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Abstract

Vehicles are major source of air pollution and greenhouse gas emissios® any
improvementin their fuel efficiency can have aignificantimpact on the environment and
economy ln this studyaregenerative auxiliary power system (RARSproposedo prevent
engineidling in service vehiclesBesidespreventingidling, the proposedRAPS reduces
vehicle total fuel consumption by utilizing regenerative braking ameptimal charging
strategy. This systememployswaste energyduring braking and provide the demanded
auxiliary power fora service vehicldo prevent idlingIn addition, the system can be retrofit
onto existing vehiclesIn addition,necessary tools, algorithms and methods to arrive at an
optimumRAPSfor antridling of service vehiclearedesighed develogd and implemergd.

A generic, modular, and flexible vehicle model is created using scalable powertrain
componentsThis modelis used by the optimizer to simulateet energy efficiency of the
vehicle systenin order tominimizethe total cost of the system duriitg expectedife cycle.
Multi-disciplinary design optimizatiors applied to optimize the systénmsomponent size
and power management control logic with respea tmstbased objective functiolwo
different optimization methods, Genetic Algorithms (GA) and Satindy Annealing (SA),
areutilized to find the optimal solutiorDifferent limitations andconstrairs of utilizing the
Electrical Storage Systems (ES&)e considered in the optimizatiofor more accurate
results Expected changes in power consumption and fuel efficiency in the service vehicle
equipped with RAPS is presented as a case study. It is shown that utilizing the RAPS has a

significant impact on the total fuel consumption of the vehicle.



Based on theesuls fromcase study, arototype model of RAPS (containing generator,
battery, auxiliary load, and control system) is developed for laboratory evaluadsiog the
RAPS prototype as aahdwarein-the-loop (HIL) of a service vehiclethe proposed system
performance is evaluateahdthe model is validated. It is shown thhere is a close match
betweenthe experimental and simulation resulfhe results show #t the RAPSs capable

to eliminate the idling in service vehicles wibnsiderabldéuel saving.



Acknowledgements

| would like to express my deep gratitude to my supervisor, Prof. Amir Khajepour for all of
the guidance support, patience, kindness and constant encouragement during my research.
Working with you has been a true privilege and treroesty fortunate.

| would also like to thank my thesis committee, Prof. Roydon Fraser, Prof. Soo Jeon,
Prof. Magdy Salama, and Prof. Narayan Kar for their insightful comments and
encouragement. Their critiques have helped to improve the quality of my. thesis

My sincere thanks to my colleague Yanjun Huang for all of his support and care. Kevin
Cochran and JefGraansmain the Mechatronic Vehicle Systems laboratory for their
technical help and support. My frien@aeidkhosravani, BriarFan, Alireza Kasaiezadeh,
YahyaMahmoodkhanand all of my officemates who made a friendly atmosphere during my
course of studies at the University of Waterloo.

No word describes my heartfelt thanks to payentsand my brother whose support has
always been encouragingroughout my life. This accomplishment would not have been

possible without them.



Table of Contents

AUTHOR'S DECLARATION . ..ottt e ees sttt eeess e e e e eeeaaaaaaaeeeeeean ii
Y 0111 = V! R SPRPRPPPPRN iii
ACKNOWIEAGEMENLS.... ..ttt emnn e s v
LIST Of FIQUIES......eiiiiiiiiiii ettt e e Vil
[ 0 1= o] = PP PPPPPPRP IX
List Of ADDIeVIatioNS.......cooeiiie e e e X
N o]0 =T aTod o [ =T PPPPPPPP Xii
Chapter INtrOTUCTION.........uuuiiiiiiiiiie et ceeee et et e e e e e e e e e e 17
1.1 Objectives and Scope of this ReSearCh...............uvvvviiicccriiiireiiceee e 17
Chapter ZLIterature REVIEW........cccuuiiiiiiiiiiieieeeiiiite e e e e e e e eeeme e e e e e e e e e e e e e e e e e e e e e aanee 21
2.1 Antridling Technologies in Service Vehicles.........cccooooiiiiiiiiiceciiciiiieeee 21
2.1.1 Stationary Ardidling TeChNOIOgIES.........cooiiiiiiiieeer e 22
2.1.2 Mobile AntHidling TECNNOIOGIES.........coeveiiiiiiiie e eeee s 23
P20 R B I 1S o1 1 1S TP 25

2.2 Multi-disciplinary Design Optimization (MDQ)............oouvviuviiiiiiimreeeeeeennn 27
2.2.1 Design Optimization in Hybrid and Electric Vehicles...............cccooviiceeee. 28

PG YU [ 111 7= 1/ USRS 29
Chapter Modeling and ConfIQUIration............ccoooeiiiiiiiiiccce e 31
3.1 System Configuration and Potential Energy Recovery...........cccccceeivcmeeeeenvnnnnns 32
3.2 System Integration t0 POWEITIAIN...........uueiiiiiiiiiieeeriiiee e 33
3.2.1 Low Power Demand Syste®efpentine Belt) Configuratian........................ 34
3.2.1 High Power Demand SysteRover TakeOff) Configurations....................... 35

3.3 Components MOAEliNg..........uuuuiiiiiiiii e reeeise e e e e e e e e e e AL
3.3.1 General Vehicle MOGEL..........couiiiiii e eeeeeeeeeeee e 44
3.3.2 Final Drive (Differential)..........ccccccceeeeiiiiiieeeiii e eeeeveeee e 4D
3.3.4 Transmission (Gearbax)............ccovviviiiieeee e A8
TG IR ST CT=T a1 =1 (o] S PSS T 48
3.3 ENQINE ..o —————————— 51
3.3.7 ElectricaEnergy Storage Systems (Batteries)..........ooovvviiiiiieee e 55
Chapter 4Multi-disciplinary Design Optimizatioand Case Studies............cccceeveeeeeeenn. 65
g 1 1 o o [ ) 1S 65
4.2 Optimization ProCeSS REVIEW.......ccceeeeeeeiiiiiiiieeee e eeeeeeeeeeeeevvmmme e 65
4.2.1 Optimization Algorithm StrUCIUIE...........evviiiiiiiiiii e 66

4.3 Objective COSt FUNCHON........couuiiii ettt e et e e e esmmme e e eeeeenrneeeeeened 69
4.3.1 FUEI COSES....coiiiieeeeeieiiiiii i eeeeeeeitsn e s e s e e e e ememsssnnnssesaeeeeansassssssnnnneseeeeeeesd O
4.3.2 Plugin EIECtriCItY COSt.....cciiiiiiiieiiiiiie e ceees e ereer e e e e e e e eens 71
4.3.3Initial RAPSCommp n e Nt S.0...C0.8. 1.8 e 73
4.3.4 Total Objective FUNCHON............uuiiiiiiiiiiiceie e eeevvmmmrr e e e L D
4.3.5 Limitations and CONSLraINLS. ........cceeiiiiiiiiieiieiee e e e ee e e et mmme e eeeeeeennnes 76
4.4 CASE STUAIES ... .o eiiiiieiieeee ettt et e e e e e e e e e e e e e e amana e e e e e e eeeaeas 79
4.4.1 Case Study: GMC Savana 2500.........ccuiiiiiiiiiiiieeeieeieeeee e mmee e 82

Vi



Chapter E=xperimental Validation...........cccooeiieiiiiiiiieeeiieee e eeeeeeeeeeeeeeee e 89

5.1 Experimental Setup: Hardwalrethe-Loop (HIL) ..o 89
5.2 EXPEriMENntS PrOCEUULE........covviiiieiieii ettt e e e e e e e ememsss e e e e e e e e e e eeaaeeeen 96
5.2.1 AlternatoitGeneratoiCharacterizatiofexperimentdrocedure............ccvvvveeeee. 96
5.2.2RAPS Total Model ValidatiofExperimentProcedure..........ccceeeveeeeeeeevieeeeeennn, 99
Chapter 8Concluding Remarks and Future WorkK..............ooooiiii e 103
6.1 ThesSiS CONIDULIONS........uuiiiiiiiiiiiiiii e 104
6.2 FULUIE WOTK. ... ettt neee e e e e e et e et e et e e eeeseeees 106
6.2.1 Modifying the Optimization ProCess............cccvvvviiiiiimeme e 106
6.2.2 Considering Service Vehicle Cargo Weight COSL...........evvviviiiiieesviinennne. 107
6.2.3 Different EES and Battery Pack Degradation Function................c.c.oeee.... 107
6.2.4 Field TeStiNg ProtOtyPe. .....cu i 108
BibliOGrapY ... . oo ————————— 109
Appendix A Optimization MethOdS. ........ccccuiiiiiiiiiiieee e 114

vii



List of Figures

Figure2-1: Truck stop electrification (TSE) station: an example obaofird stationary anti

