
about 50.8 seconds for the whole combined driving cycle (i.e., 8.1 ms per one second

of the driving cycle).
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Figure 2.14: Battery SOC variation in MPC for different Time Horizons
(TH) and DP controllers.

Figure compares the fuel economy (in MPG) of the HEV with both HCCI and
SI engines in series HEV. The comparison is for different EMCs including RBC,
MPC, and DP. Among the EMC strategies, the DP global optimal strategy shows
the best fuel economy compared to the RBC and MPC strategies. Figure also
shows the effects of TH length on the vehicle fuel economy. It is observed that
increasing the TH to 70 seconds has a strong effect on improving the fuel economy.

But the rate of this improvement reduces and eventually becomes negligible once the
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MPC results converge to DP results at TH=120 seconds. A longer TH requires more
computational load, but leads to more precise estimation of the future driving cycle.
Therefore, obtaining high fuel economy with a low TH is a desirable goal for MPC
EMC. TH=70 offers a good compromise between computation load and fuel economy

improvement for the HEV study in this chapter.
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Figure 2.15: Fuel economy comparison for different EMCs including the
effect of MPC Time Horizons (TH) in the series HEV for UDDS driving
cycle. (EMC: 1-mode)

2.4.3 Impact of Number of Engine Operating Points

The impact of the number of engine operating points on the HCCI fuel economy is

discussed in this subsection. To show the number of operating point impact, three
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different power levels, low, mid, and high, are selected. It should be noted that

the DP formulation in this section is the same as that is in Section 2.4.2 with the

only difference of the parameter “k” in the Equations (ZI0) to (ZI4). k € [1,2,3,4],
where k = 1 represents the engine off situation, and k = 1, 2, or 3 represents the engine
three selected power levels (modes). The engine power levels are selected identically
for each engine to make the comparison meaningful. Within a range of 10 percent for
each power level, a search is done to find the lowest BSFC value. Figure 23tb and
Figure 2.8 show the final three selected operating points for the HCCI and SI engines,
respectively. In the single operating mode, the mid power levels (i.e., points no. 2 in
Figure 23tb and Figure 28] of each engine are compared together since the engines
in this operating point can produce the minimum power requirement for the vehicle.
For the 2-mode operation, a low level power and a mid level power are compared (i.e.,
points no. 1 and 2 in the Figure 2Z3tb and Figure [28)), and for 3-mode operation all
the three selected points are considered. Figure shows the effect of number of

engine operating points.

In addition, Figure 216 shows the effect of engine start-up fuel penalty (my sqr¢). The
HCCT fuel economy improvement is constant versus the amount of m¢ s4q,¢. Since the
power levels for each engine are similar, the number of engine on/off switching will
remain constant, which makes the HCCI fuel economy improvement independent of
the my siqre value. Figure shows that the HCCI fuel saving increases by increasing

the number of engine operating points. This can be explained by improved ICE
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efficiency when three modes are utilized in HCCI compared to that in the SI engine.
Given better fuel economy results by using 3-mode EMC, the rest of the results in

this chapter are presented for the 3-mode EMC.
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Figure 2.16: HEV fuel economy improvement by using HCCI versus SI as
a function of number of engine operating points and fuel penalty for engine
start-up. (EMC: DP)

Fuel economy (in MPG) of the HEV with both HCCI and SI engines in series HEV
mode is shown in Table for 3-mode operation. The results show that using HCCI
in the series HEV based on the DP EMC strategy leads to 7.7 MPG (17.7%) fuel
economy improvement for the UDDS driving cycle with three engine operating points.
The MPG improvement will increase by 17.1% by using the DP strategy instead of

RRB strategy for the HEV model integrated with HCCI engine. Table also shows

the effects of TH length on the vehicle fuel economy. It is observed that by increasing
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the TH from 20 to 70 seconds, the MPC strategy has a 5% higher fuel economy for
the HEV with the HCCI engine.
Table 2.5

Fuel economy comparison for different EMCs including the effect of MPC
Time Horizons (TH) in series HEV. (EMC: 3-mode)

Energy Management Engine Type
Controller HCCI (MPG) SI (MPG)
Thermostatic RBC 43.8 38.6
MPC —TH20s 47.8 40.8
MPC —TH50s 48.5 41.4
MPC —TH70s 50.2 42.8
MPC —TH90s 50.8 43.3
MPC —TH120s 50.9 43.4
DP 51.3 43.6
2.44 E-REV

In this section, the effect of running HCCI engine in E-REV mode for the UDDS
driving cycle is studied. In E-REV mode, the battery is depleted up to a lower
SOC value (i.e., 0.3) and the ICE is producing power to sustain the battery SOC in
the required SOC limit. Fuel economy of the HEV integrated with both HCCI and
SI engines in E-REV mode are shown in Table Comparing Tables and
shows that the fuel economy in series is higher than E-REV. The battery output
voltage decreases as the battery SOC decreases |70]. Thus, in E-REV due to the
battery lower SOC range, the battery output voltage will be less than that of the
series HEV. This leads to lower battery output voltage in E-REVs compared to series

HEVs. Moreover, the battery requested power is constant and lower battery voltage
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means higher battery current; higher battery current drains the battery power quickly
and affects the engine on/off status. Figure [Z17 shows the changes in engine on/off
status in E-REV and series HEV. It can be seen that in E-REV, the number of on/off
switching is greater than the series HEV.

Table 2.6

Fuel economy comparison for different EMCs including the effect of MPC
Time Horizons (TH) in E-REV mode. (EMC: 3-mode)

Energy Management Engine Type
Controller HCCI (MPG) SI (MPG)
Thermostatic RBC 43.4 38.3
MPC —TH20s 47.7 40.6
MPC —TH50s 48.3 41.2
MPC —TH70s 50.3 42.8
MPC —TH90s 50.7 43.1
MPC —TH120s 50.8 43.2
DP 51.2 43.4
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Figure 2.17: Engine on/off status in E-REV and series HEV. (EMC: 3-
mode DP)
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In addition, higher battery power request needs the engine to run for longer time to
compensate for the driver power demand. In this case, the HCCI engine has more
opportunity to work and more fuel saving is achieved compared to the SI engine; thus,
the E-REV has higher fuel economy improvement versus SI engine as illustrated in

Figure 2,18
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Figure 2.18: Fuel economy improvement by HCCI in different THs in series
HEV and E-REV modes. (EMC: 3-mode)

2.4.5 TImpact of Driving Cycle

In this subsection the impact of using various driving cycles on the HCCI fuel economy
improvement for both series HEV and E-REV is explored. Three different driving
cycles including UDDS, NEDC (New European Driving Cycle), and Japanese JC08

driving cycle are studied. Figure [2.19 shows the impact of the various driving cycles
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on the HCCI fuel economy improvement. The fuel economy improvement varies from
16.2% to 18.9% depending on driving cycles. Table[2Z.7]lists the required average power
of the designed vehicle in each of the studied driving cycles. By comparing Table 2.7
and Figure[2.19 it is clear that driving cycle average power has a direct impact on the
HCCI fuel economy saving over the SI engine. Thus, the fuel economy in the JCO8
driving cycle is greater than that for the UDDS and NEDC driving cycles. In addition,
the difference between the E-REV and series HEV fuel economy improvement is

related to the difference in the length of the engine runtime as discussed in subsection

244

Table 2.7
Average power without full regenerative braking in three driving cycles.

