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Model-Based Design of a Plugn Hybrid Electric Vehicle Control Strategy

JonatharCharlesKing

ABSTRACT

For years the trend in the automotive industry has been toward more complex electronic control
systems. The number of electronic control units (ECUS) in vehicles is ever increasing as is the
complexity of communication networks among the ECUs. Increasiagegconomy standards

and the increasing cost of fuel is driving hybridization and electrification of the automobile.
Achieving superior fuel economy with a hybrid powertrain requires an effective and optimized
control system On the other hand, mathematienodelingand simulation tools havieecome
extremely advanced and have turned simulation into a foWdesign tool. The combination of
increasing control system complexity and simulation technology has led to an industry wide
trend toward model basedrtrol design. Rather than using models to analyze and validate real
world testing data, simulation is now the primary tool used in the design process long before real
world testing is possible. Modeling is used in every step from architecture selectionttol
systemvalidationbeforeon-road testing begins

The Hybrid Electric Vehicle Team (HEVT) of Virginia Tech is participating in the 22014
EcoCAR 2 competition in which the teamtasked with reengineering the powertrain of a GM
donated vehid. The primary goals of the competition are to redwed to wheels (WTW)
petroleumenergy use (PEU) and reduce WTW greenhouse(@BKS) and criteriaemissions
while maintaining performance, safety, and consumer acceptafihig. paper will present
sysematic methodology for using model based design techniques for architecture selection,
control system design, control strategy optimizatimmd controller validation to meet the goals
of the competitionSimple energy management and efficiency analysisfarim the primary
basis of architecture selectiddsing a novel method, a serparallel powertrain architecture is
selected.The control system architecture and requiremastslefined using a systematic
approach based around the interactions betweatrol units. \éhicle communication networks
are designedto facilitate efficient data flow Softwarein-the-loop (SIL) simulation with
Mathworks Simulink is used to refine a control strategy to maximize fuel economy. Finally
hardwarein-the-loop (HIL) testing on a dSPACE HIL simulatoris demonstrated for
performance improvementas well as for safety critical controller validation. The end product
of this design studys a control system that has reached a high level of parameter opiomizat
and validaibn ready for orroad testing in a vehicle.
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1. INTRODUCTION

1.1 Introduction to Hybrid Electric Vehicles

In 2011 134 billion gallons of fuewasburned by passenger vehicles in the[WS This equates

to 1.31x10 tons of greenhouse gasses released into the atmosphereosinthe average
American family $4,1592]. While petroleum has been the primary fuel for transportation use
for decades there are many environmental, economical, and political reasons to reduce and
ultimately replace petroleum as aajor energy source. Passenger vehicles are not the sole
consumer of petroleum fuel in the US but are a major contnilp8f. To combat this, legislation

ard standards such &Sorpaate Average Fuel Economgnd the California zeremission
vehicle mandates put increasing pressure on-@atwufacturers to produce more efficient
vehicles While there are many technologies that are helping to increase thecdmelingy of
conventional vehicles, hybrid electric vehicles will play an important role in reducing petroleum
energy use.

Hybrid electric vehicles come in a variety of forms and varying levels of electrification. In a
general sense a hybrid vehicle is aigkghthat stores energy on board in two or more forms. In a
typical hybrid electric vehicle one form is gasoline with an engine as a fuel converter. The other
is a bidirectional electrical storage device, usually a battery. The size of the battery is an
indicator of the level of electrificatiomA higher level of electrificatiorgenerallycomes with

more potential to improve fuel economy.

There are several different ways that hybrid electric vehicles reduce fuel consumption. The first
way is by eliminatingdle fuel use. A conventional vehicle continues to burn fuel even when it is
not moving. Hybrid electric vehicles can eliminate this by providing the capability to shut the
engine &f and quickly start it back up when needed. The next method of redugeig f
consumption is recapturing brake energy that otherwise would be wasted. This is made possible
by introducing a bidirectional energy storage device on the vehicle. A third method of reducing
fuel consumption is downsizing of the engine. The enginedonaentional vehicle is sized for

peak demand, yet is usually operated at part load where it is less efficient. Hybrid electric
vehicles can use more efficient electric machines to meet peak demand while sizing theengine
meet continuous demand therefdeeping the average load in higher efficiency zones. A fourth
way hybrid vehicles reduce fuel consumption is by operating the engine more efficiently. Hybrid
electric powertrains typically have degrees of freedom in what speed and output level the engine
can be operated at while still meeting the driver demand. This offers the capability of running the
engine in its most efficient zones for a wide range of vehicle conditions. The last way hybrid
vehicles can reduce fuel use is by offsetting fuel withestarid electricity.This is possible for

plug-in vehicles that allow rechging and some level of electranly driving capability.