IdIING tECNNOIOGIES [L6]- ...ttt e e e e e e e e e e mmne e 23
Figure2-2: Solar energy powered auxiliary service vehicles [L7]..............cccoovvveeeenn. 24
Figure3-1: Regenerative auxiliary power system (RAPS) configuration..................... 32
Figure3-2: Available space to install generatotthe low power demand targeted vehicle
AFord Transit -20InMe.c.t..Car.g.o..XLo ... 34
Figure3-3: Low power demand systems (the serpentine belt) configuration............. 35
Figure3-4: Possible power exttdon (PTO installation) points in the high power demand
SYStEM CONFIGUIALION........ccoiiiieeeeieiie e eeme e e e e e e e e e e e e emn e e e e e e as 36
Figure3-5: ASpd fitt 0 PT.O..[.4.0 ], 37
Figure3-6 : i Liodiemt er shaf.t.a..RT.Q. . [.4.1]. 38
Figure3-7: A Tr ansmi ssi.o.n..Ap.e.r.t.ur.e.o0..RTO.....39
Figure3-8: General forwardooking vehicle model.................iiiicceeiiiieee e 42
Figure3-9: General backward looking vehicle model...............coooiie 43
Figure 3-10: Power management controller input/output Signals............cccceeeevicmeennnns 47
Figure3-1: Wi I |l ands | i ne ..maod.el.i.ng..c.o.n.c.e.ptb2] 43]
Figure3-12: Commorelectric circuitbased models for batteries [49]..............cceeee. 56
Figure4-1: Optimization SOftWare SCIPLS........coiiieiiiiiiiitieeer b eeeee e 66
Figure4-2: OptimiZation PrOCESS........uuuuuruuiiiiee e e ceeetriniris s e e e e e e e e e e e s ameeia s e e e e e e eaaaaaaeeeeens 68
Figure4-3: General Drive CYCIe..........uuiiiiiiiiiiiiii e 80
Figure4-4: Industry Partner Drive CYCLe..........coooviiiiiiiiiieeee e 81
Figure4-5: Service Vehicles Auxiliary Load Suggested by Industry Partner.............. 82
Figure5-1: Hardwarein-the-loop facilities installed in the Bthatronic Vehicle Systems
[F=ToTo] 7= 1o Y F PRSP PPPPPPPPPPPPPP 90
Figure5-2: a) Electrical part of RAPS prototype model; Uojpd box (Auxiliary load
simulator in low power demand CONfigUIation)..............uueeeeeeiieeeiuviriiiieieeeeeeeeee e e 92
Figure5-3: Schematic installation connection for Ipewer demand (serpentine belt)

(o0] 1110 18] ¢=Ui[o] o FU PP PP P PP PPPPPPPPPPPP a3
Figure5-4: Schematic installation connection for high power demand (apert@g PT

(o0] 1110 18] ¢=Ui[o] o FU PP PP P PP PPPPPPPPPPPP 94
Figure5-5: Conceptual picture of AMust.ang.9Dynamor
Figure5-6: Alternator connection to the dynamometer..........cccccovvviiiiecmiiiiiiiiieeeeeee, 95
Figure5-7: Systematically increasing loading of alternator durimaximum current
determination at 3300 FPITL......ooiiiiiiiei b irr e erea bbb e et e e e e e e e e e 97
Figure5-8: AMaxi mum current versus..al.t.er.n®& or ang
Figure59: Al ternat or ..A.Ef.f.i.c.i.e.n.cy..map.a...... 99
Figure5-10: Experiment drive CYCIE.........uuiii i 100
Figure5-11: Dynol (Engine simulator) angular VElOCItY............cccovviiiiiiicanciiiiiinneeeen, 101

Figure5-12: Battery SOC changes from RAPS model and RAPS prototype experimi@at

viii



Table3-1:
Table4-1:
Table4-2:
Table4-3:
Table4-4:
Table4-5:
Table4-6:
Table4-7:

List of Tables

Chosen battery packs for optimization..............cceeveiivieeeiiiie e 62
Estimated Prices for Added Initial PartS...........ccooeeiiiiiieeeii s 73
Optimization variables description (related to equaiie8)) ..................cc....... 75
Assumed output power of different chosen battery madels.......................79
GMC Savana 25008 CiIfICatiONS........cceeeiiiieeeeeeiiceieeee e eene e 83
Optimization results foGMC Savana during general drive cycle................ 84
Optimization results for GMC Savana during industry partner drive cycle .85
Vehicle Models Simulation ReSULLS............ooeeviiiiiiiicceeeeeieiiiee e 87



A/C-R
AC
APU
BPS
DOD
DP
ESS
FCPS

FTP75
GA

HEV
HIL
HPPC
HWFET
ICE
MDO
NYCC
OBD
OEM
PTO
RAPS

SA

List of Abbreviations

Air Conditioning and Refrigeration
Air Conditioning

Auxiliary Power Units

Battery powered systems

Depth Of Discharge

Dual Polarization

Electrical Storage Systems

Fuel cell powered systems

Federal Test Procedure
Genetic Algorithms

Hybrid Electric Vehicle
Hardwareln-the-Loop

Hybrid Pulse Power Characterization
HighWay Fuel Economy Test
Internal Combustion Engine
Multi-disciplinary Design Optimization
New York City Cycle
On-BoardDiagnostics

Original Equipment Manufacturer
Power TakeOff

Regenerativ@uxiliary Power System

Simulating Annealing


ftp://ftp75/

SOC State Of Charge

TES Thermal Energy Storage
TSE Truck Stop Electrification
UDDS Urban Dynamometer Driving Schedule

Xi



Oz O=
e:

o © © O

2

O 0 O O
_<
E:

Nomenclature

Frontal area of vehicle

Longitudinalacceleratiorof vehicle

Optimization fuel consumption weighting coefficient
Optimization plug-in electricity weighting coefficient
Optimization battery pack weighting coefficient
Engine cylinder bore

Total battery packost

Optimization capital costcoefficient

Long time transient capacitance of battery

Short time transient capacitance of battery

Drag coefficient

Power take off activation control signal

Rolling resistance of the tire

Optimization constraintgector

Optimization error signal coefficient

Energy conversion efficiency in the ICE
Thermodynamic properties of the engine related to the mean effective pressul

Total vehicleaerodynamics drag force
Vehicle drive force

Total tire rolling resistance force
Total vehicle longitudinaforce

Total fuel consumption of theehicle in five years

Xii



Y ®

O 0O 0 0 8 I

C
e
=
<
()

ol el el o)

Cc:

Total fuel consumption of the vehidier one active day
Gravitational acceleration

Fuel lower heating value

Battery current

Battery current irthe ideal condition

Generator output current

Optimizationobjective function

Experimental parameters

Cargo weight of the vehicle

Mass of electrical energy storage and other electrical parts
Total vehicle mass

Vehicle mass without electrical energy storage or cargo
Fuel mass flow

Number of engine stroke

Generator ratio due to serpentine belt pulleys

Final drive ratio

Power take off geamtio

Transmission ratio

Actual change in the battery stored power

Desired change in the battery stored power

Total drive power demand

Xiii



C

C

o0 - e e 1 e o

_<"l

< < < < < < < < < <

Y ®

Enthalpyflow associated with fuel mass flow

Generator output electrical power

Lost power in the powertrain system

Total plug-in electricity consumptioof systemn five years
Total engine losses

Enginemean effective pressulesses due to friction
Enginemean effective pressulesses due to gas exchange
Enginemean effective pressure

Fuel availableneaneffective pressure

Total plug-in electrical energpurchased afterne active day
Series resistance of battery

Long time transient resistance of battery

Short time transient resistance of battery

Engine stroke

Final drive torque

Engine total demanded torque

Engine demand torque for direct battery charging
Generator torque

Input torque of powetakeoff

Output torque of powerkeoff

Torque requiredo overcome the engine resistance forces (Engine idling torque
Transmission torque

Drive wheels torque

OptimizationSimulink modelsimulation resulbutputs

Xiv



V,

V3

Terminal voltage of battery

Long time transient voltage of battery
Short time transient voltage of battery
Battery open circuit voltage
Longitudinalvelocity of vehicle

Engine displacement (volume)
Generator output voltage

Mean piston speed

Availableinputenergy for conversionNi | | anés | i ne) model
Total powerossin the energy convertéwWi | | ands | i ne) mode
Actual useful output energy of the converf@ti | | andés | i ne) mo

Optimizationdesign variableandidatesector

Roadgradeangle in radian
Regenerativéraking coefficient
Efficiency of the energy converteMi | | ands | i ne) model
Engine efficiency

Final drive efficiency
Generatodrive efficiency

Power take off efficiency
Transmission efficiency

Maximum engindoostpressure

Air density

Final drive angular velocity

Engine demanded angular velocity

XV



Generator angular velocity

Input angular velocity of poweakeoff
Output angular velocity of poweakeoff
Transmission angular velocity

Drive wheels angular velocity

XVi



Chapter 1

| ntroducti on

The dhily work cycle of grvice vehiclesconsistsof many loading and unloading stops.
During these stopstheir auxiliary devices such asr Conditioning AC) and refrigeration
unitsthat are powered by the engineed tabe activein order to hold the stageconditions
requiredfor their parcelsin such situations, the engine runs at its idling speadtir@s in
extremely low fuel efficiencyldling fuel efficiencyis estimated to bbetweenl% and11%
whereas, athighway speedsliesel engines could provide up to 40% efficienfd]. In
addition engine wear and greenhouse gas emissiocrease remarkably during idling.
These drawbacks ofehicular idling justify governmentalregulationsenacted in many
countries againgtling. The proposed solution in thstudyis to address the need for anti

idling systemsn service vehicles.