Driving Cycles Average Base Power (kW)

UDDS 4.1
NEDC 4.5
JCO08 7.5

2.5 Conclusions

In this chapter, a complete forward-in-power series HEV model integrated with HCCI
and SI engine was developed in the Matlab/Simulink. All the main components, in-
cluding the battery and E-motor were validated against the experimental data. The
HCCI engine model was previously validated with steady-state and transient exper-
imental data [20, 61]. Three different types of supervisory EMC strategies includ-

ing RBC, DP, and MPC were developed. The MPC strategy incorporated the DP
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Figure 2.19: HEV fuel economy improvement by using HCCI versus SI in
various driving cycles. (EMC: 3-mode DP)

method, which was applied on a moving time horizon to calculate one step ahead

sub-optimal control variable. Here are the main findings from this chapter for the

HEV platform studied:

1 The results showed the HCCI engine offers significant potential for fuel saving in
series HEV and E-REV architectures. In the UDDS driving cycle, integrating an
HCCI engine with a series HEV powertrain can provide up to 18.9% higher fuel
economy over a modern SI engine. Furthermore, the fuel economy improvement

is found to be dependent on the EMC strategy applied.

1 Increasing number of the engine operating points can increase the HCCI fuel

ol



economy improvement over the SI engine, though too frequent mode switches
should be avoided once a high number of operating points is used. The im-

provement also depends on specification of each operating point.

Among the three EMC strategies studied, the 3-mode DP offered the best per-
formance with 17.1% higher fuel economy compared to the RBC for the HEV

with the HCCI engine in the UDDS driving cycle.

In the MPC strategy, by increasing the TH, the improvement in fuel economy
increases and merges to the DP controller results. Changing the TH up to 70
seconds exhibited a strong effect on improving the fuel economy. But the rate
of this improvement reduces and eventually becomes negligible once the MPC

results merge to the DP results at TH=120 seconds.

Among all the driving cycles, those that have higher average power result in
higher HCCT fuel saving. Thus, the HCCI engine operating in JCO8 driving
cycle offered 18.9% fuel economy improvement versus 16.2% in NEDC driving

cycle in the E-REV mode.

Generally, the E-REV offers a better application for the HCCI engine versus
the series HEV. E-REV has 0.3% to 0.8% higher fuel economy versus the SI

engine for different driving cycles.
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Chapter 3

Single-Mode RCCI Engine as

Range Extender!

Among different types of Low Temperature Combustion (LTC) regimes, Reactively
Controlled Compression Ignition (RCCI) has received a lot of attention as a promising
advanced combustion engine technology with high indicated thermal efficiency and
low Nitrogen Oxides (NO,) and Particulate Matter (PM) emissions. In this study,
an RCCI engine for the purpose of fuel economy investigation is incorporated in
Series Hybrid Electric Vehicle (SHEV) architecture, which allows the engine to run
completely in the narrow RCCI mode for common driving cycles. Three different

types of Energy Management Control (EMC) strategies are designed and implemented

IThis chapter has been published in Journal of Energies MDPI [2] with permission from MDPI as
shown in Appendix
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to achieve the best fuel economy. The EMC strategies encompass Rule-Based Control
(RBC), offline, and online optimal controllers including Dynamic Programing (DP)
and Model Predictive Control (MPC), respectively. The simulation results show
13.1% to 14.2% fuel economy saving by using an RCCI engine over a modern Spark
Ignition (SI) engine in SHEV for different driving cycles. This fuel economy saving is
reduced to 3% in comparison with a modern Compression Ignition (CI) engine, while
NO, emissions are significantly lower. Simulation results show that the RCCI engine
offers more fuel economy improvement in more aggressive driving cycles (e.g., US06),
compared to less aggressive driving cycles (e.g., UDDS). In addition, the MPC results
show that sub-optimal fuel economy is achieved by predicting the vehicle speed profile

for a time horizon of 70 sec.

3.1 Introduction

Two thirds of the oil consumption in the world is currently used in the transporta-
tion sector and half of that goes to passenger cars and light trucks [71]. Prevalent
consumption of the petroleum-based fuels leads to high greenhouse gas (GHG) emis-
sions. The transportation sector in the U.S. and Europe accounts for around 25%
of the total GHG emissions. In the U.S., the goal is to decrease the transportation
GHG by 35% by 2025 [72] and in Europe the goal is to cut the transportation GHG

by 67% by 2050 [73]. In this context, automakers must reduce the GHG emissions
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by introducing advanced fuel-efficient technologies and also by using alternative fuels.
Low Temperature Combustion (LTC) engines include a family of Internal Combus-
tion Engines (ICEs) technologies, including Premixed Charge Compression Ignition
(PCCI), Homogeneous Charge Compression Ignition (HCCI), and Reactivity Con-
trolled Compression Ignition (RCCI) engines, which offer low engine-out NO, and
low soot emissions |74], and peak net indicated thermal efficiency as high as 53% [19].
Moreover, improvement in ICE fuel efficiency has the largest potential in improv-
ing Hybrid Electric Vehicle (HEV) fuel economy improvement and reducing GHG
emissions, compared to enhancement in other HEV component efficiency [40]. Thus,
integrating fuel-efficient LTC engines in HEVs has the potential to improve the vehicle

fuel economy and decrease the GHG emissions.

However, utilizing the LTC engines in vehicles faces two major challenges: (i) limited
engine operating range, and (ii) control complexity in mode transitions (e.g., SI <>
LTC, CI +» LTC). To tackle these two challenges, this chapter investigates integration
of an LTC engine with series Hybrid Electric Vehicle (HEV) by taking advantage of
decoupling the ICE from the drivetrain. This allows the LTC engine to operate in a
narrow operating range, removes the engine mode transients, and simplifies the LTC
engine control. In addition, SHEVs are already available on the market such as the