1.2 Motivation for Development of Vehicle Control Systems
Control systems in vehicles have continuously evolved to meet the increasing demands from

customers and governmental regulation. While control systems in modern vehicles have led to
better performance, drivability, and safety, a large influence in thetiadogf control systems



for vehicles has been the push to meet fuel economy and emissions requirements. The modern
hybrid electric vehicle is the state of the art in electronic vehicle control systems. The first
electronic control units emerged out of theed for better engine control in order to meet fuel
economy and emissions standards. Fuel injection allowed much more precise control of fuel
delivery than traditional carburetors but required an electronic control unit (ECU) to control the
fuel delivery.Engine control continued to evolve with the ECU eventually taking over tasks such
as controlling ignition timing, cooling, exhaust gas recirculation, and the intake throttle. The next
pl ace ECUOG s emer ged i n vehicl es alwatsmatt o r
transmissions used complicated hydraulic systems to control shift logic and execution. Electronic
transmission control proved to be much more reliable and improved fuel economy through better
shift control. Modern transmission controllers akschieve much faster shifts with superior
drivability through precise clutch <control
vehicles was in brake systemfntilock braking systems (ABS) provided improved safety by
preventing the wheels from lockjrup in a panic stop situation. This helped the driver maintain
control of the vehicle while braking. This later evolved into more advanced features such as
dynamic stability control and traction control.

Along with the need for electronic control units vehicles, the need for these control units to
communicate with each other soon arose. By sharing information the control units were able to
more effectivelyperform their tasks The engine controller and transmission controller, for
instance, cold achi&ze much smoother shift quality they communicated and coordinated
engine torque modification during a shift. Stability control and traction control systems could
also benefit from modifying engine output when activated. Various forms of vehicle
communicéion networks emerged and facilitateshktimei nf or mat i on transf er
The modern standard for ECU communication is controller area network (CAN). CAN allows
high speed transfer of informatiavithout heavy wiring harnesses. Raththan multip e E CUG6 s
reading the sam&ensoyone ECU can read a sensor, perform signal conditioning, then broadcast
the information scaled in engineering units for any other ECU that requires the information.

t

r

the number of ECUG6s on sedwhcleshale gonenfram hacingonei n u a

to multiple CAN buse$or information of different priorities

At this point, while vehicles cont arjvehicek many

control systems were still not approached from the syst®sl. Each component still largely
operated on its own accord taking its primary commands from the driver. The final evolution in
vehicle control systems is supervisory control. This has been largely influenced by hybrid
vehicles. With the addition of nepowertrain components that mugbrk together seamlessly to
achieve high fuel economy or even work at all, there comes the need for a control unit that
makes decisions and commands the rest of the powertrain components accordingly. The engine
controller,for instance, can no longer determine how much output the engine should make based
on the driver demand alone. Torque split between the engine and electric machines must be
decided and the engine and electric machine aaisiccordingly.

1.3 Model-Based Cesign

With the rise of complex hybrid powertrains and the complex control systems required to make
them work, modebased design has become an essential tool in the design and validation of



hybrid powertrains and control systef]. Modern computer simulation hardware has become
powerful enough to execute complex vehicle models that can reproduce the behavior of a real
vehicle with a high dgree of realism while executing the model éahtime. This facilitates the

design and validation of both powertrain components and control systems at the component,
subsystem, system, or even vehicle level. In the design stages modeling can help mgake des
decisions such as powertrain layout and component selection for the vehicle to meet the goals
and specifications that are desired. With the vehicle architecture determined;basekidesign
provides a platform to develop the control system and giestdefore any powertrain hardware

is developed and built.

Modelbased design is also extremely effective for validation purposes, especially for control
systems. With widespread use of electronic control, a control malfunction in a modern hybrid
vehicle could potentially cause the vehicle to accelerate without being prompted by the driver
and even, depending on the powertrain, accelerate in the wrong direction. This means thorough
validation of control systems before implerteionin a vehicle is critial. The complex vehicle
communication networks require analysis of communication reliability and implications of
communication failure with individual components.

14 Objectives

The goal of this research is to demonstrate how model based design carctnebffesed in

the design of a hybrid electric vehicle powertrain and control system. The design will be
followed from initial goals and requirements to the development and validation of the actual
control system and control strategies. Methods and tggbsiwill be presented at different steps

in the vehicle development that make effective use of roaletd design tools. The research
will begin with selection of a hybrid vehicle architecture to meet team ghaisveltechnique

of comparing different vehicle architecturesll be presented. The important feature of this
technique is that it can compare completely different vehicle architectittesut the need of
developingactualcontrol strategiesndrunning secondby second driveycle simulations. It is
based on evaluating the potential an architecture has to perform in different driving conditions
Next development of the control sgst architecture will be coveredcluding the design of a

dual CAN bus structure The research will then go into the design of a control strategy to
minimize fuel consumption. Software-the-loop (SIL) simulation will be used to examine fuel
economy results. Finally, hardwarethelloop (HIL) simulation will be used to validate the
vehicle control system for performance, safety, and fuel economy.