1.1 Objectivesand Scopeof this Research

In this thesis, regenerative auxiliary power systems (RAPS) are proposed as a solution for
antridling systems. As will be reported in theeliature review chapter, there is an increasing
attempt and demand for amdiling systems. The target of any amiing system is to
decrease the main drawbacks of idlindow fuel efficiency, high emissions, and engine
wear. The reported idleeduction methods in the literature try to manage the fuel
consumption or send the fuel directly to the auxiliary dew¢ih the exception othe full

hybrid method, none of the @hidlereduction methods utilize the waste energy.
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The proposed RAPS method employs the waste energy during braking and provides the
demanded auxiliary power for service vehicles. This solution will decrease the fuel
consumption without high increasen the total system weight and initial cost doeits
minimal modification in the existing system. In order to improve the efficienciethef
power extraction system and deceehgel consumption, a RAPS charges the batteries from
the wasted kinetic eneygof the vehicle during braking. The proposed systess the
following benefits

i) Maximizes the use of regenerative braking energy;

i) Improves the fuel efficiency;

iii) Minimizes the system costs over the life of the RAPS;

iv) Satisfies the auxiliary power demand faavice vehicle;

V) Minimizes the modifications to the existing vehicle drivetrain in order to make

the design acceptable and affordable for the industry.

If regenerative braking energy is mtfficientto charge the batteries, the power management
controller charges the batteries directly from the engine during peak engine perforinance.
addition the system allows for pldig charging to reduce running costgen further

Fleet companies use different service vehicles with various power requiremettsirfor
auxiliary devices. Hence, one RAPS design will not fit all. This study is intended to design,
develop and implement the necessary tools and methods to arrive at an optimum RAPS for a
given service fleet. Generally, the proposed RARBIdes an ESStransmission, and power
electronics. All of these should be optimized for cost, performance, and simplicity based on

the power requirements of the targeted service vehicle.
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Since theraredifferent parts with different disciplines in the RAPS, a Mdificiplinary
Design Optimization (MDO) technique is used to optimize the overall system configuration,
size of components, and power managemeltie optimizer objective function will be
defined from the cost perspectiwgherethe objective is to minimize the total cost of the
system throughbalancing the size of th&lectrical Energy Storage (EES) devices and
optimize the power management control while minimizing the Internal Combustion Engine
(ICE) fuel consumption. The modelare evaluated using Hardware the Loop (HIL)
experimental data.

1.2 Thesis Outline
The modeling and optimization process of this research are explained in the first part of this
thesisfollowed bythe model verification experiments and results of caseestu@hapter 1
provides a brief descriptionf he need for a better energy management solution in service
vehicles and presents the proposed solution in this study. The objectives of this work and the
general steps towards fulfilling these objectives are also provided.

The literature review and baakmnd regarding service vehicledong with the ant
idling technologies in the literature and industry are present€thapter 2 Furthermore,he
idea ofmulti-disciplinary design optimization and examples of this coricapt a p ptbi cat i ©
electric and hybrid vehicles are briefly reviewed.

Possible configurations of the RAPS are discusse@hapter 3 Moreover, different
options for the integration of RAP®ith vehicle powertrains and the limitations of each
configuration are explained. The detailstbb component sé model i ng al

backward modeling concepts are demonstrated.

19



In Chapter 4 the focus is on the MDO. The backgroumiormation on common
optimization methods in hybrid vehicles is briefly reviewadd the optimization process
and developedalgorithirstructure in this study are explained. Furthermore, difteoost
functions of the totabptimizerobjective function arelescribedand the speditations of the
chosen batteries for the optimization and simulation are presémttéek second part of this
chapterthe expected impacts of utilizing the proposed system on fuel consumption in service
vehicles are presentedgcase stugl

Experimental verification anddardwarein the Loop (HIL)test standare discussed
in Chapter 5 In this chapterlaboratory evaluationutilizing testbed are useith orderto
verify the modeling and optimization results in the prototype RAPS. The expeaiment
procedurs arebriefly explained and the tests results are shown.

A summary of the research and possible future works for this study are provided

in Chapter 6
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Chapter 2

Literature Review

This chapter reviews thelated backgrounghformationfor this study. Different antidling
(or idle reduction) technologies use service vehicles are explaineahdthe benefits and
limitations of the different types areompared In the second part of this chapt®tDO is
briefly discussedand different examples of design optimization in hybrid and electric
vehicles arenentioned.

2.1 Anti-idling Technologies in Service Vehicles
Service vehicleghatare equipped wittir Conditioning and Refrigeration (AKR) devices
arecategorized as A/R service vehiclesThese groups of vehicles are mostly used by fleet
companies tanove and deliver different products. ARC service vehicles include a wide
range of vehicles from cargo amdainivansto refrigeratos and box trucks. In most cases,
these vehicles are equipped with auxiliary devices to provide the necessage stor
conditions for the productsor comfort conditions for the passengéngy carry Service
vehicles havenanyloadingandunloading stops during their work cychkst these stopgheir
auxiliary devicessuch as AC and refrigeration unishould be active, and tlemgine should
work during thesélling periods to power the auxiliary devices.

Duringidling time, theengine worksatverylow efficiencyconditions 1 to 11 percenfor
diesel engines. Considering the fact that for ARGervice vehicles, 15 to 25 percent of
engine fuel consumption go&sauxiliary deviceg4?2], [3], utilizing an antiidling solution is

necessary.
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Besides low engine efficiency and high fuel spgtlling increases greenhouse gas
emissions the level of noise pollution and engine wear The impact of idling on the
environment, economyand human health forces thgovernmentsto establish new
regulationg4], [5]. Different anttidling or idle-reduction technologies have been utilized as
mentioned in[6]i[15]. Generally, all of hese technologies can be classifiedwo main
groups:mobile andstationary.

2.1.1Stationary Anti-idling Technologies

This type of antiidling technology can be used when the vehiclesiationary Moreover
special statiomshould be constructad the working area of service vehisl& hese stations

and service vehiclesshould be equipped with devices to kdrvice vehiclespurchase
services such as heating, cooling, and electriditys type of antiidling technoloy is

known as a truck stop electrification (TSE) system. If the purchased senacegrovided
through an external devicas showrin Figure2-1, the systenis consideed asan off-board
systemlf the service is purchased as electricity and there is a need for installation of heating
and cooling systems and electricahverersin the service vehiclghe system considereoh
onboard system. The examplesof these technologies arethe industial products of

Shorepowei echnology CabAire LLC, IdleAire, Envirodockand AireDock
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Figure 2-1: Truck stop electrification (TSE) station: an example of offboard stationary anti-idling technologieq16].

2.1.2Mobile Anti-idling Technologies

In order to use mobile anitiling systems extra devices should be installed service
vehicles There are different typed mobile antridling technologieshatcan be arranged in
the following groups:

A Auxiliary Power Units (APUS)
In these systems smallICE is added to the service vehicle. Auxiliary devices, especially
compressa; can bedirectly connected to the output of this engineamather configuration
all-electric auxiliary devicesire powered by a generator which is directly connected to
smallICE. In each of these configuratigrise smalllCE consumes fuel frothet r uc k6 s f ue
tank. Examples of these technologies are the industrial products of Pony pack, Thermo
Ki ngods Tr-brdhded, DomatidRigmasterpoweand Dynasys.

A Automatic Engine Shutdown devices
In these systemsn engine management system is addedthe service vehicle. Using this

system,the operatorprogramsthe vehicle gngine to turn on and off based on parameters
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such asthe preset period of time, engine temperature or efficiency condition, and battery
voltage.

A Electrical Storage Systems (ES) powered
In these types of antilling systemstherequired power of the auxiliary devices is provided
by the ESS. Generallythere are three types BISSpoweredantridling systemsi) Battery
powered systems (BPS)This ESSis a bank of batteriethat are recharged by the service
vehicl eds en g iopeatiortbruby plugom elecwidity durling stop periodsi)
Fuel cell powered systems (FCPSYhis ESSis afuel cell packiii) Solar energy systems
This ESSis a bank of batteries whidre recharged by the electrical energy frantar cells

as shown irFigure2-2.

This truck is powered by
solar technology.

Find out more at eNowEnergy.com

Figure 2-2: Solar energy powered auxiliary service vehiclegl7]

A Direct-fired heaters
This antiidling technolog is consideredasa partialy functional antidling devicesince it

cannot perform all the responsibilities of all auxiliary devidéidlizing directfired heaters,
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fuel is imported from the fuel tank and burned in a small assembly to provide cabin space
heating.

A Thermal Energy Storage (TES)
In systems utilizing TESthermalenergy (heat/coldj)s stored as a change in the internal
ener gy of t hedusngthaacive ¢éinesothavahicle. Thiseehergy cdaterbe
used whilethevehicle is turned off18], [19].

A Hybrid DieselTrucks
Electric or hydraulic hybrid power systems are utilized in service vehicles to decrease the
total fuel consumption. In these systeram extra motor is added to the system to handle
parts of themain enginé sesponsibilities using the stored electrical hydraulic energy
Examplesof these technologiesclude the industrial products of Eaton, Freightliner, GM,

Mercedes Benz, Mitsubishi Fuso Truck & Bus Corporation, Hino Motors, and UD Trucks.