Chevrolet Volt, Fisker Karma, and BMWi3.
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Another important factor in improving fuel economy of HEV powertrains is develop-
ing optimal Energy Management Control (EMC) strategies to maximize fuel saving.
Figure B3] lists the major EMC approaches in HEVs. These include 1) Rule-Based
Controller (RBC) such as fuzzy [50] and on-off [45] strategies. These strategies are im-
plementable in real-time applications due to their robustness and low computational
cost. However, the RBC strategies do not offer the best HEV fuel saving [55, 56] due
to their offline design; 2) Global optimization strategies such as Pontryagin Minimum
Principle (PMP) [52] and Dynamic Programming (DP) [22, 149, (75, [76]. These strate-
gies require the complete information of the driving cycle to determine the optimum
EMC. While these global optimization strategies cannot be applied in real-time, the
solution from these strategies can be used as a platform to find the ultimate fuel
saving for evaluating other EMC strategies [53]; 3) Real-time optimization controllers
such as Stochastic Dynamic Programming (SDP) |48, [77], Equivalent Consumption
Minimization Strategy (ECMS) [47, 159, 78], and Model Predictive Controllers (MPC)

[42, 158, [79]. These sub-optimal EMC strategies can be implemented in real-time.
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Controller Types

A

Rule-Based, Global Optimization (DP, Pontryagin’s Minimum Principle),
Real Time (MPC, ECMS, SDP)

[Hu 2013]

MPC Control of a Series-
Parallel [Kermani 2012]

SDP Control of a Series-
Parallel [Opila 2012]

Neuro-DP Control of a
Series Hydraulic HEV
[Johri 2011]

RBC of Parallel HEV
[Albert I.J.
2004, Rizzoni 1999]

ECMS Control of a
Parallel HEV [ Sciarretta
2004]

SDP Control of a Parallel
HEV Truck [Lin 2003]

DP Control of a SHEV
[Brahma 2000]

Fuzzy RBC in Parallel
HEV [Brahma 1999]

Thermostatic RBC of a
SHEV [Jalil 1997]

PMP Control of Parallel
PHEV [Tribioli 2014]

RBC and PMP Control of
E-REV [Sciarretta 2014]

DP Controller in PHEV
[Shams-Zahraei 2012]

DP Controller in Parallel
HEV [Kum 2011]

Online EMC of
PHEV,SHEV, and S/P-
HEV [Kessels 2008]

MPC and DP Control of
Mild HEV [Koot 2005]
Atkinson

Engine Sizing for a PHEV
[Yonekawa 2013]

Engine Designing for a
Parallel HEV
[Kawamoto 2009]

/ ICE Types \
Cl Engines S| Engines LTC Engines
Optimization based EMC Conventional Single-Mode
for series Plug-In Bus HCCl

RBC of SI-HCCI Different
HEVs [Delorme 2010]

RBC of Dual Mode SI-
HCCI S/P HEV in
[Lawler 2011]

ECMS of S/P HEV in Dual
Mode SI-HCCI [Ahn 2012]

RBC, DP, and MPC in
SHEV/E-REV
[Solouk 2015]

RCCI

Manually Tuned, Fixed
Engine Power in a SHEV
[Hanson, 2015]

DP and MPC based EMC
with variable engine power
in a SHEV [This work]

Multi-Mode

Fuel Economy Advantage
of a Multi-mode LTC
Engine with the S| mode
Switching in a SHEV
[Solouk 2016]

Figure 3.1: Prior studies categorized based on different types of ICEs and
EMCs incorporated in HEVs.

Prior HEV studies are divided into three groups according to the ICE type (Fig-
ure In the first group, CI engines have been used in different HEV architectures
nlAln [ain{ninia}

Vehicles (SUVs), trucks, and buses

The CI engines have been mostly used in Sport Utility
, ,Q Q] In the second group, SI engines

]. Recently, SI engines with Atkinson cycle have

have been used in HEV H ,

become more popular in the market (e.g., Ford C-Max, Honda Accord PHEV, Lexus

N

RX 450h, and Toyota Prius). In |28], an Atkinson cycle SI engine was used by Toyota

R&D group to increase the fuel economy benefit of HEVs. In another study [27], a
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Honda Accord PHEV was redesigned based on the Atkinson cycle and 10% lower fuel

consumption was reported compared to the SI engine.

Few studies are found in the literature that investigated integrating LTC engines with
HEVs. Among different types of LTC engines, HCCI was the first type explored in
hybrid electric powertrains. In the first study at Argonne National Laboratory in
U.S., the effects of using a dual mode SI-HCCI engine in different vehicle electrifi-
cation levels were analyzed [35]. Their simulation results predicted 6% to 15% fuel
consumption reduction, depending on powertrain configurations and driving cycles.
In another study [34], fuel economy improvement of an HCCI engine versus an SI
engine for both mild and medium parallel HEVs was investigated. The authors re-
ported a range from 17% to 35% fuel economy improvement with using a dual-mode
SI-HCCI in comparison to a conventional SI non-hybrid powertrain. In both studies
[34, 135], a dual mode (SI-HCCI) engine was used with a rule-based EMC. Another
study [59] was conducted to investigate the effect of utilizing a dual mode SI-HCCI
engine on a power-split HEV acceleration performance. The authors quantified the

trade-off between the vehicle fuel economy and the vehicle performance.

RCCI is the second type of LTC engine that has been recently investigated for HEVs.
The study in [37] is the only study available in the literature for an RCCI-based

HEV. In [37], researchers at the University of Wisconsin-Madison and Oak Ridge
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National Laboratory in U.S. used an RCCI engine in a series hybrid electric power-
train. The authors tested the vehicle for the US Environmental Protection Agency
(EPA) Highway Fuel Economy Test (HWFET) procedure to measure the vehicle fuel
economy and emissions. Based on simulation results, the authors predicted that a
series-parallel RCCI-HEV configuration will lead to 12% fuel economy improvement
for the Chevrolet Volt, which currently uses a SI engine. The study in [37] included
preliminary results and no model-based EMC strategy was used for optimizing the
energy balance between the battery and ICE energy sources. In addition, the results
were presented only for the HWFET driving cycle. The EMC type and driving cycles
will affect the RCCI-HEV performance and fuel saving results, as will be shown in

this chapter.

To the best of the author’s knowledge, this is the first study undertaken to investi-
gate the fuel economy benefit of integrating an RCCI engine in SHEV with advanced
EMCs. The contribution from this chapter is threefold. First, it investigates the wulti-
mate fuel saving of a dedicated RCCI-mode engine in SHEV configuration. Second,
it investigates the effect of EMCs on the potential of fuel economy improvement for
SHEV using an RCCI engine. Third, it studies the impact of driving cycle and also

the battery initial SOC on the fuel economy of the RCCI-based SHEV.

This chapter is organized as follows. In Section 3.2, the developed HEV model is

presented and the main components of the HEV model are described. Section [3.4]
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explains three different EMC strategies including on-off RBC, global optimization
DP, and MPC. In Section the optimum number of engine operating points are
selected with regards to the fuel economy. The SHEV results are presented in Section

3.5 Finally, Section summarizes all findings from this chapter.

3.2 SHEYV Model Description

A SHEV with specification listed in Table 3.1l is modeled in this section.

Table 3.1
Vehicle specifications.

