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ABSTRACT

With increasing petroleum price afel economy standargdsleaner and
sustainable energy solutions have been demaindaghicleindustry. Plugin hybrid
electric vehicles, which are powered by an internal combustion engine and an electric
motorwith a battery packhavethe ability ofachievirg superior fuel economy. The
hybridization and electrification of the powertrain requisieseffective and optimized
model and control syster@n the other hand, modeling and simulation tbaige been
developing very fasiThe simulation tools have becomery important when complex
system model based control design is appliée: modeling and simulation tools alele
to design the whole process and control strategy, rather than just being uakdate or
test the real data

The study in this thesisas based on the ECOCAR 2 competitibhe objective
of the competition is toeduce fuel consumption, reduce wieHwheel greenhouse gas
emissionsreduce criteria tailpipe emissioasd maintain consumer acceptability in the
areas of performance, utilitand safetyThis thesis will present the methodology for
modeling theAuxiliary Power Unit(APU) andcontrol strategylesign anaptimization.
The engine and generator models will form the APU model. Several interpolation
methods are used tefineenegy and fuelefficiency. Softwarein-the-loop (SIL)
simulation is used to optimize the control stratdggally, theexperimentresult

demonstratethe performance improvements.
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Chapter 1

Introduction

The study in this thesis is based on the Pe
entry in the ECOCAR 2: Plugging Into the Future competitidhis three years
competition (July 2011 to Jurd®14)is sponsored by the U.S. Department of Energy
(DOE) and GenerdWlotors (GM) and is organized by Argonne National Laboratory.
There are 15 teams from North American universitieise goal is to design and build a
Plugin Hybrid Vehicle (PHEV)using a 2013 Chevrolet Malibu as a base vehicle and
applyinga simplified vesionofGM6 s gl obal vehicle devel opment p
the third year of theompetition theperiod during which the work reported here was
performedwasr ef i ni ng t he vehicle to achieve a A99% I
that would have @% consumer acceptability in terms of performance, utility, and safety.
A hybrid electric vehicle isa type ofhybrid vehicleandelectric vehiclenvhich
combines a conventionaiternal combustion engirgropulsionsystem with
anelectricpropulsion systefY. A PHEV isan HEVthatutilizes rechargeable batteries,
or another eneggstorage device, that can be restored to full charge by connecting a plug
to an external electric power sourck PHEV shares the characteristics of bothyhrid
electric vehicleand an alelectric vehiclé”.
The auxiliary power unit (APU) is an importacimponent of PHEV. It
provides a second source of energy for the PHEMowing for significantly greater range

than an allelectric vehicle


http://en.wikipedia.org/wiki/Hybrid_vehicle
http://en.wikipedia.org/wiki/Electric_vehicle
http://en.wikipedia.org/wiki/Internal_combustion_engine
http://en.wikipedia.org/wiki/Ground_propulsion
http://en.wikipedia.org/wiki/Electric_power
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Theinterrelatedyoak of this studyareto tunean APU modeland toimprove the
performance ofthe APU and overall vehicle through increased attentichéd\PU
control algorithm The APU model was originally developedYear 1.The APU control
algorithm was originally developed Year 1 andegedin both simulaion and vehicle

platformsin Year2.

1.1 Background

1.1.1 Motivation

In the US andiroundthe world, we are experiencing an upward trend in gasoline
consumption.Figures 1-1 and1-2 are based on data are from U.S. Energy Information
Administration annual repol andshow thain 1980 approximately273million gallons
of gasoline vereconsumeaer dayby vehicles in the USand approximately5 million
barrelsof petroleumwereconaimed per daglobally. Consumption increasle
significantly between 1980 and 2011 to the point tvar 395 million gallonsof
gasolineand 3.2 blion gallonsof petroleumwereconsumed per day in théS. and

globally, respectively
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At the same timegreenhouse gas emisssamavegrown significantly as well
Figure 13 shows thain 20® about17.4billion tons ofcarbonwerereleased into the
atmosphere because of the petroleum consumftioAlthough vehicles are not the only

consumes of petroleunor source of carbonemission they are a major one.

Global Fossil Carbon Emission
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Figure 13. GlobalFossil GarbonEmissions
Due topressing environmental conceranddemands talecreas energyuse,

many autanakersbegan to develop Hybrid Electric Vehiclé$HV) as a next generation

vehicle(Tablel-1).