2. LITERATURE REVIEW

2.1 Mahapatra et al. Paper on ModeiBased Design

A paper by Mahapatret al.[5] offers several insights into the motivation for aadiyantages of

using modebased design as an integral tool throughout the design and implementation process.
Mahapatra says that while model based design is traditionally vsed for controller
development, one of the goals of the paper detmonstrate how modélased techniques can be
used throughouthe designprocess The paper goes on to discuss general challenges in HEV
system design. According to Mahapatra kieg aspect of modebased design is the ability to
continually verify that design requirements are being met at each step of the way.

The paper follows the development of a hybrid vehicle that uses two electric machines and a
planetary power splitting devicéWhile this architecture is distinctly different from the
architectures that will be considered for this reseatotre is still much insight to be gained
from this paper. Mahapatra describes how different steps of design require models with varying
levels of abstraction and fidelity. The modssed design process is described as a process of
continually elaborating simulation models from a concept to a detailed system design that can
verify performance. The overall goal is to ensure first pass successanprototype is built.

The paper suggests starting with a high level system model. The subsystems in the model are
then each passed tmvarious specialists who refine the models while also refining and updating
requirements. Detailed models are then integrated back into the system leveantbdetified

by simulation. This is described as an iterative process that converges tawad dpsign. Code
generation is described as the next step to facilitate testing on a target processor as well as
accelerating simulation and idg HIL testing.

The paper also gigesome description about the models used. The models of the mechanical
powetrain components usihe MathworksSimDriveLine toolkit for calculations Mathworks
SimPowerSystems is used for some electrical components. Mahapatra discusses the tradeoffs of
creating highly detailed mode#sd suggests against models with excessivel dd&describes

some of the simplified subsystem models used for simulation. The control strategy developed for
the vehicle is a state machine tygrehitecture programmed using Mathworkat&flow.

This research will address some of the short comingglath apatrads paper by
more detail system design of the vehicle control system. For instance interaction and
communication between vehicle ECUs will be examined. This paper will also present in detail a
control strategy aimed at minimizing fusonsumption. This paper will also describe in detall

HIL testing using dSPACE Automotive Simulation Models (ASM).

2.2 Marco and Cacciatori Paper on ModetBased Design Techniques

A paper by Marco and Cacciaitg6] aims to show how use of model based design techniques
can be used to reduce complexity and development time of HEV systems. The paper focuses on
two main areas, architaot and component seleati@nd control algorithm design. The paper
discusses differences between online and offline simulation, as well as forward looking and



backward looking simulation models during initial simulation and component selection phase.
Two case studies are presented as examples for architecture selection using simulation. For the
first, a backward looking model is used in the development of a fuel cell hybric spotb

examine tradeoffs between parameters such as vehicle weight, poweffiaiency and
aerodynamics. The model requires a generic control strategy to runcgcles for measuring

fuel economy. The results provide a sensitivity analysis for variliiegparameters to fuel
economy The second case study looks to compareahgbowertrain component selection
choices. In particulasimulation is used to choose between different gearing configurations for
the traction motor and selection of the motor itself.

While the methods presented can be effective they have some shortconmigsthe paper

looks at component selection, it does not address choosing between distinctly different
architectures. Anotheimportant issue is that the simulations used by Mard Gacciatori

require control strategies to operate the powertrain. At the architecture selection point in design
however, a detailed control strategy has usually not been developed. This means a simple
strategy must be created for each architecture justtfe purpose of determining if that
architecture is a desirable option. The goal should be to determine the potential that a given
vehicle architecture has of improving fuel economy without looking at the actual control
strategy.

The paper then @s on to discuss control architecture and strategy development. Universal
modeling languages SysML and UML are presented as tools for this process. A visual model is
developed to show interaction of the requirements of the control system between the driver and
the vehicleMathworksSimulink is then used to implement the actual control strategy. The Wren
Project is introduced as a tool to facilitate interchangeabilitycaftrol functions between
different powertrain concepts but is not described in detail. @perpdoes not actually present a
detailed control architecture or strate@he current work aims to directly demonstréiawv
modetbased design tools have actually been used to develop and refine a control system.

2.3 Kat r agyal Arkicle on Energy Caversion Efficiency

An IEEE article byK a t r &t@ln[7] presents analysis on conversion efficiency for both series
and parallel hybridoowertrains. This is important to this research because choosing between
these powertrain options is an important dlepng architecture selection. The article mentions

an important limitation in lookup table based models traditionally used for siongatiookup

table based engine models, for instance, do not account for dynamics and transients. Turbo
charged engines cannot be effectively modeled in this way. The article therefore points to
forward looking dynamic models as the most effective for saturt. The article presents two
approaches of analyzingpwertrain efficiency, analytical and through simulatidbhe analytical
approach uses energy balance equations to present a solution for calculating the powertrain
efficiency. The equations howevesaisomewhat arbitrary efficiency constants and the article
offers no explanation of how to derive the constants.