Parameters Values
M (kg) 1431
5O 0.01
p(-) 0.8
p (kg/m?) 1.224
Cq (-) 3.25
R, (m) 0.381
A (m?) 2.0
Gr () 3.25
P, (kW) 215
Battery capacity (kWh) 18.5
E-motor peak power (kW) 75
E-motor peak torque (N.m) 240
E-motor maximum speed (rpm) 7500
E-motor maximum efficiency (-)  0.94
Generator efficiency (-) 0.95

The SHEV model encompasses different submodels including the RCCI engine, Lon-
gitudinal Vehicle Dynamics (LVD), E-motor, and battery. The model is a forward-

in-power HEV model developed in Matlab®/Simulink to evaluate the EMC strategies
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and fuel economy benefits. Using the LVD model, the vehicle speed profile is calcu-
lated based on the available supplied traction torque by the E-motor after subtracting
for drag and rolling resistance forces. The supervisory controller specifies the battery
required power and the engine power based on the battery State Of Charge (SOC),
and the driver power demand. Figure shows the high level schematic of the model.
The description for sizing and selection of HEV electrical components are found in

[1]. The SHEV model is briefly explained as follows.
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Figure 3.2: A schematic diagram to illustrate the power and control flows
among the main components of an RCCI-based SHEV.

3.2.1 1IC Engines

Three different ICEs will be studied as part of the SHEV. These ICEs include RCCI,
CI (diesel), and SI (gasoline) engines. The RCCI engine used in this chapter is based
on a modified GM Z19DTH diesel engine. The diesel engine was converted to an

RCCI engine by a group of scholars from the University Wisconsin-Madison and Oak
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Ridge National Laboratory [8]. The RCCI engine has a new piston design and its
compression ratio is reduced from 17.1 to 15.1 [8]. Table lists the RCCI engine
specifications and Figure[3.3]shows the RCCI engine Brake Specific Fuel Consumption

(BSFC) map using the data from [§].

Table 3.2
Specification of GM Z19DTH diesel engine converted for RCCI operation
18].

Parameters Values

Bore (mm) 82

Stroke (mm) 90.4

Displacement (L) 1.9

Compression Ratio 15.1

Max. Power (kW) @ 3000 rpm 32.0

Engine Speed Range (rpm) 1000—3500

The engine speed range is from 1000 rpm to 3500 rpm. The BSFC map of the engine
(Figure B3]) was created using the engine Brake Thermal Efficiency (BTE) data from
[8] and Lower Heating Value (LHV) of fuels. The RCCI engine model is designed such
that it takes the required Brake Mean Effective Pressure (BMEP) and the required

engine power and then calculates the engine fuel consumption.
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Figure 3.3: BSFC map (g/kWh) of the RCCI engine in this chapter. The
data from [8] was used to generate this figure.

For the comparative study, the BSFC model of a CI engine and a SI engine are
included in the HEV model. The same base engine is used for both RCCI and CI
(diesel) modes. Thus, the original GM Z19DTH diesel engine data from B] is used
for the CI engine model. Figure [3.4] shows the BSFC map for the CI engine. For a
fair comparison, the SI engine is selected such that it has optimum power rating for
the HEV size in this chapter. To this end, a GM A14XFL SI (gasoline) engine from

a mid-size HEV on the market is chosen.
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Figure 3.4: BSFC map (g/kWh) of the GM Z19DTH CI (diesel) engine.
The data from [8] was used to generate this figure.

Figure shows the SI engine’s BSFC map based on the data from H] This figure
demonstrates that the selected engine operating points (i.e., points # 1, 2, 3) are

located in the lowest BSFC region of the SI engine.
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BSFC map (g/kWh) of GM A14XFL SI (gasoline) engine.
| was used to generate this figure.

3.2.2 Longitudinal Vehicle Dynamics

The LVD model calculates the vehicle actual speed V' based on the vehicle traction

and resistance forces and the dynamics associated with the vehicle. The following

equation shows the governing dynamic model used for the LVD model:

d
M—V = Ftraction

dt - Fdrag - Froll - Fgravity
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where M is the vehicle total mass, Fyquity, Farag, and Fqy are gravity force, aerody-
namic drag force, and rolling resistance force, respectively. The resistive forces are

calculated from the following equations:

Fyravity = Mgsin (3.2)
1
Fdrag = ipACdV2 (33)
F.on=Mgtf (1 + L) (3 4)
roll — glr 100 .

where 6 is the road slope, Cy is the vehicle drag coefficient, p is the air density, A is the
vehicle frontal area, and f, is the rolling resistance coefficient. The main parameters

of the LVD model are listed in Table 3.1

3.2.3 E-motor Model

A single gear ratio 75 kW E-motor [6] is utilized in this chapter. The E-motor re-
quested power is calculated based on the supervisory controller’s demanded power
as the input to a map-based E-motor model. The E-motor model includes an effi-
ciency map versus power request and rotational speed up to the maximum of 7500
rpm. Based on the E-motor operating point, the E-motor actual generated power is

obtained from the efficiency map. Then, the E-motor traction torque is calculated
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using the electrical available power and the motor speed. The available electrical
power consists of the E-motor generated power and the battery power by including
a constant auxiliary load used for the entire driving cycle [81]. The E-motor effi-
ciency map covers both traction (yqection) and regenerative braking (7praking) modes.
Equation (B.5) shows the torque relation of the E-motor:

Pa'uailable Ntraction (a) tl"&CthIl

Wmotor

Tmotor = (3 . 5)

—FPavgitable (b) regenerative braking

Wmotor Mbraking

where, P, qiabe Tefers to the available electrical power in the battery. Consequently,

the vehicle traction force (Fi qction) and the E-motor speed (wporor) are calculated by:

Tmo or
F’traction - i Gr (36)

w

Gr (3.7)

R

Vv
Wmotor = R—w
where, R, is radius of the wheels and Gr is the final gear ratio between the E-motor
and the driveline. The Gr is designed to match the vehicle maximum designed speed
with the E-motor maximum speed (i.e., the maximum vehicle speed is 100 mph and
the maximum E-motor speed is 7500 rpm). The actual vehicle speed is obtained from

the LVD model. In addition, the E-motor was sized and selected based on the required

traction torque and power for the vehicle gradeability and acceleration performances
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[1]. Table B.I]lists the main specifications of the E-motor.

3.2.4 Battery Model

Based on the E-motor operating point, the E-motor actual generated power is ob-
tained from the efficiency map. The supervisory controller specifies the battery re-
quired power, as shown in Figure A battery energy capacity and power is sized
to meet the SHEV design requirements. The battery supplies 40 miles AER, which is
a common range for SHEVs such as 2015 Cadillac ELR. A battery model is employed
to estimate the battery SOC and the battery voltage. The battery model is from [63]
and it is widely used in previous HEV and EV investigations. This model extracts a
nonlinear model (experimental data [5]) for the battery characteristic discharge curve.