2.1.3Discussion
Stationary antidling technologiesare not a suitable solutiofor service vehicleswith
frequent stopsand especiallyunsuitablefor city service vehicle These vehicles mostly
distribute food produstthrougha city; as such,fistationary technologies are usedost
supermarkets reogng food via these service vehiclesould require a station. This
financially unfeasiblesinceservice vehicle©iavemultiple deliveriesa day. Service vehicle
cannot chargéheir batteries completely during these stogsd not all supermarketsvould

be able tafford the required station devices.
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Among the mobile andidling technologiesAPUs and directfired heatersare the most
conventional and popular astiling solutions. Direcfired heaters are partigl functional
antridling devices and do not have any ben&fid/C-R devicesAPUs usually provide all
the demanded auxiliarpower. Howeveran added engine and generator will increase the
weight and noise levebf the vehicle In addition consideringthe installation and
maintenancexpenseghe total system and fuel ceshaynot decrease remarkably since the
major advantage of these systerasn their use ofa small engingo preventthe main
e n g i loneefiigencyauxiliary support.

Automatic emgine shutdown deviceare easy to install, have lower costs, and reduce
idling time; however they do not have any bensfin powering auxiliary deviceSSantk
idling technologies are considered as the main alternative for conventional ArJalded
engine and generator in APUs are replaced 8% packages, especially batteries. This will
eliminate extra emissions and noise associated with APUs. Howbear,disadvantages
include ahigher cost anaveight

In BPS a generator powered by the amgrecharges the batterids such systems, the
batteries can be charged when the engine operates at higher effi¢tartyell powered
systems and solar energy systesms expensivand not yet fully commercialized[14] for
antridling applications

As the commonly usedantridling technologies such as AP@sd BPS do not use any
regenerative powein this projectan optimalRegenerativéuxiliary Power System(RAPS)

is proposedo improve the efficiency and reduce ®3&the proposed systeprovides the
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demanded auxiliary power fan A/C-R service vehiclaisingregenerative energy arible
engine when needed.

In sumnary, the proposedRAPS is an optimized solution tmaximize fuel economy
while minimizing costs over a given life of the RAPSModeling, component sizing,
optimization,and optimal power managemerdre the steps taken in the remdar of this

thesis to achieve the developmef the proposed anidling system.

2.2 Multi -disciplinary Design Optimization (MDO)
Complex engineering systems consiktifferent componentsvhich use various disciplines
and concepts to work. Dealing with these engineering systems and performing design and
optimization requires various engineering knowledge, and in most, casgsoup of
engineering teams with different specializations arstigiineswork together to find the
desired solution with acceptable conditions.

MDO is a field of engineeringthat utilizes optimization methoddo solve design
problemsin those complex systems wighvariety ofdisciplines. Using MDO, engineers can
unify all required disciplines simultaneously and increase the efficiency of the design
process. These problentould becomevery complicatedgiven their multi-disciplinary
nature MDO has been used in different engineering systems, for instancenderwater
autonomous vehicleR0], spacecraft launch vehiclg¢®1] and different aerospace design
optimization[22], vehiclesuspension and dynamif&3]i [25], automotive desigiR6], [27],

linkage mechanism desig8], and rocket desigf29].
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2.2.1Design Optimization in Hybrid and Electric Vehicles

In the area of hybrid and electric vehicles, diffef@iiO have beemppliedprimarily in two
area. i) component and powertrain sizing, ii) power management logic and control strategy.
There araalsostudies that consider both optimizations simultaneously.

Simulated annealingnd genetic algoritheare utilized by Gaet al. [30] to optimize a
parallel hybrid electric vehicle (HEV) powertrain to increase the overall fuel ecoriimey
vehicle is modeled in PSAT softwa[81] against a composite city and highway driving
cycle. ADVISOR[32] is the other common vehicle modeling softwératis utilized in the
works of Zhanget al.[33], Fanget al.[34], and Liuet al.[35]. A genetic algorithm is sed to
improve the fuel economy and reduce vehicle emissions for a series hybrid electric vehicle
by Zhanget al.[33]. Both pwertrain sizing and the power management logic are considered
for optimization against one highway (HWFET) drive cycle and one city (UDDS) drive
cycle. In the work of Fangt al.[34], the powertrain sizing and control system of a parallel
hybrid electric vehicle are considered for optimization. The purpose of this optimization is to
minimize fuel consumption and redu@missions (CO, HC, and NOusing a genetic
algorithm. Liu et al. [35] consider a series hybrid electric mbus and utilizea genetic
algorithm. The optimization goal is to minimize the fuel consumption of the vehicle based on
the desired citshighway drive cycleln this study the option of changing the conventional
vehiclepowertrainis also considered. Asresult, it is suggestettiatthe size of the generator
and enginencrease while the number of battery packs and the size of the electric motor

decrease
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Fanet al.[36], [37] optimized power management logic and powertrain sizing basad on
simplified vehicle model developed in Simulink. Different optimization methods sutieas
genetic algorithm, pattern searadmd simuated annealingvere used to improve the fuel
economy and reduce vehicle emissions for a series hybrid electric vehicle.

In other studies, the focus is on utilizing different optimization methods in order to find
the best power management control stratégy. example, Huangt al. [38] and Wanget
al.[39] consider the same series hybrid electric vehicle, and utilize different optimization
metods to optimize the fuel economy and emission (NOx, CO, and HC). Huaig38]
utilize the genetic algorithm and consider different conditions: fuel power only, electric
power only, fuel power plus electric power, and regenerative braking. The optimization
control calculates # best operating point of the engine to charge the battery packs and
power the electrical motor. On the other hand, Wetrgj. [39] utilize simulated annealing to

find the best solution.

2.3Summary

Different anttidling technologiesand their advantages adéadvantagewere explainedin
this chapterAs shown, the current antling systems do not utilizeegenerative power for
operating auxiliary deees during idling.Utilizing an optimalregenerativeauxiliary power
system is the proposed solutiontims study this systememploys waste energgnd engine
power if neededh orderto operateuxiliary devices during service stops

Considering the complexity of the system,nailti-disciplinary design optimization

process is needed to fulfill the objectivestioé optimized RAPSIn the next chapter, the

29



componentof the proposed system are modelth a mathematical representation of the

RAPS anccomponent optimization sizing.
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Chapter 3

Mo d e laindg Conf i gurati on

Many different factors and criteria should be consideredrder to design an acceptable
RAPS To powert h e s e r v i awdliarywdevicescfrondrakeng recovered energy, a
regenerative braking systeshouldbeintegratednto the vehicle powertraimhe @nnection
of the RAPS to the vehicleowertrain total system configuratigrisafety, weight, and size of
componentsare the most important facto’ss the first step, integration of the RARSthe
vehicle powertrairshould be investigated in detali.is vital that ®nnection of the RAPS
does notcauseany major modification to thexistingvehicle otherwise, the iitial cost of
the total system and the safety concernsneduceindustry interest

The other important point is thdte designedRAPS mustbe modular and eagg-install
in orderto reduce installation time and codts.addition this researclis intended for usen
any service vehicle with auxiliary device® RAPScomponents andspeciallytheir models
should be generic, modular, and flexilite the creation ofcalable powertragiand RAPS
C 0o mp o nmodels.6 s

Given these consideratigni this sudy, the RAPScomponents ardesignedwith the
different configurations of different powertrains in mirgly utilizing this method, RAPS
components can be designed separartyadded toan existing vehicle. In ta first part of
this chapter, the desigoonfiguration of the RAPS is discussed, dhdtwo most possible
categoriedor integration configurations are described. The modeling concepts of different

RAPS components are explained in the last part.
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3.1 SystemConfiguration and Potential Energy Recovery

As illustrated inFigure 3-1, a RAPS consists ofdifferent electrical and mechanical parts.

Input mechanical energy will be extracted from theiclefs powertrairthroughthefi RAP S

Connecti on

Poi

nt o.

Ther e

ar e d iarfdftheyr wallbet

opti

explainedin later sectionsThis extracted mechanical energy is in the form of torque and

angular velocity. Based on the spemfions and limitations of the generatdinere is

possibility of changingthe range of the input angular velocity to the acceptable range of the

generator.

RAPS
Connection
Point

Mechanical
Energy

Electrical
Energy
Storages

1

Plug-in Power

1

Generator

Power
Auxiliary
Devices

Figure 3-1: Regenerative auxiliary power systenfRAPS) configuration

The A Ge n e r a tconvedt thewmethhnical energynto electrical energy angroduce

electrical energyin the form of current and voltagéo charge theA EI ect r i c al

St o r argeeadpat.energy of the generator will be semn

throughthed Po we r

ElmoduleThemP cw®r
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energy flow to the HndBkeRdwe rc ak]| nbBdutdrsatyis ¢S o r a
to monitor the electrical energflow and maintainthe current and voltagén a form and
range that is suitable f or c hpaeviguslymgntitngde f EI €
the option for plugin charging is considerddr the proposed RAPShefi P l-iung Char gi n g«
part will send thepluge | ect r i c al energy to the fhel ectri
APower ElnmoduteiThein Power EIneodutelmas the abilgyd convertthe

plug-in AC electricity to the acceptable Dfdwerby t he AEIl ectri cal Ener

Thei EElct ri cal E n e r ghe eleStticalenargyand provide poweretathe
vehicled suxiliary devicesThei Powe r Management Controll ero
demand, battergtate of charge(SOC) vehicle status, and brake pedal signal, and based
these conditiongt will control the syster@ power flow. It should be noted that the emay
arrows inFigure 3-1 show the power flow in the RAR®ut the tweway arrow between the
whol e RAPS and the HAPower Management Contr

conditions information.