Toyota Prius, Camry, Highlander 1997 | Sedan, SUV
Lexus RX400h, LS600H 2005 | Sedan, SUV
Honda Insight, Civic, Accord 2005 | Sedan, SUV
GM Silverado, Saturn, Equinox, Tahoe, Yukoh 2007 Truck, SUV
GM New Flyer 2004 Heavy Bus
Chrysler Durango, Ram 2005 Truck
Mercedes BenzS 2006 Sedan
Ford Escape, Mariner 2005 SuUvV
Hyundai, Renault, IVECO 2004 Various

Tablel-2. List of HEV developnentto daté?
It is interesting to note that whiléEV and PHEV technology has been

developing very fast in the past few ygahis technology has been around over 100
years. The LohnéPorsche Elektromobile, which was one of the fingbrid cars in the

world, appeared at the PaHsgpositionof 1900". In 1905, a American engineer named

H. Piper filed a patent for a petrelectic hybrid vehiclethat usal an electric motor to

assist an internatombustion enginand couldachieve 25nph®®. Nonethelessthe
conventional engine still dominated the car industry for about 60 years, until the price of
gasoline soared because of #rab oil embargo of 1973. THe.S.congress passed the
Electric and Hybrid Vehicle Research, Development & Demonstration Act of 3976

This legislationcreated new interest in electric vehiclEs1997, Toyota introduced the

first ICE based HEV to théapanese market, the Toyota Prius. This was the first hybrid

four-door sedan and it was available in the U.S. in 2800

1.1.2Plug-in Hybrid Electric Vehicle Architectures

A hybrid electric vehicle (HEV) combines a conventional internal combustion

enghe (ICE) propulsion system with an electric propulsion sy$terthus,an HEV
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permit the use of two different forms of energyhe first form is typically gasoline, but
can also be diesel fuel, natural gas, or a biof&rek any of these fuels, tlemergy is
extracted via combustion, which is an irreversible proc&g® second form is electric
energy stored in a battery pack, although other storage technologies such as ult
capacitors and flywheels are possibkr any of these storage technaésy energy can
flow bidirectionally. The advantage of a hybrid systémn
Higher efficiency:
A Electric propulsion system efficiency is higher th& propulsion
system efficiency.
A Electric propulsion system can recover, at least partially, vehicle&ineti
energy during breakings they permit reversible flow of energy
Better torque characteristics: electmi@chinehas high torque at low speed,
while ICE haslow torqueat low speed.
Lower tailpile emissionsand fuel consumptiarthe electriomachinehasno
tail-pipeemissios. In addition the ICEcan beshut downduring
breaking/stopsthereby reducing fuel consumption, as weltalspipe
emissiors.
Smaller engine is possibléhe ICE only neeslito accommodate average load
rather than peak loathusa smaller, lighteengine is possible.
A Plug-in HEV (PHEV) hasan internal combustion engine and an electric motor
with ahigh capacitybattery packA PHEV has the characteristic of bothlEV andan
EV, and has the advaga of both a HEV andanEV as well:
A PHEV has all thecambilities of a HEVbut has lower fuel consumption

andtail-pipeemissiors, because a PHEV can be operatedres\a
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., An EV has driving range limited by the capacity of the battery pack, while a
PHEV has a fuel tank and an ICE, and thereforeltiving rangeof a
PHEV istheoreticallyunlimited per periodic refillingthefuel tank

There are two general classe$PHIEV architecturesparalleland series A
parallel architecture providgmwer to the wheels from both tHeE and an electric
machinés)®, asillustrated in Figure #4. Because both the ICE and electric mactspe
can provide torque to the whedimthof the engine and the motors can be downsized,
making the parallel architecture more viable with lower costs and higher effi¢fency
Themajor disadvantage of a paralgkthitecturas that the engine cannbeé regulated to

remain at its mostffeiencet operatingooint because it is mechanicalipupled to the

wheels'”.

Mechanical Coupler

7N
> [ ——> Wheels

N/

Engine

Battery Pack |« - Hectric Machine

Figure 14. Schematic diagram gfarallelarchitecture for a P/HEV

The series hybrid also employs an ICE, although it provides no power to the
wheels. Instead, the ICiHNctionssolely agprime mover for ayenerator, providing
energy to charge the batteriéBhe wheels are powered solely by an electric nis)or
using tke energy stored in the batteri®s The architecture is illustrated in Figures1 It
allows the engine run in its high efficiency speed and torggi®n. The main
disadvantage is that mechanical povem the engine changes its form twice, from
medanicalto electrical in the electric generator and from electricatéchanical again

in the electric moto¥!, which will cause some power losses.



Cenerator

A 4
A 4

Engine Battery Pack & - Hectric Machine |- »-  Wheels

Figure 15. Schematic diagram okses PHEVsarchitecture
The battery pack can be charged eithecdaynecting a plug to an

externalelectric power sour¢er usingan auxiliary power unit (engine and generator) to
generateslectricpower. Table 22 shows that PHEVs have the significant ability to
reduce fuel cosumption and greenhouse gas emissigh®HEV can play an important

role inreducing petroleurmonsumptiorandgreenhouse gasmission.