Finally, the SOC' is calculated by:

[ idt

SOC =1 —
Q

(3.8)

where 7 is the battery current and () is the battery nominal capacity. More discussions

on the battery sizing and models are available in [1].
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3.2.5 Vehicle Acceleration and Braking Performance

The HEV model is implemented in Matlab®/Simulink. The vehicle acceleration per-
formance was designed to reach 60 mph in 12.2 seconds, which is similar to a common
mid-size HEV on the market [65]. The vehicle braking performance was designed such

that to be able to stop from 60 mph in less than 53.4 meters similar to that in [65].

3.2.6 Model Validation

The BSFC maps of the RCCI and CI engines are developed experimentally in [8] and
the experimental data are used in this chapter. The models for two other HEV major
components including the E-motor and battery were validated against experimental
data [1]. The selected E-motor is UQM PowerPhase 75 and the E-motor efficiency
model was validated against the manufacturer’s experimental data [6] with RMSE less
than 1.5% [1]. Moreover, the battery model was validated against the experimental

data from SAFT VL7P Li-ion battery [5] with the RMSE of 0.17 V [1].
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3.3 Selection of Engine Operating Points

In SHEVS, the engine can operate independent of the vehicle speed and the wheel
torque. Thus, the engine has the opportunity to work most of the time at high effi-
ciency operating points and low engine-out emission region. In this section, the engine
operating points are selected for three different constant power levels as low, mid, and
high to fulfill the vehicle power requirements and also to guarantee low engine BSFC
and low engine-out emissions. The low BSFC and low engine-out emission constraints

are discussed in subsections A and B.

A. Engine BSFC Constraint. The selected operating points are at three power levels

designated as 10 kW, 20 kW, and 30 kW. Within a range of 10 percent for each power
level, a search is done to find the lowest BSFC value. Figure 3.3 shows the three
final selected operating points for the RCCI engine. In the single operating mode,
the mid power level (i.e., point no. 2 in Figure B.3]) is selected since the engine can
provide the mean power requirement for the vehicle at this operating point. For the
2-mode operation, a low level power and a mid level power are selected for the engine
operating points (i.e., points no. 1 and 2 in Figure 3.3), and for the 3-mode operation

all the three selected points are considered.

B. Engine Emissions Constraint: The engine HC, CO, and NO, emissions are con-

sidered in selecting the engine operating points. CO and HC conversions in Diesel
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Oxidation Catalysts (DOC) are a function of the exhaust gas temperature. Thus,
the engine operating points are selected to meet the minimum DOC light-off tem-
perature. The RCCI engine exhaust gas temperature for different engine speeds and
torques are shown in Figure based on the data from [8] along with the selected
operating points. It is shown in Figure that the exhaust gas temperature for all
of the three engine operating points are above 290 °C. Moreover, in reference [82] it
is shown that the DOC for the same RCCI engine achieved 90% and 100% HC and
CO conversions, respectively, when the exhaust gas temperature in the RCCI engine
was higher than 290 °C. Thus, the selected RCCI engine operating points meet the
DOC light-off temperature to achieve low HC and CO emissions, similar to those in

the CI and SI engines.
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Figure 3.6: RCCI exhaust gas temperature map for selecting the RCCI
engine operating points. The data from [8] was used to generate this figure.

In addition to the HC and CO emissions, the NO, emission is also taken into account
for selecting the engine operating points. Table lists the VO, emission associated
with the selected operating points in both RCCI and CI engines. The table shows
that the selected engine operating points in RCCI produces much less NO, compared
to the selected operating points in the CI engine. This is a well-recognized fact in
literature |8, [19, Q] and considered as one of the main advantages of RCCI engines.

Thus, a smaller NO, aftertreatment system is required in RCCI engines, compared

to CI engines.
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Table 3.3
Engine-out NO, emissions in RCCI and CI engines operating points. The
data is from [§].

Engine Operating Points NOx Emission (g/kW-hr)

RCCI CI
Point 1 0.4 0.6
Point 2 0.4 6.0
Point 3 0.4 6.0

Given the SI and CI engines are production engines, the engines and exhaust af-
tertreatment systems are optimized to meet HC, CO, and NO, constraint for the
emission standard. In addition, the discussions above demonstrate that the RCCI
engine produces low HC, CO, and NO, emissions in the three selected operating
points. Thus, all the three engine operating points in the SI, CI, and RCCI engines
have both low BSFC and low emissions advantage over the other engine operating

regions at the designated power levels.

In this section, the effect of the number of the engine operating points on the HEV fuel
economy is also discussed. Table [3.4] shows the effect of number of engine operating

points and the engine start-up fuel penalty on the RCCI-SHEV fuel economy.

Table 3.4
RCCI engine fuel economy values in the SHEV architecture as a function

of engine start-up fuel penalty and number of operating modes utilized in
the engine. (EMC: DP)

Fuel Penalty Engine Modes
My start(8) 1-Mode (MPG) 2-Modes (MPG) 3-Modes (MPG)
2 47.8 48.0 48.8
6 47.3 47.5 48.1
10 46.9 46.9 47.6
14 46.3 46.3 47.0
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The simulation results in Table [3.4] show that the RCCI fuel economy increases by
increasing the number of engine operating points. This can be explained by improved
overall ICE efficiency when three modes are utilized in RCCI for different driver power
request levels. Given better fuel economy results by using the 3-mode EMC, the rest

of the results in this chapter are presented for the 3-mode EMC.

3.4 Energy Management Controller (EMC) De-
sign

The EMC strategies in this chapter aim to (i) keep the hybrid powertrain to operate
in the Charge Sustaining (CS) mode, (i7) fulfill the driver power demand, and (i)
maximize the powertrain fuel saving [84]. Here, three types of EMC strategies are
designed for the SHEV-RCCI powertrain. These strategies include on-off RBC, DP,
and MPC. Desired SOC window of 0.55 < SOC < 0.9 is used in all of the three

EMCs.

3.4.1 EMC Type I: RBC

In on-off RBC, the EMC rules are designed heuristically without driving cycle in-

formation. The battery SOC is the only input to the control unit, which forces the
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battery to keep the SOC in the desired window (i.e., 0.55 < SOC < 0.9), by con-
trolling the engine on/off status. The on-off RBCs cannot adapt their rules with
changing driving cycles. This results in non-optimal efficiency for a wide operating
range. Simple implementation for real-time EMC applications is the major advantage
of on-off RBC strategies |66]. Here, a heuristic RBC is designed to keep the battery

SOC within the desired window.

3.4.2 EMC Type II: Global Optimization - DP

In a SHEV, the engine power profile is determined by an optimization-based EMC
while minimizing a cost function for fuel/energy consumption. If the driving cycle
is known, meaning that the driver power request is known, then a global optimal
solution can be found [66]. While this approach cannot be applied in real-time EMC
applications, this method can provide an ideal baseline to assess different EMCs. In
this chapter, the DP method is employed for structuring an optimization problem to
find optimum strategies for minimizing a performance index. By doing calculation
backwards over the time horizon based on Bellman’s Principle of Optimality [67], DP
searches for the best control action among all the possible actions offline in time by

assuming the entire driving cycle information is available.