3.2 Systemintegration to Powertrain

There are different parts awvehiclepowertrainthatcan be usetb extractmechaical power
for the generatoPossible configurationsan becategories in two main groups basettioe
amount of the demanded power; howeveexgdained in detail inhe following sectionsthe
limitation of the powertrain and connecting components algo very important in this

classification. The two main groups of possitbafigurations are defined as:
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3.2.1Low Power Demand System(Serpentine Bel) Configuration

For service vehicles with low power demands, it can be consitlesethe generator, which

i's mostly an alternator in this configuratic
serpentine belt is a continuous belt used to power different devices, which are extracting their
power directly from the engine. Ithis system, the serpentine belt connects the engine
crankshaft to multiple devices includinthe alternator, water pump, air pump, air
conditioning compressor, power steering pump, etc. In service vehicles, there is usually a
spaceallocated to the attaofent ofanother devicejsually acompressor, to be powered by

the serpentine belt. In the design of RAPS with low power demands, this space, as shown in
Figure3-2, can be usetb installthe extra generator. In addition, for service vehicles without

this extra spacehere isthe option to utilize &igher output alternator instead of the Original

Equipment Manufacturer (OEM) alternator.

Figure 3-2: Available spaceto install generatorint he | ow power demand targeted vehicl
CargoXL-20100
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Figure3-3 shows schematically the low power configuration and attachment of the generator
to the engineln this figure the small arrows show the mechanioaklectricalpower flow

and the big arrowsnephastesthe direction of the energy flowlhe drawback of the low
power demand configuration is that the maximum captured kinetic energy during braking is
limited by the size of thgeneratoialternator Thus, the regenerative energy is limited by the
available pace for the generator and the characteristics of the serpentinespeltiallyits
maximum tension capacity. This configuration is the main solution for vehstlel as front

wheel drive vehicleswith little space for adding the generator to the poraan.

Mechanical Energy to/
from the Drive Wheels

'_ :—' Other Devices
Drives by the Engin

Figure 3-3: Low power demand systemstfie serpentine belj configuration

3.2.1High Power Demand Systen{Power Take-Off) Configurations

In service vehiclesvith high power demandshe generatocan bedriven bya power take
off (PTO) module In a vehicle the engineproduces poweand transfes it to the wheels
throughthebell housing, transmission, drive shaft, differential and faméds. This condition

can be betteitlustrated inarear drivevehicleschematic as shown Figure3-4. In theory,it
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is possiblgo extract the mechanical power for the generfaton 6 locationsHowever, PTO
should allow RAPSo rundirectly from the engine when the vehicle is stopped. This option

is possible if a PTO can be installed at a point betwleeengine and the transmission.

RAPS
Connection
Point

Internal Bell Housing

Combusti
ombustion (el < ¢ Transmission =3 <>
Torque

Converter)

[BnuaIRYI(

Engine

[ Wheel |

Figure 3-4: Possible power extractionPTO installation) points in the high power demand system configuration
In order to extract poweat each of these pointa different PTO is needed. Generaliye
required PTOs can be categorizetbitnree mairtypes

A fSplit-Shaft PTO: Asshown inFigure 3-5, there are different designs and sizes for
this kind of PTO. Insplit-shaft PTGs, the input shaft runs two output shaftghere

one is a througishaftand the other is fopowertake off. CorsideringFigure 3-4,

this type of PTO can be usedtimefollowing points:
Point 1: Shaft connecting engine to thedl housing

Point 2: Connectinghe shaft ofthebell housingand the transmission

Point5: Driveline shaft (drive shaft)
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Point 6:Any of the axles

Figure 3-5: iiSplit-Shafto PTO [40]

It should be considered that order to instalthe split-shaft PTO, one of the power
transferring bafts of the existing vehicleequires modificationalsq for any of the
considered pointthereshould be enougbkpace to instalthe PTO. Hence, fronall
the possibleinstallationpoints fora split-shaft PTO, Point 5 is the most acceptable
one This location however, does not allowhe generatorto run directly from the
engine when the vehicle ®ationary Some splisshaft PTOs have a clutctwvhich
disconnectghe throughshaftfrom the input. This type of PTO could be an option
however, it requires driver action which may makéhis solution generally

undesirable

ASide Countershafto PTO: These types

they are justeferredto as PTOi without any prefix.As shown inFigure 3-6, these
37
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PTOs will be installed to the output tife transmission. In mostervice vehiclesr
heavyduty vehiclesthere is a placéo install these PTOsConsideringFigure 3-4,

this type of PTO can be used in
Point4: Transmission output to the drive shaft

However, installing a PTO fageneratopower extractiorat Point 4has the same

setback as Point&nd may not be desirable.

Figure3-6: A Si de Count[élf shafto PTO

A 7 TansmissionApertur® PTO. In most heavyduty vehicles, especially service
vehicles,the option for mechanical powering of extra devibhas been allocatedn
these casesas shown irFigure 3-7, the vehicle transmissiohasa special place for
installing a A TansmissionApertur® PTO to power up other devicesConsidering

Figure3-4, this type of PTO can be used:in

Point3: Transmission gerture
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Figure3-72 A Transmi ssion Apertureo PTO

There are differerdcenarioghatshould be considered for all configurations:

) Braking: It is expected that RAPS employs the waste energy during braking and
maximizes the use of regeneratibraking energylhe ystem will be consideretb bein the
regenerative braking phase if all the following conditions are true:

1. The venhicle is braking (braking signal is sent to the controller)

2. The vehicle speed is higher than a threshold (higher thagnilB based on

suggestion by42])

3. The EESs not full (battery SOC level is lower than 200
For a low power demand system (serpentine belt) configuration during brakingn
automatic transmissigmhe torqueconvergr still gets braking powers from the drive wheels
to pass onto the serpentine belt. However, in manual transmissions (or automatic
transmissions at very low vehicle speeds) during braking, the clutch will disconnect the

enginebelt from the transnssion (or the torqueonverer does not pass the remaining
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braking energy); thus, regenerative braking energy is just part of the kinetic energy in the
crankshaft and moving inertia of the engine.

For the high power demand system (PTO) configuratsegnents of the drive wheel
braking powers, kinetic energy in therankshaft and moving inertia of engine during
braking can be converteidto the regenerative braking power. For this configuration
manual transmissions durindgoraking, the clutch will dissnnect the engine from the
transmission and other partstbédriveline. Thereforeif point 1lis considered as the RAPS
connection point to vehicle drivetrain, regenerative braking energy will be just part of the
kinetic energy in the crankshaft amaoving inertia of the engineConversely if any of
points 3 4, § and 6 is considered as the connection poagenerative braking energy will
be limited to part of the braking power from the drive wheels. It should be noted that in most
vehicles targeted forhigh power demand configuratipothe bell housing (clutch / torque
convertor) is a part of transmission package sicaenectionpoint 2 will have the same
conditiors asconnectiorpoint 3 in most cases.

For the high power demand system (PTOhfigurationin automatic transmissionthe
bell housing will not disconnect any part of the vehicle powertrain during bratting
regenerative braking energy can be obtained ftloedrive wheel braking powers, kinetic
energy in thecrankshaft andmoving inertia of enginaltogether Additionally duringvery
low vehicle speeg) the second condition aothe regenerative braking phase not satisfied
thereforethere will be naegenerative brakinghenthatbell housing disconnesthe engine

from theother parts ofrehiclepowertrain.
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II) Vehicle movement: If regenerative braking energy is not sufficient to charge the
batteries, the power management controller charges the batteries directly from the engine
during peak engine performance. In thiersario, since the moving power is transferred from
the engine all the way to the drive wheels, RAPS can extract the power in all of the
aforeanentioned possible configurations.

[Il) Vehicle stops: The RAPS target is to prevent the vehicle from idling; henda]e
the vehicle is stopped, the engine ougbt be active During long stopsthe auxiliary
devicesd power ¢ thabatiermBQC tmancritidaélevel.dmatlsiseconditjon
the system should allow a generatorbe rundirectly from the engine when the vehicle is
stopped A serpentine belt configuration will work without any limitat®m this scenario.

For the PTO configurationghe power extraction point should be anyvehéetweerthe
engine and the vehicle transmissionthe option ofa PTO witha disconnecting clutch and
driver action should be considered.
Givenall of these scenariothed Tr ans mi s si on thepearandumosg costP T O

effective solution fothe realization of the RAPS in high power demand service vehicles.

3.3Components Modeling

As the system model will be used for the optimization procéise componentsmodek
should be generic, modular, and flexibléae componentamodels neetb be scalablso hat

the optimization methodandeterminetheir optimal sizes.
There are two modeling approaches that can be used

a) Forward-looking: As shown inFigure 3-8, modeling and simulatiostartsfrom the

driver 6s padherdti veefr 6¢i elveemanded power i S
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components, and thresulting powethat isavailable from the powertrain is fed to the
final drive and wheels. Thitype of modeling ismore realistic compad to the

backward looking models.