Emissions and Fuel Cost for a 100-Mile Trip

Vehicle Greenhouse Gas Emissions Total Fuel Cost
(compact sedans) (pounds of COZquivalent) (Gallons)
Conventional 871b CQ 3.62

Hybrid Hectric 571b CQ 2.38
Plug-in Hybrid Electric 621b CQ 1.92
All-Hectric 541b CQ 1.01

Source:US department of energgttp://www.afdc.energy.gov/vehicles/electric_emissions.php

Tablel-2. Emissions anéuel costcomparison

1.1.3EcoCAR 2 Competition and Penn State Advanced Vehicle Team

EcoCAR 2: Plugging In to the Future is a thgear collegiate engineering
competitionsponsored by the U.S. Department of Energy and GeNeradrs It is
organized by Argonne National Laboratory and there are 15 teams from North American
universities. The technicayoals are to design and integrate vehicle powertrains that,
when compared to the production gasoline vekichieve the followig:
Reduce fuel consumption

Reduce wetto-wheel greenhouse gas emissions

5



Reduce criteria tailpipe emissions

5

. Maintain consumer acceptability in the areapafformance, utilityand
safety

General Motors provided each of the 15 teams with a 20tEroletMalibu to
use as a base vehiclene competition takes place ouaree years from 2011 to 2014.
The focus of the competition is different each year reflecting the stages of General
Motors global vehicle development process:
First Year Modelingand Simulation

5

. Second Yearnmplementing designdeveloped during the first yeand
integraing components into the vehidle create a vehicle at the 65% buy
off paint.
Third Year. Vehicle refinement, expanding on the efforts of years past by
enhancinglesigns from the first two years. The final product is a highly
refined automobile at the 99% consumer-offypoint.

The General Motors global vehicle development process is an extensive set of
design, modelingsimulationand validationThevehicle devieopment procesévDP)
serves as a roadmap for the engineering process of designing, building and refining their
advanced technology vehicles. Following a VDP will give the teams an opportunity to
improve their vehicles efficiency while retaining consunmreptability, performance
and safet{.

ThePSUAVT6s devel opment -piagmmeasshowhiol | owed t he
Figure 6. The process has two partgrification and validationThe development

process begins by defining the control system requirera@tshe final stage of

verification is the software implementatidith the completion of the software
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implementation, the validation stage of development begims first stagés unit testing

and the last step is validating control system in vehicle.
V-Diagram

Development Process
System Testing
{Vehicle) Validate Control
Rapid Control System In Vehicle

yping

Define Control
System Requirements

Systems
Engineering

Engineer Control
System Architecture
Requirements
Algorithm Requirements

Development

Calibrate Control
System

Controller Testing (HIL)

/1 Validate Controller
l System

Sub-System Testing (SIL)

Unit Behavioral
' Test

Unit Test

Algorithm & Software
Design

Verification

Software
Implementation

Figure1-6. V-Diagram'

The Pennsylvania State University Advanced Vehicle Team @®&L) has
participated in eight similar Department of Energy/Argonne National Laboratory vehicle
competitions dating back to 1989. The previous competitions, howeser structured
with a greater emphasis on the final product than on the design process. Consequently,
the PSU AVT enjoys extensive corporate knowledge and experience in physical design,
fabrication, and integration of vehicle subsystems but a more litméteklground in
modeling, simulation, and control.

During the first year of the ECOCAR 2competition, the PSU AVT elected to use
the series PHEV architecture shown in Figuréuith the components listed in Table 1
3. The Team also created a Vehicle TechinBpecifications, developed basic control
code, and implemented required Softwar¢he-Loop (SIL) andHardwarein-the-Loop

(HIL) simulatiors
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From

APU

UoM
PowerPhase

' Magna
E-Drive

s Fuel Connection
s Blectrcal Connection
E Mechanical Connection

Figuret7.Penn St at evebicle&fahite@ubeR 2

Magna E-Drive Weber MPE 750
UQM PowerPhase 75

Six A123 15s3p Modules Motohawk ECM-5554-112-0904
A123 Battery Control Module (BCM)

A123 Current Shunt Module (CSM)
A123 Electrical Distribution Module (EDM)

Tablel1-3. The List of key subsystems andomponents

In the second year of the competition, the A¥Acuseal on fabrication and
integration of subsystem components aod developing thesupervisory control
algorithmthroughboth simulation anth-vehicletesting

The final product othe second yeds a functional vehicle that provides a stable
test platform to refine into a fully production ready vehicléhiethird year.