The simulation software used is a thermodynamic and fluid mechanics code developed by
Kat r aTgenartitde goes into detail about the partrsefor each of the cgmonent models for
the series and parallel architectufRather than running vehicle drive cycle simulations,



simulations are run for the European Transient Cycle engine dynamometer test, using the engine
load as a powertrain load.hiB was done to compare the hybrid powertrain to the baseline
conventional powertrain without the influence of gear shift strategies and vehicle parafuaters.

the simulation a thermostatic type control strategy was used for the series hybrid. The control
strategy for the parallel was not described in detail but offered several modes of operation. The
article does not address how the control strategy affects the powertrain efficiency or support the
control strategies used. This is a limitation that thiseaech aims to address. Comparing
different architectures independent of a specific control strategy is important to identifying
whether one architecture is superior to anotfiée findings of the paper are that overall the
parallel powertrairoffered beter fuel economy. The series powertrain offered an advantage in
cycles featuring frequent rapid decelerations and transients. Another finding was that the hybrid
powertrain efficiency was very sensitive to the efficiencies of the electric machines agk stor
devices, thus emerging electric machines with higher efficiency offer promise in increasing fuel
economy of hybrid powertrains.

24 Al l ey Masterd6s Thesis on Energy Flow an

This master 6s t hesi s |dngmethbdifoeanalyizimgtiossesdrwoaghaitaa n e
hybrid electric powertrain systenThe purpose of the tool developed, called VTool, is to
facilitate better understanding of a powertrarohitecture and provide a means of comparing the
potential of two different architecturésr fuel economy. Like the method that will be presented

in the current work, the VTool method allows #t@mparison of different architectures without

the need talevelopareal i me contr ol strategy. All ey uses
a drive cycle and vehicle glider properties to characterize the drive cycle demands on the
powertrain over a cycle. The tool can than calculate how much fuel energyli take to meet

the demands. The effects of the control strategy are summarized into a single parameter called
the Power Split Fraction. This parameter indicates how much energy from the engine goes
directly to meeting driver demand versus the fractibereergy that gets stored in the battery

pack then later discharged. The VTool method provides some advantages and disadvantages
compared to the method proposed in the current research. One advantage redhaes less

work and can rapidly be used study the energy flows and losses in the system. An advantage

of the method introduced in the current research is that it provides more insight into what control
techniques might be effective when the selected architecture moves into control development.

Another interestinggomponent of VTool is the use of drive cycle average efficiencies. VTool
makes use of multiple average component efficiencies in order to calculate energy consumption.
Alley uses test data collected from a vehicle for these paranagtérsines them to validate the

model against the collected data. The current research uses drive cycle average efficiencies to
determine the value of stored battery energy. These parameters are estimated during architecture
selection through iteratively nming the model. Later they will be used as tunable parameters to
tweak behavior of the control strategy.

25 Pisu and Rizzoni Article on Supervisory Control Strategies

Pisu and Rizzoni authored an alé [8] that compares some supervisory control techniques for
hybrid electric vehicles. The paper uses atpasmission belt coupled parallel hybrid electric



vehicle to analyze the impact different control strategieg.he electric machine is an 18 kW
continuous 42 kW peak induction machine. While this powertrain has some similarities to the
powertrain that will be examined fdne current worklarger electric machines and thus a higher
degree of hybridization will give the control strategytli®e currenwork much more impact in

the fuel economy. This articleilstoffers some useful insight. The vehicle model used for
simulating the control strategies is outlinegt. The mathematicainodels for all the vehicle
components are presentedl.curve fit model is used for engine fuel consumption. A similar
method is used for the electric motor. While initial modelingtfa currentresearch will use
simple lookup table based models, furtdewelopment will be done using dynamic simulation
models.

The article then goes infour different proposed control strategi®dsu and Rizzoni state that

since the parallel powertrain is a gransmission architecture the gear shifting strategy can be
separated from the torque split strategy. This may be a reasonable assumption on a vehicle with a
low degree of hybridization, but for a vehicle with more powerful electric machines the gear
ratio is important to efficiency and is a degree of freedom ghatlld be examined he first

control strategy described is a fingtate machindFSM) that is rule and event driven and
operated th powertrain in discrete states such as acceleration, deceleration, cruise, and recharge.
The advantage of this methodsisplicity and lowcomputational complexity. The disadvantage
however is that this method is not directly based on fuel economy. The strategy is mainly
effective for maintaining battery SOC within limits, but does not directly aim to reduce fuel
consumpion.

The second strategy is called the equivalent consumption minimization strategy (ECMS). This
strategy forms a cost functiomith the goal of minimizing fuel consumption at each point in

time. It works by equating energy used from the battery totfia¢lwas consumed to charge the
battery. Energy being stored into the battery can be deducted from fuel being consumed at the
present time since that stored energy will offset fuel use. This method is sensitive to how electric
energy is related to fueln equivalence factor is derived for this purpose that changes based on
driving conditions. This method is very similar to the control strategy that will be proposed in
this paper This paper will however use the strategy to explore all modes of operatioding
transmission gear, rather than having a separate gear shift strategy. The article then goes on to
describe an adaptive version of the ECMS strategy.