Vehicle (Powertrain components)

)

s . N 4 3\ / —
'?.; Dynamic
Drive S s Vehicle

. 4 q ,.—'

Cycle-.Drlver_. Engine Clutch Transmission g Body
& Model
LY e ] N

Figure 3-8: General forward -looking vehicle model

b) Backward-looking: In this approach, theequired poweis determined based on the
known drive cycle data lllustrated in Figure 3-9, this power demand is then
calculated and transferred througfe powertrain componentso the engine or
arother main power sourceThrough this procesand usingthe c o mponent s o
efficiencies,the power needeth each component is calculatdd this approachthe
detaiked dynamics of the components and the vehicle system is not considered
however, this willcreateless complicated modetoompaed to the forwardlooking

models which require solving differential equations.
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Vehicle (Powertrain Components)
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—{ Body

Cycle
Model
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Figure 3-9: General backward looking vehicle model
Based on the fact that in this stydwly the overall power consumption of the vehicle is of
interest, the effects of vehicle dynamics due to the suspension can be safely eysred
thoughthe model is not as realistic as the forwkroking model. The backwa#idoking
approach modeling ixchosen for this work to fulfill the purpose of optimization.
Simultaneously, the developed vehicle model formulation is suitable for the power
consumption objectiveg.he ptal system model consists of powertrain components (engine,
bell housing, transmigm, differential) and RAPS components (batteries, power electronic,
generator, auxiliary load)The goal of this research is to design and optimize a suitable
regenerative braking system, which can be added to a service @epoeertrain. As
previously mentioned the modifications to the vehicle powertrain should Kept to a
minimum to make the changes affordable for the industrial purposes. Thus, there should not
be any change to the configuration of the mechanical components of the .v&hiele
powetrain components are modeled using the scaladt&wardlooking approach proposed

by the Guzzella and Rizzon[43]. In this approachthe actual consumed power af
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component is calculated by multiplying the required component torque and component

currentvelocitygivent h e ¢ o mgffcieneiest 6

3.3.1General Vehicle Model

In order tofulfill the need for a simple model féhe backwardlooking modeling approacha
simple vehicle body model is considered. This model only utilizes the drive torque, rolling
resistance, and the resistive aerodynamic foréé® vehicle body model receivebe
demaned longitudinalvelocity of vehicle(w ) anddemaneéd longitudinalacceleratiorof

vehicle(d0 ) as the input data. Based onggehe model calculatake torqug’Y ) and

angular velocity( ) atthewheels(or axles)asfollows:
1 — (3-1)
Y O Y (3-2)
in which:
O O O O (3-3)
and
O 0 0 (3-9)
O -07 0 (3-9)
O 6 0 AT O (3-6)
where'O ,"0 ,"0 ,andO representsotal vehiclelongitudinal forcedrive force,

total aerodynamics drag force, ammtal tire rolling resistancdorce, respectively.0 is the

drag coefficient,” is the air densityp is the frontal area of vehicl& is the rolling
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resistance of the tiréQis the gravitational acceleratian,is the road grade angle in radian,
Y is the effective tire radiysnd0 is total vehicle massvhich is consideretb be

0 0 0 0 (37
wherel is the vehicle mass before installing tBES packsor loading the carga
is the cargo weight of the vehic@d0 Is the mass afheelectrical energy storag&ES)
and other electrical partShe ptal drive power demang ), the power needetb move
the vehiclejs equal to:

0 1 Y 0 (3-8)

in which0 s the lost power in thpowetrain system.

3.3.2Final Drive (Differential)
The demandtorque and angular velocity #te wheels (or axles) are the inpudts thefinal
drive. After applying the final drive rati@ ), thedemand torque’¥ ) and angular velocity

( ) atthedriveline are calculated as:

T 0 T (3-9
oy ]
» ’ (3-10)
U —_—

where— is the final drive efficiency.

3.3.3PTO

The PTO consists of a set of gealst transferthe extracted mechanical power from the
powertrain to the generator the high power demand configuration. In order to keep the

model as simple as possible, the PTO is modeled by a geafuatio) and an efficiency
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factor & ). The modelingdrmula for the PTO definats output torque (Y ), which

is equal to the generator torque thre high power demand configuration, aitd output

angular velocities ( ) as:
y ]
y [ R (3-11)
0
1 0 (3-12
in which 6 is the PTO activation control signal provided by the power management

controller. Ina high power demand configuratiotihe PTO is responsible for extracting the

energy from the powertrain for the generator. This power extraction occurs in two general
cases: i) Battery pack SOC decreases to a critical lewedre thepower management

controller decidsto charge the battery pack (durittgev e hi cl edés movement or
regenerative braking. laitherof the two general casethe PT@ activationcontrol signal

will be one (active)otherwise this value will be zero (not active).

The power management controller,general controlsthe flow of power by monitoring
the auxiliary power demand, battery state of the charge, vehicle status, brake pedal signal,
and amount of power produced by the generaRwwer management is considered as a
higher levelcontrol algorithmthatmonitors the power flow between the vehicle powertrain,
generator, and ES&s shown irFigure 3-10. The contrdler makes sure that the generator
produces the maximum amount of power during regenerataleng to maximize the RAPS
efficiency. In addition the controller chargethe batteries directly from the engjrauring

the peak engine performaneehen the state of the charge is lower than a critical value
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Figure 3-10: Power management controller input/output signals

In order to determine when to charge the batteries with the direct power from the #reine,
controller considers the following criteria
1. Once the SOC drops belae fHigh-level battery SOC threshold the engine
will be usedto charge the battery packs if it is workiathigh efficiency (30% or
higher)
2. Once the SOC drops below thmitical value oriLow-level battery SOC
t hr es the kendioe will be used to chargke battery packsunder any
condition, even low efficiency or idling, to prevent battery packs from any
damage and life cycle reduction
3. During braking conditiors, there will certainly be nodirect charging from the
engine
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In order to make the systemodel as simple as possibtae controller utilizesa rule-based
stratey that is adequatefor control purposein the designoptimization ofthe proposed
RAPS. The low and high-level battery SOC thresholds are defined in the optimization

processandwill be furtherexplaineal in Chapter 4

3.3.4Transmission (Gearbox)

The demandtorque and angular velocity #te transmission output shaftiriveline) are the
inputs to transmissiomodel After applying the transmission rat{0 ), the demandtorque
("Y) and angular velocityj ) at the transmissionare calculated as transmission model

outputs:
1 0 1 (3-13

0% (3-14)

in which— represents the transmission efficiency. The valudgbefransmission ratio are
calculatedusing a lookup table indexed by the vehidleongitudinal speed. It should be
mentioned that the connection betwdbatransmission and engine is provided thg bell
housing (clutch / torqueonvertor). Due to the fact that a simple component modeling
approach is selected for this study, the effectthebell housing part are considered in the

transmission efficiency.

3.3.5Generator

The output electrical power of the generafdr), in the form of output currentf@ and

output voltaged ) is calcuated as:
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Ow -V (3-19

C

where thé’Y and]  are the input torque and angular velocity to the generatar is the
generator efficiency frorthe lookup tablesndexed by the input torque and angular velocity

to the generatoin the low power demand configuratiaihe generator is connected to the
engine through the serpentine belt. During regenerative braking, the bell housing transfers

braking powers from theansmission to the serpentine belt. In this case:

y !
oy | i (3-16)
0
] 07 (3-17)
in which| is the regenerative braking coefficient aind is the generator ratio due to

serpentine belt pulleys. During braking condisofue to safetygeneral limitations of
adding regenerative brakingystem efficiency, andize limitation of the generator)
conventional mechanical brakes still work. Thereftneadding regenerative braking to the
vehicle, just gercentag®f the braking torque energy can be captured by the generaor.
regenerative braking coefficient ( ) represents this percentadgdn the other hand, during
vehicle movement or vehicle stop scenaritse generator demased torque, which is
determined by the controllas itcharge the battery ira critical level SOC, will be provided

by the engine. In these cases:

Y (3-18)

1 01 (3-19
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where"Y is the engine demand torque for direct battery charging consliiamen
the generator is run by the enginastead ofregenerative breaking energy). In these
scenariosthe engine demaret torque for direct chargingY ) will be added to the
transmission demaedtorque (Y) andthe requiredorque to overcome thresistance forces

at the engine’Y) in orderto determine the total demand torque from the engivie (

YooY Y Y (3-20)

] ] (3-21)

Based on the fuel consumption rate during idling, the engine idling torque is estimated and
this value is consideretb bethe needed torque to overcome the engine resistance forces
Y).

In the high power demand configurati@ngenerators connected to the PTO. Therefore,
generator torque and angular velocity are equ#theémutput torque othe PTO (Y )
and output angular velocities of the PTO ( ), respectively.When onsidering the
ATr ansmi ssi on nAgorationtinthe regenemtiveObraking phagbe generator

torgue and angular velocity are determined as:

Y . (3-22

T 0 (3-23)
During vehicle movement or vehicle stop scenarioghéf battery SOC decreases to the

critical level,the generatowill be powered directly byhe engine(direct battery charging).