In the third year of the competitiothe AVT focused on vehicle refinement,
expanding on the efforts of years past by enhancing designs form the first twolyears.
goal of Year 3is accomplished by increasing consumer appeal @ficing the

mechanicalelectrical, anctontrol systemsMechanical refinements include aerodynamic
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improvements and light weighting. Electrical refinements focused on increasing the
electrical system reliability. Controls system refinements include calibration from testing,
parameter optimization, reliability improvements, and the addition of conduimedly

features®

1.2 Contribution

The main contribution of this thesis is the development of the APU model and
APU control strategy.The contribution can be summarized as follows:
Refined APU model by improvingnginetorquemap generator efficiency
map andfuel consumption map
ValidatedAPU modelusingmeasurementdata.
RefinedAPU controlalgorithm.
Analyzedmeasuredscillations inengine speednd throttleposition The

result can be used fwtureresearcton enginecontrol

1.30utline

This chapterprovided an overview d®HEV technology Penn St at ebd s
involvement in the ECOCAR 2 competition, and the contribution of this ¥oonkodeling
and control of the Auxiliary Power Unit (APU) in the Penn State ECOCAR 2 vehicle

In Chapter2, specificatons ofthe APUaredescribedalong withits vehicle
interface.

In Chapter3, modeling ofthe APUis explained.Several important data msp

are analyzed and improved.
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Chapter4 elucidats the APUcontrol strategy.Thechapter also explairtsow
thecontrol algorithm is implemented in the model.
Experiment andralidationare described in Chaptér

In Chapters, asummaryis provided,and the futurevorks aredescribed
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Chapter 2

Auxiliary Power Unit Specifications

In a Plugin Hybrid Electric Vehicle (PHEV) witla seriesarchitecturethe
internal combusting engine and generator together are usually considered to be a vehicle
subsystem called th&suxiliary Power Unit (APU) becausehis energysource is not
required for operation of the vehicle but rather is used to supplement the energy storage
system (battery pack).

Theauxiliary power unit in th€ SUECoCAR 2vehicleis implemented using a
Weber MPE 750 engirenda UQM PowerPha$&’5 generator The two are joined by a
bell housing that contains a flywheel and rubber torsional coufflingigure 21 shows
anassemblydrawingof the APU and Table 2L lists the high-level technical

specifications of the APU components.

* Torsional Coupling not shown
Flywheel

Spline Hub for

Torsional Coupling UQM PowerPhase 75

Weber Side Generator

Bellhousing
Plate

UQM Side
Bellhousing

l p.la.e

Weber MPE
750 Engine Studs for Mounting

Torsional Coupling
to Flywheel

Figure 21. Exploded view of APU assembly
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Max Power (kW) 40 @6500 RPM

Max Torque (Nm) 67 @5000 RPM
Mass [dry] (kg) 48
Continuous Power (kW) 45
Peak Power (KW) 75
Mass [dry] (kg) 41

Table 21. APU component technical specifications

2.1 Internal Combust Engine

In aninternal combustion engirn@CE), thecombustiorof afuel and
oxidizer occursin a combustion chambehat is an integral part of the working fluid flow
circuit. Expansion of the highemperaturand highpressure&ombustiorgasesapplies
forcedirecty to movablecomponenrs of theengire, typically pistons or turbine blades.
The force applied over the distance of the motion is mechanical Wanks,the
chemical energy of the fuel is transformed into mechanical energy.

For a reciprocating piston engine, the translational motion ofishenpis
converted to rotational motion via a connecting rod and crank. Thus, the mechanical
energy is delivered as a torque acting over an aAgbéstonis the central working part
of areciprocating enginet travelsin a cylinder The combustion of the fuaind airin
the cylinderresults in a force on the crown of the pistBach cycle of reciprocation
consists of two opposite motions: there is a motion in one direction, and then a motion
back in the opposite direction. Each ofsk is called atroke!™. The throttle is used to

control the mass air flowhich in turnaffects the output torque of the engine.
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A Weber MPE 750 made by Weber Motor based in Markdorf, Germany is used

as the APU engine for the PSU vehicleis two-cylinder, four-strokeenginethatis
naturally aspiratednd has 11.5:1 compression ratidt is certified by the
Environmental Protection Agency (EP#y gasoline.