The lasttwo strateges describedare called Hp control and dynamic programmingrhe Hp

control method is based on a state space closed loop control mbgeamic programming
analyzes all possible torque split combinations at each point in time to find the optimal trajectory
of battery SOC that gives the highest fuel economy.sd heethod arenot pratical for in
vehicle use because it requires a high level of offline computational complexity and prior
knowledge of the drive cycle to develop tbetimal solution. The article summarizes by
discussing the pros and cons of the different control meti@®IS is found to offer the best
compromise delivering fuel economy close to the optimal solution.



26 Schacht Mastero6s Thesis on Devel opment

The Mast er 0 achtf9hcevesi dsveldpmentSrtitlie Ohio Stdtmiversity vehicle for

the ECOCAR competitionThe architecture has some similarities with the vehicle used for this
research and some key differences. Both have a high mde@atric machine on the rear axle. On

the front both architectures have an engine and electric motor that can be used in series mode or
deliver torque to the front axle. TH@hio Statevehicle can decouple the front electric motor

from the engine and prae electric assist in electrmnly mode. The vehicle used for this
research cannot disconnect the electric motor from the engine, but has multiple gear ratios for
parallel operation, where th@hio Statevehicle only has ongear The electric motor onhe

front for theOhio Statevehicle is also much bigger, offering 82 kW peak, ve&UkW for the

vehicle in this research.

A detailed description of the vehicle supervisory control system is incltidexte are many
similarities between the control sgsat of theOhio Statevehicle and the control system designed

in this research. The control system architecturgely similar with distributed component
controllers and a supervisory controller interpreting driver demand and commanding powertrain
componets, communicating via a multiple CAN bus structufée control hardware selected

for thesupervisory controller wasMicroAutoBox just like the controller in this researdfihile

the CAN bus structure is presented, the process of designing this stramduverificationof
reliability is not addressed. This one of the goals of this research.

Schacht then goes into the actual design of the control software that runs on the supervisory
controller. At the highest level the control software utilizesle based control system to control

flow between discreet modes. Within the operation modes an optimization strategy is run to
choose an operating point. This is also similar to the strategy employed for this research but there
is major difference. Whildhe strategy used by Schacht uses rule based control to choose
operating mode, the strategy developed for this research only uses rule based control for
choosing high level operating state (e.g. charge depleting vs. charge sustaining). Selection of
operatng mode ad of an operating poinwithin a mode is done using an optimization strategy.
Schacht used a rule based system, primarily a vehicle speed criteria, to choose between series
and parallel modes. In series mode, a load following strategy is uselddotse an engine
generator operating point while in parallel mode the ECMS strategy described in the Pisu and
Rizzoni artide [8] is usedto choose torque split. The strategy in this research uses an algorithm
similar to ECMS to choose between series and parallel mode and the operating point within the
mode. The parallel mode for the vehicle architecture used in geaneh also has multgpgear

ratios to choose from for parallel operation. This is another variable for the strategy to optimize.

2.7 Ramaswamyet al. Case Study in Hardwareln-the-Loop Testing

A paper byRamaswamyt al. [10] provides an excellent examplewuding HILtesting to refine a
supervisory controller for a hybrid electric vehiclée paper shows how implementation of HIL

has helped Ford Motor Compain design ofe C U &oshighly complex hybrid vehicles. The
paper says implementation of HIL testing has been quick and effective, as errors are found
earlier in development where the cost of correcting them is much lower. The testing strategy



employed pogresses from desktdp HIL, dynamometer, and finally to enmad testing. Each
step brings additional real componermighe system to replace models.

The criteria for selecting the HIL system were that it needed to have the computing power to
execute &omplete vehicle plant model as well as other control units that the unit in testing must
communicate with. The system should also have fault insertion under simulation control so that
faults can be tested during automatic drive cycles. Extensive CAN gpioation support was

also needed as that was a primary form of communication for the vehicle to be fested.
dSPACE midsize HIL simulator similar to the system being used for this research was chosen by
Ford Motor Company to implement the HIL testing syst This HIL system used for this
research is very similar and offers the same features such as automated fault insertion and load
simulation.

The paper describes two testing methods for HIL, open loop and closedinoopen loop

testing, rather than aally running a vehicle simulation, inputs to the ECU are fed as constants

or preset traces. This testing method can be useful for testing low level system I/O functionality.
Closed loop testing uses a vehicle model that simulates the actual senseeddadi the ECU

should receive and responds to the ECU actuator commands. This is the typical general purpose
testing methodThe paper says that while they did not initially feel that open loop testing would

be very useful it proved to be extremely effeetin the initial stages of the development of the
vehicle when the plant hardware design was not yet finaliz@d.research will focus on closed

loop HIL testing and validation. Whileamaswamgtayed very high level and did not detail the
actual HIL ystem setup, this paper will go much more in depth with the design of the test setup.