The engine requested power is the control variable (u;) and the battery SOC is the
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state variable in this formulation. The control variable is discretized by time step of
1 second. An energy based performance index consisting of the fuel energy and the

battery energy is formed in Equation (3.9):

Jj(t, uk) = AEf(t, Uk) + AEb(t, uk) (39)
j j

where, the index j represents the feasible transitions to the next time (¢t 4+ 1) and
the index k is the control variable indicator. k is a finite number and its size is
equal to the number of possible values for the digitized control variable. In this
chapter k£ € [1,2,3,4], where k = 1 represents the engine off situation, and k =
2,3, 0r 4 represents the engine three selected power levels (modes). Furthermore,
AEy(t,ur) and AEy(t, uy) are the energy consumptions of the ICE path and the
j j
battery path respectively for the j% transition between two states. « is an equivalent
factor to equate the electrical usage of the battery to virtual fuel consumption. « is
a constant number and is sensitive to driving cycles. In this chapter, « is specified
offline to enforce the battery to operate in a charge-sustaining mode. AE #(t,uy) and

J

AEy(t, uy) are calculated by the following equations:
J
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1

AE(t, ug) = 2 (lpf”“m(t, ur) | Prpan(t + 1, u)
J

Nepath (tUk) — Npparn(t + 1, uk)
Poparn(t,ur)  Prparn(t + 1, ug)
Nopath (T k) Nopatn (t+ 1, ug)

] At + Nkjmf,startQLHV> (310)

AE(t,us) = % l ] At (3.11)

where, Nfparn and Mypern, represent the combined efficiency in the ICE path and the
battery path for the transition between the k" states in the successive times. Prpatn
and Pypq, are the battery power and the engine produced power, respectively. m¢ szar+
in Equation (BI0) is the fuel penalty for each engine start-up. The cost associated
with the engine start-up is incorporated in Equation (BI0) by introducing the Nj;
constant which is equal to 1 when the engine is at start-up and it is equal to 0 during
the rest of the engine operation. QQrgyv is the gasoline fuel lower heating value. By
finding the engine optimum requested power (uy) to fulfill the driver power request,
the battery produced power is calculated according to the following constraint at each

state:

Pbpath(tv uk) = Preq(tu uk) - prath(tv uk) (312>

In the backward DP, the optimal cost-to-go from the current time (¢) to the end of
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the driving cycle is defined as:

S*(t, uy) = mijn [J;(t,ug) + S*(t+ 1, uy)] (3.13)

where, S*(t,uy) is the optimal cost-to-go from the k' state at the current time ¢ to
the end of the driving cycle. S(t + 1, uy) represents the optimal cost in the next time
(i.e., t + 1) to the end of the driving cycle. At each time a state (k) which has the
minimum cost among the different states is determined by the DP strategy as the
optimal control variable. A nonlinear backward HEV model, which does not include
the driver model, is used to increase flexibility for the real-time implementation of the
optimal EMC model. This backward model assumes that the vehicle tracks exactly
the driving cycle; thus, the vehicle power demand is directly calculated from the
driving cycle. In addition, a high fidelity forward Simulink vehicle model is designed
for assessing the EMC strategy and analyzing the HEV performance. The purpose
for including DP results in this chapter is to present the ultimate energy saving using
the RCCI hybrid electric powertrain. The DP values serve as a benchmark for the

comparison with RBC and MPC results with different time horizons.
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3.4.3 EMC Type III: MPC

The MPC concept is deployed to form the EMC optimization problem on a moving
receding horizon. Given that the vehicle speed can be predicted over a short Time
Horizon (TH), the DP strategy is used over a short horizon to find a sequence of the
sub-optimal control strategy. The MPC strategy is developed by assuming that the
future driving cycle information over the TH is provided from the GPS data. The
cost function (J) at the n'® TH is shown in Equation (8.14)). J is minimized over TH

by selecting optimal ICE/generator power request.

tn+TH
J(n) = / (Efpath _I_ a'Ebpath) dt (314>
tn
subject to:
Pe,min < Pe < Pe,ma:c
Pm,min < Pm < Pm,max
Ne,min < Ne < Ne,ma:c
(3.15)

Nm,min < Nm < Nm,max
SOC i < SOC < SOC 4z

SOCai— = 0.8
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where, the subscripts maz and min denote maximum and minimum, respectively.
The first term in Equation (B.I4) refers to the fuel energy consumed by the ICE
and the second term refers to the battery electrical energy consumed or recharged
during the driving cycle. The subscripts e and m in Equation (B.I5]) denote engine
and motor, respectively. The DP formulation in Section is used over the TH
to calculate the optimal ICE/generator power at time step n. A closed-loop MPC
is designed to reject disturbances such as sudden changes in the estimated driving
cycle data. However, this EMC strategy does not provide a globally optimal solution,
but it can be used for real-time implementation. In the current formulation, the
time domain is discretized into one-second intervals. The solutions consist of local

optimum control signal at each time step.

3.5 Results and Discussions

In this section the results for the SHEV with the RCCI, CI, and SI engines are
discussed. In subsectionB.5.1] sensitivity of the driving cycle’s prediction time horizon
on the vehicle’s fuel economy is studied. Moreover, the initial battery SOC effect on
the vehicle’s fuel economy is investigated in subsection Lastly, the effect of the

type of the driving cycle is presented in subsection 5.3

In this chapter a combined driving cycle (Figure B.7)) consisting of three standard

driving cycles including UDDS (Urban Dynamometer Driving Schedule), HWFET
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(Highway Fuel Economy Test), and US06 is used to test the EMC strategies. The
combined driving cycle is the base driving cycle for all the analysis in this chapter

except for subsection [3.5.3] where different driving cycles are compared.

US06: UDDS

[0)
o
T

UDDS HWFET UDDS

(o2}
o
T

N
o
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2000 3000 4000 5000 6000
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Figure 3.7: The combined driving cycle used for the evaluation of the
designed EMCs.

Figure describes the effect of the engine start-up fuel penalty (m q,¢) On the
fuel saving. The RCCI fuel economy improvement is constant versus the amount of
My start- Lhis is because the power levels for each engine are similar; thus, the number
of engine on/off switching will remain constant. This makes the RCCI fuel economy
improvement independent of the m g4, value. Figure [3.8 also shows the same trend
for the RCCI fuel saving over the number of engine operating points and the fuel

economy improves with increasing number of the engine operating points.
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Figure 3.8: Fuel economy (FE) improvement by using RCCI versus a) SI
and b) CI engines as a function of number of engine operating points and
engine start-up fuel penalty. (EMC: DP)

Figure illustrates the E-motor speed variation for the combined driving cycle. A
single gear is designed to synchronize the E-motor and vehicle maximum speeds in
order to expand the E-motor operating points to the whole E-motor operating region.
In Figure3.9] for the portion of the US06 driving cycle that the vehicle speed reaches

to 80 mph, the E-motor speed is 6000 rpm.
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Figure 3.9: Traction E-motor speed during the combined driving cycle.