TheBrake specific fuel consumptigBSFC)map is used to find the fuel energy
and fuel consumptiorBSFC isa measure of thieiel efficiencyof a shaftreciprocating
engine. It is the raé offuel consumption divided by the power producdétmay also be
thought of as powespecificfuel consumgpon, for this reason. BSFC allows the fuel
efficiency of different reciprocating engines to be directly comp&rett can be
expressed as

ORI T 001 BOEKT
"3 &# - =
Bbi xBOT ACRARA A

Accordingto the Weber MPE 750 manu#l, the value of théest point of
BSFC is 249 g/kWh when the engine speed is about 4000 rpm and the torque is 60 Nm.
In the project, the engine figeled with E85 (85/15 % v/v ethanol/gasolin&85
has33% lessenergy contenthan 100% gasolinend 30% less than tEl0whichis sold
by almost all retailers in the U8 The fuelconsumption rate of ESS greater than that
of E10and he average ratios of fuel economy E85versus BEOare 1.3 Therefore, the
BSFC of the engine when E85 is used can be represanted
ORI T 001 BOEKT
Dl xBOT ACRARAA

"3 &H )

Then the value of best point of BSFC becomes@RWh.
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2.2 Generator

A UQM PowerPhase75 made by UQM Technologies based in Colorado is used
as the APU generator for the PSU vehicléne PowerPhase75 is actually a system
comprised of two components: (1) gpBase brushless permanent magnet machine that
converts the mechanical energy from the engine into4inase ac voltages and currents
and (2) a controller that converts th@l@ase a quantities to dc quantities required for
the energy storage systed.block diagram of the generator system is shown Figize 2
The energy flows are bidirectional because the system is used as a motor when starting
the engineThe PowerPhase75 has aeak power rating of 75 kW and a continuous
power rating of 41 kW. The distinction between peak and continuous ratings arises due to
the transient thermal characteristics of the liegodled power inverterThe dc bus

interface has an operating range2b0 V to 400 V and a current limit of 400 A.

Battery

A 4

Inverter

—p PMSM —» Engne

Vechile Interface

Y

UQM Controller

Figure 22. Block diagram ofthe generator

The vehicle interface for the generator system supports three methods for
accepting control inputsEach of these methods is associated with one or more of three
control modes that are described subsequently. The three methods are:

CAN' bus: commanded torque, speed, or voltage inputs are accepted via the
CAN bus.

1 can stands for Control Area Network, apdN bus refers to an intreehicle digital communication system that is a

defacto standard in the automotive industry. Additional information abantous is provided in Section 2.3.
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Analog input signal ports: commandeddoe or speed inputs are accepted
via two analog signal ports.

System Configuration: set point values for torque or speed can be
programmed.

The three control modes are:
Torque ontrol operationaimode

When communicating via CAN bus, the commandeduenlue is specified as
the data word in a Universal Command.

When using analog torque control, commanded torque is represented as a
percentage of full scale for the analog
positive tor quwreisusal fodnegtBeRAGUE O p

. Speeccontroloperationaimode

When communicating via CAN bus, the commanded speed value is specified as
the data word in a Universal Command. A torque limit can also be specified in in the

same way.

When using analog speedntrol, commanded speed is represented as a

percentage of full scale for the AACCELO

represented as percentage of-fult al e t or que for the ABRAKEDO

Voltagecontrol operationamode

When communicating vi@AN bus, the commanded voltage value is specified as
the data word in a Universal Command.

When using analog voltage caoitrthe motor controller tries to maintain a
requested voltage level. When in Generator Mode, the voltage is maintained to the
desiredvoltage that is stored in the System Configuration

Speed control via the CAN bus is used in this projBegvehiclecontroller

send aspeed command value to the generator controller via CAN bus.

nput

anal o

port
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The power dsses map pvides the efficiency informatioof the generator
system The efficiency of the generateystem  is related to the mechanical power,

current from the generator and the battery voltage.

0o w

0
The efficiency map is a threfmensionatable which is indexed by the
generator torque and generator spegithce the engine and generator are directly
coupled the generator speed and engine speed are equal at any\titheéhe inputs of

generator torqgue and generator speedprisye can output the efficiencylhetheoretical

i

outputpowercan becalculated byy) Q0 . Therefore, the

actual APU power can be calculated by:
b0 YEOQUEAT OPOEAM® O£ 00DET i Qi
UQM Technologiegprovides the generating efficienoyap (Figure 23) and the
efficiency data table of the generatdre solid line in Figure-3 is the peak powdimit

and the dastdlineis the continuous powdimit.
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Generating Efficiency Map

Includes controller and generator

-
b=

Power (kW)

30+

Figure2-3. Contour plot of generating efficiency mépm user manudf

2.3 Vehicle Interface

As a part of the PHEV, the APU interacts with other vehicle subsystems and the
master vehicle controller. Operation of the APU is tied especially closely to the energy

storage system (battery pack).