In these scenariof)e generator torque isalculated as:
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Y . (3-29)

] 0 7 (3-29
Similarly, in the low power demand configuration, fibre direct battery charging condition
in the ATr an s nhePFa aonfigurAtiprequatiosr(220) and (3-21) are

valid.

3.3.6Engine

The engine model should be scalati¢hat the developed model can be easily modified for
different vehiclesSimilar to themodelusedin [43], the applied engine modeh this study

has the scalability and composability features. Using a scalable model, the vehicle
componergthat belong to the same clg$sr examplelCEs) can be modeled using the same
basic model The important factor is that the model should ibgependentfrom the
componensizeandcan be scaled based on a simple scaaablesuch as displacement or
power rating The composabilityeatureis concernedhatthe system componerdsnodel can

easily composehe otherrelated parts.

Storing, convertingand transferring the energy in a vehicle is concerned with three
domains: chemical, mechanical, and electrical. In each energy domain, power is equal to the
product of flow variable and effort variable. In the powertrain analysis, angular velocity and
torque are the flow and effort variabjesespectively[44]. The Wi | andés | i ne mo
approachwhich is proposed by Rizzoni et al. [49pormalizsthe flow and effort variables
to create a modehati s i ndependent of scaling. The Wi

energy convertetCE in thiscase, is shown iRigure3-11.
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Figure 3-11: Willan & line modeling concepf43]

This approach relates the availabiput energy for conversiofsr L), to the actualiseful

output energy of the convertgg: ., )@s follows:

W Qo [ (3-26)
where inan ICE,Qis the energy conversion efficiency that is characteristic of a specific
cycle (Otto,Diesel, etc), and @ is the total power losem the energyconverter.As
illustrated inFigure 3-11, this relationhas the appearance of a straight line, which gives
Wi | | ands [48].rBgdefinihgsghe effcieney of the energy conver{e) asthe ratio
of actualuseful output energyd ) to the available input energyw ) and substituting

equation(3-26), the efficiency ratic- becomes

W Qo W 9 w (3-27)
Il t i s o bheiaotual sonverkian efficiency is a function of the operating conditions of

the converted [43], and this efficiency will benaximizedwhenthe ratio of energy losses to

input energy is minimizedn a general ICEthe following equation is valif#3]:

1Y =0 -a 0 (3-28)
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in which 0 represents the enthalpy flow associated wlihfuel mass flow— is the
engine efficiencyg is thefuel mass flow,an® i s f uel 6s | olequatidne at i n¢
(3-28), engine efficiency is defined based dimensional variables that depend on the
e ngi nelbadersta develop a scalable engine model, which is independent of the power
rating or displaementand can be used for size optimizatidvillanés line scalable engine
modelis utilized to calculate the engine efficiencs proposed by Guzzella and Rizzoni
[43], [44], using normalizations based on ti@E6 s char acteri stics, t hi
avoided.

In this approacfthe scalable model of the engine is developed bas#ten parameters:
i) The mean effective pressurg (), whi ch describes the engine
mechanical workiji) Mean piston speedo( ), whi ch represents enginefc
andiii) Fuel available mean effective pressuie (), which is the maximum mean effective
pressure produced lan engine wh 100% efficiency utilizing ainit fuel[43]. In the steady
state running condition of the engindg) , w andr are calculated based on the

following equationg43]:

U “ _
g 90y (3-29)
w
‘ 6“0 a (3-30)
n o]
nY _
o (3-32)

In these equationsYr epr esents the engiepeésensts okde a
displacement (volume). For a fesiroke engine)) is equal to 4and for a twestroke engine,
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0 is equal to 2By consideringequationy(3-28), (3-29), and(3-30), engine efficiency< )

can be defined as:

_ (3-32)
)

Based on the concepts of thermodynamic efficieaegl internal losses during the engine

cycle themean effective pressurg () is calculated as:

n Qn N (3-33
in which'Q is the thermodynamic properties of the engine related to the mean effective
pressureandr) is the engine losses where:
noA A (334
In this equationf) r epr esents the engi nedsn |repseseats due

the enginebs | osses [4bJure canbe eéfmatedcas:i on. Accor di

(3-39)
f] T’Q T’Q 'rQ “Y

o
0
whered is the engine cylinder bore,  is the maximum boost pressure, 8@darameters
are experimental parameters. Usiaguations(3-32), (3-33), (3-34), and (3-35), — is
determined. Also, the fuel consumption can be calculated for a given engine output torque
and speed.

In the modeldevelopedn this study,the engine model receivebé demand torguand

angular velocityas the inputs. Theengine efficiency € ) is calculated based othe

aforementioned method, and sent todbetroller as the engine model output. Alsased on
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equation(3-28) and— value,the required fuel (fuel mass flow af ) can be calculated as

the second outpudf the engine modeds follows:

1Y (3-36)

3.3.7Electrical Energy Storage Systems (Batteries)

There are different electrical components in the proposed velkole.some of these
componentssuch asa plug-in charger orconverers, a simple algebraic model is usédthe

EES systems the main electrical pamtvhoseimpact on the systens important. The EES
module stores the generator output energy during regenerative braking or direct charging
from the engine In addition, the module feeds the auxiliary devices dutlireyy operation

time. There are different types of rechargeable battenmethe market and new typesgth

better technologies are introduced every yAaraccuratemodelof a battery is complicated

and is not necessary for the problpnesentedn this thesis Generic knowledge of battery
behaviorcan be sufficient for modeling purposes in electrical and hybrid vehithesefore,

in the EES modeling processthe exact chemical reaction or other related changes are not
considereghowever, thechanges in the energy and power level are mod@&ederally in

the literature, battery models are categorizedo ithree main groups: experimental,
electrochemicaland electric circuibased. Among thenthe electric circudbased modeling
approach will adequately fulfill the battery modeling needs in electrical and hybrid vehicles

with acceptable accura¢46]i [48].

If consideringthe electric circu#ased modeling approacthere are different models

developed forthe batteries. A comparison among seven common ci@ased mods is
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presented in46]. It i s concluded that iADual Pol ar i
perform bessincethe impact othe batteryrelaxation eféct is considered fdaheirmodeling
As illustrated inFigure 3-12, both Dual Polarizationand Thevenin models are based on a

simplermodel known agternal resistance model GRiInto.

i1 "y
Rint A% 0
+V1-
is R:
. _ R =—AAN
Thevenin ok AAA La
. Ci
13, Il
LA
+V1 - +V2
i2 R: is Rs
= LA £
Dual Polarization % AAN = o
i Ci . C2
_3; ] 1 & ] L
10 11
+V1 - +Vs - +V3-

Figure 3-12: Common electric circuit-based models for batterie§49]

ThefTheveni®o mo d e | I s ¢ rnR€ netwabrk to théiRantd chodel@ n Auah
Polarizatom i s creat @@dRCbwynebddr Khgvene tnmoea el . Each
network consiss of a resistr (R) and a capacitor (C). Ifigure 3-12, R;, R, and R

represent the effect of the series resistance, long time transient resistahchort time

transient resistance of the battergspectively. In addition, ¥ V,, and \4 represent the

terminal voltage, long time transient voltaged short time transient voltage of the battery
respectively. Finally, €and G represent the long time transient capacitance and short time
transient capacitance of the battengspectively.It should be considered that in the

fiThevenido mo del , 1tVh end B are¢justacdnsidered as the representativiethe
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transient ti me c hBualdaasizatioHomed el , t, VopandFhe &f (
is added to represent the shamte transient changes and the set gf\G, and R represent

the long timeransient changes.

't i s possible to add mor koweReCadding mweoRCks t o
networks increases the complexity and computational cost of the mvatelt improving
model accuracy. On the other hartxhsed on experiments performed [@] and [50],
adding more than two RC networks decredle performance afome aspects tie model.

According to[46], thei Du a | P o Imadelpezf@msibestmiong commorlectric
circuit-basedbattery modeldollowed by thei T h e v e n i rHowewvaro lubth |of. these
model s are created based on the ARI[A6],0 mode
[49], t he ©perfor manc eis oldse tb the peifoRnance of thieDbudael
Pol ar i z ahei Dmev emidnespecmlly domdidsring the intereatsd conditions
of this study. Fron46], the maximumerror in the Hybrid Pulse Power Characterization
(HPPC) tests [51] for a batterycell with nominal voltage of 3.2 Vis less than 40
[mV](1.25%) for the A D u a | Pol arhetd @b e veani reanddless thanl180
MV]( %5) for the ARiIi nt o mod #three mModedisdegsehan 10t he m
[mV] (0.3%).

Thefi Th e v and n dnbdeb aredcompared ib5]. The comparison showbkat in a
city drive cyclesuch as th&DDS, which is the main part of service vehicles working drive
cycle, the difference between two battemngodelsis small This is smilar to the results of
[52], whereit is considered that th@ Ri model has aperformance error around 5%

compared toA T h e v emodeln ©herefore althought h e batteryos dynar
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performancas ignored inthei R i made&l in the working condition of service vehicléke
performance othefi Du a | Po)teefiTha&tveaadih@RiIi nt 0 model s
Due to this fact and consideritigatone of the main objectives of thissearchs to develop

a methodthat can be easily used to design RAPS for different service vehlitobe® Ri nt 0o
modelis selected for battery modeling. This model will not increase the computational cost
More importantly, itdoes not need different battery parameters, suc,aS;, V,, Vs, R,

and R, which are generallynot provided bythe battery manufacturerhére is a need for
performing characterizationtess such as HPP(51] to identify these parameter3his
process is nobf interest in RAPS design for different servigehicles and the fleet

companies.