28 Deng et al. Paper on Controller Hardwareln-the-Loop Simulation

A paper by Dengteal. [1]] is acase study in the use of controller HIL simulation to design the
power management strategy for a fuel cell vehicle. While this vehicle architecture is distinctly
different from what will be examined for thissearchthe control system design challenges are
very similar and the same controller HIL testing techniques can be employed. Both vehicles have
a unidirectionalfuel converter and a dhirectional energy storage devioéwhich SOC must be
managed.The simulation hardware usedo run the plant modelss a Reallime Digital
Simulatorwhich provides multiple parallel processors and a number of digital and analog 1/O
channels.The HIL system is used to test two different energy management strategies on a
hardware comoller. Through HILnew issues were highlighted that did not show up in software
only testing. Current and voltage spikes caused by the time delay in interpreting the physical
sensor signals and control signals appeared. This is an example of how Hidegprbetter
validation through increased realism. While the paper provides a good high level basis on HIL
testing techniques this research will go much more in depth into how HIL was used to validate a
full vehicle control system.

29 Summary of Literature Review

This literature review exploseprior work into the key areas being addressed in this research.
The first important topic covered is use of model based design for hybrid electric vehicles. From
the paper by Mahapatra a method of keeping requiremelosely linked with algorithm



development is demonstrated. The paper by Marco and Cacciatori explores the potential for
using model based design at the architecture selection phase of development. The article by
Kat r aslppws skme of the tradeoffs been series and parallel vehicle architectures. This
research will look at balancing the two to develop a powertrain that addresses the shortcomings
of both. The next area explored is control strategiesréaiucing fuel consumption in hybrid
vehicles. Theprior work provides a good basis for developing a neaktime control strategy.

The final topic explored isHIL testing. The prior work explores many of the concepts and
advantages of HIL testing. This research will specifically highlight these methadson.
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3. HYBRID VEHICLE ARCHI TECTURE SELECTION

3.1 EcoCAR Competition and Team Goals

The Hybrid Electric Vehicle Team of Virginia TedWEVT) is competing in the three year
EcoCAR 2 competitionorganized by Argonne National Laboratory (ANL) and rgmyed by
General Motors (GM) and the US Department of Energy (DGHEEen collegiate teams from

the US and Canada are competingetoCAR 2 which is the latest in a series of Advanced
Vehicle Technolog Competitions The goal of the competition ise-engineer a Chevrolet
Malibu to reduce environmental impact while maintaining the consumer appeahs will each

receive an identical 2013 Chevrolet Malibu as a base vehicle. The competition lasts three years
and roughly f ol HevelopmenpiMdess. Thee flist gelreof competitios
primarily a design year, endingith the project initiation approvatéventwhere teams showcase

a complete vehicle design. The secondyearbisui | d year where a fAmul eo
is developedwith the final event being vehicle design review. The third and final year is
refinement where the vehicle is refined to a 99% production ready vehicle, ending with the
vehicle testing complete evefithe design of this vehicle will be the case study that thesarek

is based on. With the first year of the competition having just been completed this research will
show how modebased design tools have been used in several key ways through the year.

The major goals of the competition are to reduce-welheels(WTW) petroleum energy use,
reduce WTW greenhouse gas and criteria emission, and maintain, gefgtyrmance and
consumer acceptability. Apart from the competition design goals and takHfe¥sT has
identified several specific team goals. The first iseduce petroleum energy use by 80%. The
choice to focus on petroleum energy reduct®omade because that is a benefit that a consumer
can directly see. While lowering emissions is important, the benefit is not as obvious as the direct
financial impact aonsumer will see from petroleum energy reduction.

The second major team goal is to have alakttric range (AER) of at least 35 miles based on a
4-cycle drive schedule weightiri@n approximation of EPA-Bycle weighting developed for the
EcoCAR 2 conpetition) This goalis s for several reasons. Electanly driving is a big
consumer pleasdoecauseelectric powertraia offer superior drivability to any conventional
powertrain. The smooth torque delivery and lack of shifting provides an unpadatisling
experience. Electric powertrains are also exceptionally quiet. high efficiency of electric
powertrains also has a big potential to save consumers money. While per kWh of fuel energy the
cost of electricity and gasoline is very similar thecélic powertrain will use the energy stored
onboard with nearly three times the efficiency, thus costing about a third as much to operate. The
target of 35 miles was choséecause that range has the potential to allow many consumers to
do all of their ddy driving without using any gasolingzigure 1 shows the distribution of
average daily driven miles for US commuters.
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Ommnibus Household Survey. Aggregated data cover activities for the month prior to
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Figure 1: Typical oneway commute of the average U.S. resident

This chart showshat a vehicle with a 35 mile AER has the potential to allow between 68% and
78% of US commuters to do their daily traveling without using any gasdiime. does not
include the increased potential of those who have the capability tgechtaitheir place of work

or business.