2.3.1 Energy Storage System

The battery pack is the main energy storage devite energy storage system
(ESS)canbe charged bthe APU, andthe ESSwill provide power forElectric Traction
System(ETS). Figure 24 shows theelationship between the APU, the electric traction

system and the energy storage system.
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APU Qutput Power

Net Power
sub » Energy Sorage System

Hectric Traction System |

Power consumption

Figure2-4. The relationship between the APU, 8&Sand the ESS
The APU has threeperationset pointswhich will set the engine run at different

throttle and speedThe battery SOC will determine which set point will be activated.
The low set point is activated below 35% SOC and continues to run until the SOC
exceeds 45%When the SOC is below 25%, the high sdhpis activated. The SOC
range of the high set point is from 7% to 25Pke critical set points will bactivewhen
the SOC is less than 7%bhis setpoint runs the APU at nearly the maximum power
available to sustain operation of the vehicle at a cHyitaw SOC.

This control strategy is easy to implement and can help us estimate output power
of the APU accurately. However, this strategy may not allow the etmme in its high
efficiency speed and torque regionherefore, the fuel consumption aewhission of the

engine may not beptimal

2.3.2 Master Vehicle Controller

The APU collect/send data and commasdia CAN bus fronito the master
vehicle controller.

The CAN bus was developed by BOS@sla multimaster, message broadcast
system thaspecifies anaximum signaling rate of 1 megabit per second (bps). Unlike a

traditional network such as USB Bthernet, CAN does not send large blocks of data
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pointto-point from node A to node B under teepervision of a central bus mastén.a
CAN network, many short messages like temperature or R&\esare broadcast to the
entire network, which provides for data consistency in every node of the s{8tarhe
AVTo6s controll er networ k i sTheldransmasdionsgeedn
of the network is 50&bps

The vehicle controller collesinformationon battery SOC current
generator/engine speeaghgine switch status, engine temperatureetadsia CAN bus.
The APU control algorithmwithin the vehicle controlleuses this information to
calculate generator/engine speed request, throttle request, generator torque ktait,and
and send the results back to the CAN [u® vehicle controller can usesthesultdo

control the engine and the generator.

t

he

CAN
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Chapter 3

Auxiliary Power Unit Model

The purpose of modeling the Auxiliary Power Unit (APU) is twofdkikst, for
the purpose of vehiclevel simulation and contrplt is necessary to model power output
and fuel consumptionSecond, for the purpose of APU control, it is necgssamodel
APU operation mode, startup and shut off condition.

The APU model has three subsystem blocks: IC Engine block, APU generator
block, and the APU generator speed control blothkese three blocks are shown in the
Simulink block diagram of Figur&-1. In this particular block diagram, Simulink Go To
and From blocks are used to avoid busy signal roufiiige IC engine block will output
the engine torque and calculate the actual engine speed and fuel consuifiptiétP U
generator block will caldate the generator torque and APU output powdre APU
generator speed control block is a Pl control loop, which will output torque control
message according to the error between the speed command and actudtapked.

these blocks is described in a subsequent section.



24

[T S
[ommersaicma Requesy 1047 Sotes Commena, raoses
= L —
Comert o radses
Pisormus message. momziazs
o
Azhom Szm msans
From?
“AEU Ganarator Spesd Cortral
ﬁ EngheSossd
]
s Som
Fromzs Treose Commana thaction of med
= cons
Ergine Termee|
[GerTorgueti] EngrETorgue
— Generaoe Torgue {2
Froms Fusl Egergy Con
TEgrersa] R, Fusl Con
Fromss {3
AeliEmy
CEnghe
Seope2
|- rorecom S tacion ot max SoopeT
Froms
[ N N—— i
p— =)
S s {cen TormusComan Thacas Yacion o
Fromio
TOmeresiCma_Commen] |esmsonzr Cammot s

Fromet

i e

oot

0 C——

[UmeresICmE_Direcion]
Fromz1

AP Genernr

==
Gond

Figure 31. APU model
Figure3-2 shows the flowchartof the APUmodd.

Seed
command

> P Gontrol Loop J

Generation .
- /  Generator  / / / Engine/ Generator / )
COntInL::L;ZTquuE Torque @ @ Net Torque ‘Actual Speed Engine Map

Engine
Torque

Figure3-2. The flowchartof APU model

The PI control lop in the models used taninimizethe error between the actual
and commandedenerator speedl he outputcontrol variableof the Pl contrder will
continue to adjust the output generator torgoid the actual speed of the geator
stabilizes as desiredis long as the actuapeed of the generator stabilized, the generator
torque and engine torque can be obtaimasdvell aghe output power of the generator
and fuel consumptionT herefore, this Pl control lodp the key to calculatine output

power and fuel consumption.