The E-motor operating points during the combined driving cycle are depicted in
Figure BI0. The E-motor efficiency points range from 70% to 90% in the traction
and regenerative braking modes. The E-motor efficiency is higher at higher E-motor
power (i.e., P. > 40 kW) and the E-motor efficiency improves with increasing the

E-motor power.
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Figure 3.10: E-motor operating points, shown with ‘0’ symbol, plotted
over the E-motor efficiency map.

Figure B.I1] shows the vehicle tracking performance. The vehicle is able to follow the
reference driving cycle with Root Mean Square Error (RMSE) of 0.8 mph. This result
also confirms that the HEV components’ sizing meets the performance requirements

during the driving cycle. Thus, the HEV model can be used as a testbed for evaluation

of EMCs.
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Figure 3.11: Desired vehicle speed vs. actual vehicle speed with root mean
square tracking error of 0.8 mph.

Figure compares the engine on/off status and the battery SOC variation for both
RBC and DP EMCs. The RBC strategy regulates the engine status command based
on the SOC value. The RBC switches the engine on when the SOC reaches to its
lowest allowed value (i.e., SOC,,;,=0.55). In the DP controller, the SOC variation is
much less than that of the RBC. This allows the EMC to choose the most optimal
control strategy over the driving cycle at each time. However, in the DP strategy the

engine switches on and off more frequently (Figure B.12tb).
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Figure 3.12: Engine on/off status and the battery SOC pattern in the
3-mode DP and RBC strategies.

Figure indicates the power distribution of the battery and the engine during
the driving cycle for the DP control strategy. There are different operating modes
such as fully electric mode and opportunity charging mode based on Figure [3.13] For
instance, the battery only supplies the driver power demand at t=1282 sec and runs
the vehicle on the fully electric mode. For low power demands, at t=3005 sec, the
vehicle runs in the opportunity charging mode, in which the engine/generator supplies
the power demand and charges the battery simultaneously. In RBC, the engine is
turned off during the braking, but in the DP strategy the engine can either be on or off
to minimize the cost function. In addition, at the low vehicle speeds the mechanical
braking assists the regenerating braking to supply the braking torque; however, at

the high vehicle speeds all the braking torque is supplied by the regenerative braking.
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Figure 3.13: Power distribution in the SHEV during the combined driving
cycle. (EMC: 3-mode DP)

The SOC variations over the driving cycle for the DP and MPC controllers are il-
lustrated in Figure B.14l The EMC is in the charge-sustaining mode and the EMC
strategy is tuned to enforce the final SOC value to match the initial SOC value at
the end of the driving cycle. Moreover, Figure [3.14] compares the SOC profile for
each EMC. The SOC variation for different prediction TH is also shown. The results
in Figure [3.14] show that all the designed EMCs can sustain SOC at the initial SOC
by the end of the driving cycle. The designed DP EMC algorithm in this chapter is
computationally efficient. The simulation processing time on a 2.20 GHz Intel pro-

cessor is about 72.6 seconds for the whole combined driving cycle (i.e., 11.5 ms per
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one second of the driving cycle).
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Figure 3.14: Battery SOC variations in MPC and DP controllers. (EMC:
3-mode)

3.5.1 Prediction Time Horizon Sensitivity

Figure demonstrates the HEV fuel economy sensitivity with the driving cycle
prediction TH for different engines. It is observed that the fuel economy increases by
knowing more driving cycle information (i.e., larger TH) and it reaches a plateau, in
which at TH=120 sec the HEV fuel economy merges to the DP results. There is a
trade-off between the computational cost and fuel saving by the MPC strategy. Higher
TH improves the HEV fuel economy at the cost of need for more computation time.
In these simulations, TH=70 sec offers a good compromise between computation load
and fuel economy improvement. This results show by knowing a short time horizon

information of the vehicle’s speed profile (i.e., TH=70 sec), 95% of the global optimal
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fuel economy (i.e., DP) is achieved. This figure also compares different engines’ fuel
economy variation with the EMC types. The RCCI engine offers the highest fuel
economy compared to SI and CI engines. In the DP EMC, the RCCI engine has 5.9

and 1.1 MPG greater fuel economy than the SI and CI engines, respectively.
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Figure 3.15: Fuel economy (FE) comparison for a) RCCI, b) SI, and c)
CI engines for different EMCs.

3.5.2 Initial SOC Sensitivity

In this section, the effect of running the RCCI engine in a lower initial SOC on the
fuel economy is studied. The low SOC can represent operation in Extended Range

Electric Vehicle (E-REV). It is assumed the battery is operating at a lower initial
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SOC value (i.e., SOCjpitiq= 0.3) during the charge-sustaining mode. Fuel economy
of the HEV integrated with RCCI, SI, and CI engines for different EMCs are shown

in Table 3.5

Table 3.5
Fuel economy comparison for different EMCs including the effect of MPC
Time Horizon (TH) in the SHEV with SOC;,;1;= 0.3. (EMC: 3-mode)

Energy Management Fuel Consumption (MPGQG)
Controller RCCI SI CI
On-off RBC 41.4 37.4 40.0
MPC —TH20s 44 .4 39.2 43.0
MPC —TH50s 45.7 40.3 44.2
MPC —TH70s 47.4 41.7 45.8
MPC —TH90s 47.9 42.1 46.2
MPC —TH120s 48.0 42.2 46.3
DP 48.4 42.3 46.7

Comparing Figure and Table shows that the fuel economy is greater when the
SOCinitiar s higher. In lower SOC;,;1;q scenario, the battery has greater losses than
that in higher initial SOC since the battery loss is greater in the low SOC region.
Figure shows the battery energy losses in the both scenarios. It can be seen
that the SHEV with lower initial SOC has 31 kJ more battery energy losses than the
larger SOC case in the combined driving cycle. The battery energy losses should be
compensated by running the ICE for a longer time, which leads to lower fuel economy

in the low SOC;,itia SCenario.

Figure 317 shows the engine produced power profile in both low SOC,i1a SOC

and high SOC;,; i scenarios. The number of ICE on/off switching is identical in
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Figure 3.16: Comparison between battery energy loss for the low

SOCnitiar and high SOC;yi1a operating conditions. (EMC: 3-mode DP)
the two cases, but the engine runs for a longer time in the low initial SOC case.
Therefore, the RCCI engine in this condition has more opportunity to work and
consequently more fuel saving is achieved compared to the SI and CI engines. This is

shown in Figure .18 where the SHEV with low SOC;,;ti. has higher fuel economy

improvementq compared to the high SOC;,;;;; scenario.