3.2 Primary Design Concepts

The first important step in the vehicle design was hybrid architecture sel&dtene are several
design constraints that helped narrow down choices to potential solttfenérst is diven by

the requirement to have a long AER. This means the vehicle must have a large energy storage
system (ESS) and a powertrain capaifidull performance in alklectric operation. The next
constraint is that the vehicle must be designed and budt $tydent tearwithin the three year

time frameof the competition. This means the design must primarily use of off the shelf
components potentially with some modification. As far as fuel sources, diesel will not be
considered due to the lack of necessasources to develop and calibrate exthaust after
treatment emissions control system for a diesehgine Hydrogen was excluded from
consideratiordue to limited hydrogen fueling availability and safety capabilities of the available
facilities. Apart fran resources to successfully design a hydrogen vehicle, the design
compromises that would be forced by the integration challenges of a hydrogen vehicle directly
contrasted team goals such as maintaining five passenger seating capacity and caffj@) space
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With these design constraints in mind two powertrain concepts were chosen for further
consideration. The first was a series hybrid extendade elecic vehicle (EREV) The vehicle

would have a 125 kW traction motor and a large ESS to store grid electricity. The range extender
would be a 2.4 L E85 engine coupled to a 75 kW generata.second concept was aiss

paallel EREV thathad the capability of both series and parallel operation. This vehicle would
have a 125 kW traction drive and ESS just like the series corideptzehicle would also have a

2.4 L E85 engine coupled to a smaller generat@7d&W. The engine and generatoould also

be mated to a 6 speed automatic transmission driving the front axle. With the transmission in
neutral the vehicle could operate as a series hybrid and with the transmission in gear parallel
hybrid operation is podslie [13]. Figure2 shows a schematic of how the two architectures would

be laid out irthe vehicle.

Generator

Frotnt Motor N\

Front

Batt
Charger |—p ;a;:v 4— Charger |—P| B:;t:krv ¢

Grid Grid
Electricity Electricity

Figure 2: Two potential concepts for hybrid architecture

Both architectures utilize a rear traction motor (RTM) as the primary source of electric drive.
There are 2 key differences in the architectures. Thediffsrence is that the generator in the
second architecture, referred to as the position 2 motor (P2M) is smaller than the generator in the
series concept. This means in series operation will have less potential for efficiency due to less
capability to loa the engine. The other key difference is the parallel capability of the second
concept through the automatic transmissibms parallel path has the potential to reduce losses

by giving engine power a more efficient path to the wheels. This is parljcathrantageous on

the highway where the load on the engine is high enough for good efficiency and the energy
conversions required by series operation become a disadvantage. Parallel capability also means
the powertrain does not need to rely on the contisucapability of the generator motor for
gradeability. Parallel mode also has much more performance potential with the capability to
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combine the engine, generator, and traction motor torque for tractive effort, as opposed to the
series powertrain which naonly use the traction motofable 1 shows the parameters that will

be used to model each architecturee seies-parallel architecture is modeled with slightly more
mass to account for the added weight of tlamsmission, only some of which is offset by the

smaller generator.

Table 1. Properties used to model architecture concepts

Vehicle Glider Properties
Architecture: Series EREV SeriesParallel EREV
Test Mass: 2000 kg 2050 kg
Drag Coefficient/Frontal Area Product: | 0.76 nf 0.76 nf
Coefficient of Rolling Resistance: 0.01 0.01
Tire Radius: 0.324 m 0.324 m

Powertrain Properties

Traction Motor Peak Power: 125 kw 125kwW
Traction Motor Peak Torque: 300 Nm 300 Nm
Traction MotorGear Ratio: 7.59 7.59
Generator Peak Power: 75 kW 27 kW
Generator Continuous Power: 41 KW 20 kW
Accessory Load: 600 W 600 W

3.4 Energy Storage Systengizing

The next step in the architecture design proeBSS sizing. Thiss performed next because the
primary purpose of ESS sizing is to meet the AER requirement and both architecture concepts
have similar allelectric performance characteristics. The technigsedfor sizing the ESS
involves determining the stored energy neddo complete given drive cycles. This information
canthen be used to determine the energy needed to meet a required range with a given drive
cycle weighting. The first step in this proceissto develop an expression for powertrain
efficiency so that anap characteristic of the powertraianbe developedEquationl shows the
fundamental equation for powertrain efficiency for a charge depleting (CD) hybrid védrice

given operating point of torque and speed

(1)

h

The numerator has tractive power out with the denominator being internal bptiesr
required This can be further expanded to the result given in equation

- R h ¥ R h (2)

Equation2 shows that the tractive power can be calculated as the product of tmtpue {,)

and axle speeds(). The internal battery power required is equal to the RTM electrical power
and accessory poweivided by the battery discharge efficiency. The RTM electrical power is a
function of the torque and speed of the mo#wtual st data for the motor was used for this
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term. The rear transaxle has a gear ratio of 7.59 and is modeled with 3 Nrm-ddspat the
input. This method of formulating the losses is valid for both positive and negative output torque.
Equations3 and4 therefore show how to calculatgry and¥ gt from T, and¥ .