25
3.1 Engine Model

Figure 33 shows the engine modalSimulink. The primary inputs are the
Generator Torque and the Throttle Command; the Ignition inplidatesif the engineis
runningandthusenabl&/disable the throttle input.The gimary outputs ee Engine
Speedand Fuel ConsumptionThe Generator Torque is neededadculate the net

torque and the engine speethe Engine Speed can be calculated by this formula

AT CBPAAA———— The Throttle Commanshows the percentagé the

throttle open.TheEngine Speednd ThrottlecCommandare used to calculate thedl
ConsumptionTwo saturatiorblocksare used in the model &ysurethatthe inputgo the
engine map areithin valid range. The engine speeshturatiorlimits are650 rpmand
7000 rpm. Thehrottle saturatiodimits are0 and100.

There are three main padsthe engine modél engine speed calculation, engine
torque calculationand fuel consumption calculation.

A significant advantage of the series HEV is éihdity to operate the engine
independently ofehicle speed/loadThe engine can be operated in a region of high
efficiency and low emissions. The IC engine model for the series HEV is simpler than

that required foanICE vehicle as it does not needmodel idle condition§™.



26

— o o I
- S It

Figure3-3. Engine nodel

3.11Torque Map

Theengine map is aimple, statianodel of the enginelt providesthe poweror

torque delivered by the engine as a function of engine speed and engine throttle position.
The relationshifpetweerengine torque and engine power'Y€ | 1] >———. In

this study,the mapdescribes thengineoutput powelor torque relative to the engine
speed and engine throttl@his is a 2dimensioml table with engine speed and throttle as
inputs andoowertorque as outputThis mapwasdefinedby point-by-pointtest and

interpolation method.

3.1.1.1Physical Test

An engine dynamometer was used to faognepoints of the mapFigure 34

shows theengine dynamometer platform.



Figure3-4. Dynamometer platform
Table3-1 shows the databtainedfrom thedynamometer test.

3 kW 1.8 kW 0 kW 0 kw
4.5 kW 3.6 kW 1 kW 0 kw
5.8 kW 4.7 KW 3 kW 1 kW
7.2 KW 7 KW 7 kKW 5 kw

9 kW 10 kW 12 kW 11.2 KW
9.8 kW 12 kW 13.5 kW 14 kW
10.7 KW 12.5 kW 15 kW 16.8 kW
10 kW 13.5 kW 16 kKW 18 kW
10.8 kW 14.5 KW 18.5 kW 21 kw
11 kW 14.4 KW 19 kW 23 kW
10.8 kW 14.3 KW 19 kW 23 kw
10.8 kW 14.1 KW 20 kW 24 kKW

Table3-1. Engine map from dynamometer

The Penn Stateehicle was alssent to have an emissions and fuel economy test

27

in a controlled laboratory environment in OhiBubsystem testing was performed and

the engine has been tuneBecause theestingspeed range of engimeasfrom 3000rpm
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to 4500rpm and the throttle rgewasbetween 20%and40%, 12points weretested and

available in themap.The followingtableis the tuned engin@able

14 kW 17.5 kW 19 kW
14.5 kW 18 kW 19.8 kW 23 KW
15 kW 19 kw 21 kw 24 KW

Table3-2. The tuned engine map

3.1.1.2 Interpolation

Measurement of thenginemapis excessivly time consumingf the engine
must be operated at a large number of polhtge set the interval of RPM t60 and the
interval of throttle to 1%, there al®928pointsthat must beneasurd. However, if the
range ofRPM datais from 3000to 4500 and the intefal is 500, andthe range othrottle
datais from 20% t040% and the interval i$0%, only 12 pointsare needed.
Interpolationcanbe used to get the rest of the pointsterpolationis a method of
constructing new data points within the range disarete sebf known data points.

Threeinterpolation methods ammmonlyused.

1. Linear interpolation

It is one of thesimplestinterpolationmethods It is a method o€urve

fitting usinglinear polynomialsThe interpolanat point (x,y)is:
0w w

0w W

Because thenginemap is a ZAdemension map,ilmear interpolatiomrmethod,
whichis an extension dfnear interpolatiorfor interpolatingfunctions of two variables
on aregular 2D gridY, is used. Bilinear interpolation methodtilizeslinearinterpolaton

in boththe x-direction and ydirection.


http://en.wikipedia.org/wiki/Discrete_set
http://en.wikipedia.org/wiki/Linear_interpolation
http://en.wikipedia.org/wiki/Interpolation
http://en.wikipedia.org/wiki/Regular_grid
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2. Nearest interpolation

Nearest interpolation methselects the value of the nearest point and does not
consider the values of neighboring points at all

3. Cubicspline interpolation

Spline interpolatioris amethodform of interpolationwhere the interpoteéonis a
special type opiecewisepolynomialcalled aspline™. The separatpolynomiak pass
through each interval of each of the given values, each polynomial has its own
coefficients.Each polynomial can be represented like this:

Yo OO W W 0w O Q

Because each polynomial has four coefficients, each segewgritesfour points
to define the oefficients.Two endpoints of the segmeatdthe two points on either side
of themare used to fix the polynomial

Thesethreemethods fillout the torque map, make the output curve become

smooth and reduce the error.