E FE

HEV—-RCCI _ HEV :
FE, x 100 where FE, ., pcor 1S

the fuel economy for the RCCI-HEV powertrain, and F'E/,, ., is the fuel economy for SI-HEV or
CI-HEV powertrain.

F
2Fuel economy improvement is calculated by
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Figure 3.17: The RCCI engine power pattern in the SHEV for two initial
SOC operating conditions. (EMC: 3-mode DP)
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Figure 3.18: Fuel economy (FE) improvement by using the RCCI engine
over the SI or CI at two initial SOC operating conditions. (EMC: 3-mode
MPC)
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3.5.3 Driving Cycle Effect

Here the effect of using various driving cycles is investigated for the RCCI fuel econ-
omy improvement for both SHEVs with low initial SOC and high initial SOC scenar-
ios. Four different driving cycles including US06, HWFET, UDDS, and the combined
driving cycle are studied. Figure shows the effect of the various driving cycles on
the HEV fuel economy improvement by incorporating the RCCI engine versus conven-
tional SI and CI engines. The fuel economy improvement of the RCCI engine versus
the SI engine varies from 13.1% to 14.2% depending on driving cycles. Moreover, the

fuel economy improvement versus the CI engine varies from 1.8% to 3.0%.

Table lists the required average power of the HEVs in each of the studied driving
cycles. By comparing Table and Figure 3.19] it becomes clear that the average
power of a driving cycle has a direct effect on the RCCI fuel economy saving over
the SI and CI engines. In high power demand driving cycles (e.g., US06), the engine
needs to run longer for charging the battery and compensate for the higher power
demand. This gives the RCCI engine more opportunities to save more fuel since it
is generally more fuel-efficient than conventional SI and CI engines. In addition, the
initial SOC effect in Figure is related to the difference in the length of the engine

runtime, as previously mentioned in subsection [3.5.2]
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Figure 3.19: HEV fuel economy (FE) improvement by using the RCCI
engine versus the SI and CI engines in four different driving cycles. (EMC:

3-mode DP)
Table 3.6

Average power in the studied driving cycles.
Driving Cycles Average Base Power (kW)
US06 19.1

HWFET 12.0

Combined 8.2

UDDS 5.2

3.6 Conclusions

In this chapter, an RCCI engine was integrated with SHEV powertrain. The fuel
economy benefit of the RCCI-HEV powertrain was compared with the conventional

ICE-HEV powertrains. Three different ICEs were studied including a GM Z19DTH
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engine in CI and RCCI modes and a GM A14XFL SI (gasoline) engine. For a meaning-
ful comparison among the different powertrains, the ICE produced the same amount
of power for each powertrain. In selecting engine operating points the engine-out
emission constraints were considered. A high-fidelity forward-in-power SHEV model
was developed in Matlab®/Simulink with experimentally validated submodels. Three
different types of EMC strategies including RBC, DP, and MPC were developed to
investigate the effect of the control strategy on the potential fuel saving from an

RCClI-based HEV. The following summarizes the main findings from this chapter:

1 The simulation results showed the RCCI engine offers significant potential for
fuel saving in SHEV architecture. In the combined driving cycle, integrating
an RCCI engine with a SHEV powertrain provided up to 12.6% higher fuel
economy over a modern SI engine, while the improvement over the Cl-based

HEV was 2.2% for the combined driving cycle.

1 Increasing number of the engine operating points can increase the RCCI-HEV
fuel economy (FE) improvement by 2.1% by utilizing more engine operating
points. This chapter did not consider fuel penalty during ICE transients between
engine modes. It is anticipated that too frequent mode switching is not desirable

for fuel saving once a large number of engine operating points is used.

1 The 3-mode DP provides the best FE improvement among the EMCs stud-

ied. Using the 3-mode DP leads to 17.0% more FE improvement compared to
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the RBC EMC. This demonstrates the importance of designing optimal EMC

strategies to maximize the FE improvement of the RCCI-HEV.

In the MPC strategy, more available information from the driving cycle (larger
prediction time horizon) naturally leads to better fuel economy improvement
and the MPC results eventually merge to the DP optimal controller results.
Prediction horizon length of 70 seconds showed a compromise between the com-

putational cost and fuel economy improvement in this chapter.

Among the four driving cycles studied, the driving cycle that has higher average

power (P) has higher RCCI fuel saving. Thus, the RCCI-HEV operating in
US06 driving cycle (P = 19.1 kW) offered 14.2% fuel economy improvement
versus 13.1% in UDDS driving cycle (P = 5.2 kW) in the SHEV. This was
because the engine needs to run for a longer time to compensate for the higher

power demand. This leads to more opportunity for the RCCI engine to save

more fuel in compared to the SI and CI engines.

RCCI-SHEV operation with battery at low SOC in charge-sustaining mode
resulted in slightly higher fuel economy improvement for the RCCI engine in
comparison to a higher initial SOC scenario. This is because the battery in low
SOC region has larger energy loss which means the engine requires to run for
a longer time to compensate for the higher battery losses. This provides more
opportunity for the RCCI engine to save more fuel in comparison to the SI and

CI engines.
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Chapter 4

Hybridized Multi-Mode LTC-SI

Engine Experimental Setup!

Chapter [ of this dissertation includes design of a test setup for hybrid electric pow-
ertrain integrated with a multi-mode LTC engine. The test setup consists of a 465
hp double-ended AC dynamometer which one side of the dyno is connected to the
multi-mode LTC engine, and its other side is coupled with the electric powertrain.
This architecture allows the engine and e-motor torques to be blended to meet the
torque demand on the dynamometer. The multi-mode engine test setup develop-

ment was started in January 2013 by prior graduate students in Energy Mechatronics

!The results in this chapter are partially based on [3] with permission from Elsevier as shown in
Appendix
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Laborator (EMIQand details of the engine setup development are found in refer-
ences B, Q, Q,

test setup started in May 2014 and the setup has been already completed. The

; Q] Moreover, designing and building the electric powertrain

test setup is capable of implementing different EMC strategies for different levels of

hybridization.

Figure .1l shows the experimental setup developed for this study. The engine is
fuel-flexible and it operates in different LTC modes including HCCI, RCCI and also
conventional SI mode. The electric powertrain is capable of realizing different levels

of powertrain electrification.

HV Battery tp

Electric Powertrain [

Figure 4.1: Developed LTC-based hybrid electric powertrain experimental
testbed with a double-ended 465 hp AC dynamometer at Michigan Techno-
logical University.

In this chapter, first the electric powertrain setup with different components are in-
troduced. The details of the setup hardware and software developments are presented

in Appendix [Bl Here, the multi-mode LTC-SI engine setup is briefly introduced and
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the engine required data for the Chapters [l and [0l are presented.

4.1 Electric Powertrain

The design of the electric powertrain started with CAD modeling. The powertrain
is designed to be on a portable cart due to the test setup constraints. Figure
shows the fin