Y ry o 3

1 X® oD (4)

The battery discharge efficiency is a function of the battery power, which is equalstonthef
motor power and accessory powEhe battery discharge efficiency is also a function of internal
resistanceand open circuit voltagef the battery pack whiclepend on the size of the pack. An
assumption must therefore be made for the model to be run. In thigrcagernal resistance of
0 . 0 &nd @pen circuit voltage of 350 ig used.A similar relationship can be made for the
regenerative braking caseptigh the output and input are resedl. This is shown in equatién

B h o) R h

_ ()

Figure 3 shows an efficiency map generated using the powertrain efficiency ecuakione.
The map includes both propel and regenerative braking and maps the entire forward operating
range of the EV powertrain.
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Figure 3: Charge depleting powertrain efficiency map
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The next step is to determine the requirements of a given drive cycle on the powEhisais.
done using the vehicle glider properties to determine for each second ofvtheatedulevhere

on the map theperating pointalls. Given a drive schedule with a velocity versus time tréme
acceleration at each point necessary to meet the trace can be detefismedceleration can
then be used to calculate the tractiveodfheeded to meet the drive schedule at each point in
time. This is effectively a backward facing modeling technique where given the powertrain
output the input required is calculatedEquation 6 shows how to use the vehicle glider
propeties to calculate the required tractive effossed on a force balance on the vehicle

~

O 0w VD -"00w (6)

In this equationV, is the inertial mass that accounts for rotating driveline component®in th
momentum of the vehicle ararepresents the acceleration from the drive trace. The second term
represents the rolling resistance force, whites the test mass of the vehiclg,is the
acceleration due to gravity ang: is the coefficient of rolling resistance. The final term
represents aerodynamic drag wheres the density of airCy is the drag coefficient, A is the
frontal area of the vehicle andlis the vehicle velocity. Equatiorfsand8 show how the required
tractive effort and vehicle speed cée related to the output axle torque and speed of the
powertrainbased on the kinematic relationshiging the wheel radiys,.

Y Oi (7
1 — (8)

With the drive schedule converted into axle speed and torque points it can then be related to the
powertrain efficiency magrigure4 showsthe EV powertrain efficiency map vaithe US06 city

cycle superimposed. All points of negative tractive effort have been scaled by a regen braking
fraction to represent how much braking torque is available for recapture. This is ultimately a
function of the powertrain capabilities and cohstrategy but an approximation of 0.5 is used to
simplify the modelThis assumption is made because with the traction motor on the rear axle the
potential to recover braking energy is lower since most braking is on the front axle.
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Figure 4: Powertrain efficiency map with US06 city cycle plotted over

Note that two points lie outside the powertrain capabilAy.drive cycle is still a valid
certification run as long as the vehicle stayishin 2 mph of the traceTwo points slightly
outside the powertrain capability therefore is acceptdifie.final step is to use the powertrain
efficiency to determine total battery energy used during the cYybis.energyis calculated by
integratingthe battery power for eadpeatingpointover one second

Table 2: Results for EV powertrain drive cycle simulation

Drive Cycle 505 HWFET | US06 City | US06 Hwy| 4-Cycle
Energy Consumed (Wh) 1148.6 3141.6 852.9 2608.0 -
Cycle Distance (mi) 3.59 10.26 1.77 6.24 -
Energy Consumed (Wh/mi) | 319.8 306.3 481.3 418.2 385.1
Energy Reg. for 35 mi (kwh) | 11.19 10.72 16.84 14.64 13.48
Energy Reg. for 40 mi (kwh) | 12.79 12.25 19.25 16.73 15.40

The results show that to achieve the desired 35 mile EV range base@ymhe4drive cycle
weighting a battery pack with3.48kWh of usable energy is requiteA123 Systems sponsors

the EcOCAR2 competition offering teams a choice from 4 battery packooptieach with a
different energy capacity and cell configuration. The batterysieesupply the required energy

for the EV range within an acceptable depth of discharge (DOD) where performance would still
be adequate. Other criteria such as thermal ptiepare also taken into account. The final
selected battery padk the largest option offered by A123 Systeméth seven modules, each
having 15 cells in series and 3 in parallebffers a capacity ofLl8.8 kwh with 15.1 kWh usable

at the chosen 80®OD. With this pack an EV range of nearly 40 miles should be posdib&e.
characteristics of this battery pack will be used for all further modeling purposes.
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