3.1.1.3 Comparison

Figure3-5 showsthecomparison of originagnginemapand other three

expendednginemapof theengine.
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Engine map - Original Engine map - Linear

4000 4000
3500 30 3500

00 20 00 20
Engine speed (rpm) Throttle(%) Engine speed (rpm) Throttle(%)

Engine map ~ Spline Engine map — Nearest

4000
3500

3000 20 3000 20
Engine speed (1pm) Throttle(%) Engine speed (1pm) Thottle(%)

Figure3-5. Comparisorof original enginemap andhree expendednginemaps
The Figure 3 showsthat all three expended efficiency map can help us find

more reasonable data and can make the mesh sméottever, the plots of linear
interpolation methodnd spline interpolation methade closer to the original efficiency

map.

3.1.2 Brake Specific Fuel Consumption Map

The energy and energy consumption calculation block (Fig@)es3used to
calculate the APU energy, fuel energnd fuel consumptionThe Brake specific fuel
consumpibn (BSFC) map is used to find the fuel energy and fuel consumpti the

engine speed, engine torqaad the BSFC map, the fuel consumption can be found.
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Figure 36. Energy and energyosumptiorcalculation block

Engine power can be calculategroultiplying Engine Speed and Engine Torque

i

becaus® QU

shows the relationshipmong thehrottle, speed and the fuel consumption and can help

. Figure 37 is the BSFC map plot. This BSFC

us to find some points whidtaveless consumption.

Specific Consumption [g/kWh]

Torgue

Speed [rpm)|

Figure 37. Plot of Weber MPE 75@BSFCmanp
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3.2 Generator Model

Theengine of the vehicle often varigs speed to match the command from the
vehicle controller.The generator will use the enginethsprime moveiin this project, so
the output current from thgeneratods alternator will have fluctuation3.o eliminate
fluctuations theacpower produced by the generaioalternator will be converted tiw
power. Then the inverter will cover the dc power back to ac poweerefore, themooth
and clean hasecurrentcan be obtained after the conversion.

The UQM controller will control theconversiorprocessas wellasthe generator
speed

Figure 38 shows thegeneratomodelin Simulink. The primary inputs are the
TorqueCommandand Generator Speed he primary outputs ait®enerator Torque and
APU Power TheTorgueCommands the control variable of the Pl control loop. It is
needed t@alculate th&senerator Torque outpuhe Generator speed is used to find the
generator power losses, APU power, aadtinuesgenerator torque

There aréawo main partf the generator modélAPU power calculation and

generator torgue calculation.

Figure3-8. Generatomodel
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3.21 Torque Block

The generator torque calculation blgékgure 39) is in the generator model.

This block is used to find the generator torque.

Generstion ContinususTorque _\_
CO—»>-

GenerstorTorqueCommand

—a

Metoring CentinuousTergue

o

GeneratorTorque, Nm

Speed, rpm

PeaiTorque

Figure3-9. Generator torque calculation block

Three maps are used in this block. They are generation continuous torque map,
motoring continuous torque map and peak torque Bagausef 0 QU

i

andpi (3@ — YO {the relationship offseed and torque

shown in Table 3. UQM Technologieprovides these three map.

1000 120.37 160 238.73
2000 125.00 150 238.73
3000 126.54 140 238.73
4000 94.91 110 173.61
5000 75.93 84 138.89
6000 53.47 60 115.74
7000 34.39 28 99.2

Table3-3. Continuous torque map and peak torque map
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3.22 Generator Power Losses Map

The generator power lossempmodelsthe power losses when tgenerator
convertsthe power frommechanicato electrical It represents the efficiency of power
transformation in different generator speed and generator tofdueis a 2dimension
table withgenerator speed and generdtwgueas inputs angower lossess output. Ta

data of thismapwasprovided by manufacturer

3.2.2.1 Original Data

Theefficiencydata tableof UQM generator provided ByQM Technologies
shows that thealues of independent variabliesm anunstructurednesh rather thaa
regularmesh To get the contour plot of the efficiency map like the FiguBe Relaunay

triangulationwas createdHigure3-10).

efficiency

o
s velocity
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Figure3-10. Delaunay triangulatioplot of efficiency Map

The uniform mesh can be generated by gdimgugh triangles and interpolate
points Then the efficiency map can be plottEdyure3-11 illustrates the efficiency map

of thegenerator

Figure3-11. Contour plot of gnerating efficiency mafrom data table




































































































