3.3.7.1Rint Battery Model
In this model current is calculateldly considering thenternalresistance when calculating the
charge and discharge power of the battBuyring batterycharge and dischargthe desired

change in the storgebwerand energypf thebattery ‘ ) can be determined as:

~

v YO w O (3-37)
in which'Y , "0, andw  represent the internal resistancarrent and the open circuit
voltage of the battery, respectivelyis assumed that when the batterypé&ngcharged the

current andhe subsequemtesiredchange in the battery powgr ‘ ) are both positive.
Conversely, when the batterybgingdischargd the current and thdesiredchange in the
battery power(® _ ) are both negative. It should Imeentionedthat the first term of

equation (3-37),'Y O, is representing the lost energy due to internal resistance of the
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battery. Generallythe energylossesaremuch smallewhen comparetb the second term of
equation(3-37), ®  "O. Hence, the sign of thé ‘ in equation(3-37) will follow the
sign of the second termand thecurrent Solving equation(3-37) for 'O, thee are two

solutions forbatterycurrentas:

. ) (3-39)
0

cY
In order todetermine the corresblution, it is assumd thatin the ideal conditionthere is no
waste of energy ithe internal resistancef the battery; thusgquation(3-37) will change to

the ideafform of;

0 w O (3-39
and from that:
0 (t; ‘ (3-40)
inwhichw andO are theopen circuit voltagendcurrent of the battery in the
ideal condition respectively According to the assumption for the ideal conditi@, is

the maximumpossible absolutevalue for battery currentConsidering thesolutions of
equation(3-38), the larger value of the twsolutionsis higher thartheO ; hence, this
higher valuecannot beaccepted

The attery open circuit voltaged ), is afunction of the battery SQQn order to
modelthe related changes tife SOC and the battery open circuit voltagdookup tableis
utilized. Finally, based on thealculatedcurrent and open circuit voltagihe actual chae

anddischarge powenf the battery(0 ‘ ) is defined as
59



0 w O (3-4))
By integratingtheseactual charge and discharge posvef the batterythrough time, the
change in the battery energy and therefore the SOC level of the lmteaghsampletime
can be determined

It should be mentioned that desired battery charge and discharge ﬁ)oyver () is
the amount of energy that $&rt to the battery througthe generator during charging or the
amount of energy demanded and desired from the battery during discharging. However,
comparing equationg3-37) and(3-41), the desired power is not equal t@ thctual power.
During charging 'O>0, the actual power resvedin the battery that can be used later
(0 . ) is lower than the expected and desipaver (0 ‘ ) because of the wasted
energy by the battedysnternal resistancg’Y "0). During discharging'O<0, the absolute
value of the actual power received from the bat(éry ) is lower than the demanded
power (0 _ ) again because of the wasted energy by the béattengrnal resistance.

Therefore in all conditions:

(3-42)

C
C

Theequality happens when the ideal condition is considered.

3.3.7.2Selected battery packpecifications

Among the various types of batteries that are used in electric and hybrid vethielesost
common examples are lithidman, leadacid, and nickemetathydridebatteriesThe chosen
batteries for this study and their important characteristics for the purpose of this study are

explainedin this subsectionf-or this researchdifferent models ofithium-ion and leaehcid
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batteries areconsideredin orderto find the best solution for the proposed RAPSe
specificationsand acceptable DOD die choserbattery packgfor their life cycles to last at
least 5 yearsarepresented imable 3-1. For dry-cell andlithium-basedbattery packso last
at least 5 yearshevalue of theDOD should be less thaB0% and 70 %, respectivelgiven
260 activework dayayear in Canada by Statissi€anadd52].

According toTable 3-1, it can be seen that trszlectedbattery packs for optimization
havea wide range of capacity, weighdnd price.lt should be notedhat for the first four
rows of Table3-1, the selectedbatteries are available in prepackaged conditions to match the
regul ar vehicl eds (0e24\l Elancej far the renwmipisgtbattemodels 1 2 V
a setof four series cells is considered to have almost the same nominal voltage for all of the
chosen battery packBue to this factthe number of parallel row of battery cells will be used
as the optimizati on v a tinizatiorh and theooutputovaltage efr y p a
ESSremainsaround 12VBased on suggestions of the proj
service vehicles for this project has the ¢
order to simplify the optimizatioprocess and make it easier to compare between different
battery packs, it is considered that in all the configurations the nominal voltage of the EES is
aroundl2 V. This voltage is considered feimulation and HIL testing purposasd can be
adjustedtmny ot her voltage depending on the gene
operating voltage and converter$t should be noted thathé Original Equipment

Manufacturer (OEM) battery will not be considered to power the auxiliary devices.
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Table 3-1: Chosen battery packs for optimization

Battery Tvpe Nominal Capacity Capacity Weight Price Acceptable
v iyp Voltage [V] [KWh] [Ah] [Kg] [$/Uni] | DOD[%]
EV12_140X 12 1.68 140 50 490 | DOD < 30%
DiscoverDryCell
Evi2_180X 12 2172 181 60 585 | DOD < 30%
DiscoverDryCell
EV1Z_8DA_A 12 32 260 82 740 | DOD < 30%
DiscoverDryCell
EV12_Li_A123 ;
Vi 13.2 0.06 4.6 0.85 125 | DOD < 80%
EV12_Li_A123 ;
ANR2GSE0 13.2 0.029 2.3 0.35 18 DOD < 80%
EV12 _Li
GBS, 100AN 12.8 1.28 100 12.8 555 | DOD < 80%

3.3.7.3Battery Life Cycle

It is assumed that the designed RAPS should work in service vehiclaglfwation of 5

years beforg¢he batteriemneedto bechangd This duration obviously depends on the type of

EES could be adjuste@herefore, all the cost calculat®m the optimization partGhapter

4) are based on five-year interval It is essential to consider the battery life cyclaha

design process in order &rsurethatthe EES has acceptable performance for the expected

working time.During the five-year interval considered for the optimization, the system will

havea high numberf charge and discharge cyclés such it is important to consider the

degradation and useful life cycle of the battery padkeere are different definitions for

battery lifecycle, all of whichconsiderthe number of cycles thatbattery can havevhere its

performancestays close to its original conditionFor instance considers theoriginal

conditionto be wherdghe nominal capacitys higher than 80% of thiaitial rated capacity

When calculating &attery life cycle the number of complete cycl@satteryfully charged

and discharggdshould be considere@uring a complete battery cyclall of t h e

battery

power should be used; however, this can happen in more than one cliisghayging
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processThe rumber of chargelischarge cycles, depth of discharge (DQBjnperature and
time are the main factors affectitige battery life cycle

It is important to calculate the number of complete cycles in the battery pack for each
active dayof a service vehicleand based on these valuésis important tolimit the
optimization boundary limits for the optimizatimariables. The variables of low andhigh-
level battery SOC thresholdaust be optimizeth order toselecta correct battery model that
can last fotheestimated 5 year3he rumber of completeyclescan be defined as:

™ B SYOS YOO8 s YOO (3-43)
pTT

0 QQO woOaQ

in which thed "Q"Q8 k& Q s the total number of complete chamjecharge cycles
for each simulation dayyY0 0 is the battery pack SOC level in the time step numiseé
is the total number dfme steps, andri 0 is the total SOC change during the overhigh
plug-in charging

It is considered that at the end of the day, the service vehicle will be returasgdoific
stationthat has the accessoriés rechargethe batteries up to 95% of their capacities during
the night.Thus, t is assumedhat the battery pack is in the same SOC level at the beginning
of each dayso the amount of charge and discharge are equal duringpamete day. Total
chargedischargein oneday simulation is equal tdalf of the totalabsolute change in the
SOC lewel, which is the surmation of the absolute value of all the SOC level changes
between the time steps of the simulatuas theamount of charge received from the ping

electricity during one overnight charg¥0 0 . In order to calculate théYb 6 , the

final SOC level of battery pachkt the end of working dais recorded asYU 6 . The
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change in the SOC level of the battery pack during overnight-ipluparging can be

calculated as:
YO 6 wu "YU 6 (3-44)

The final SOC of all working days will be the same since the SOC starts from the same level

of 95% each day and same drive cycle is used for each working day.
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Chapter 4

Mul-diisci pl i nCaprtyi nDezsaitigmase Studi es

4.1 Introduction

This chapter will describthe process ahe multi-disciplinarydesignoptimization.Since the
goal of this study is to perform the leashount ofthanges in the existing vehicle system, no
option is consideretbr the optimization ofthe existing parts ahevehicle drivetrainin this
report two optimizationmethodggenetic algorithm (GA) and simulated annealing (Sag
consideredsincethey are suitable for discrete addrivative free problems and have the
ability to find the optimal solution These two techniques are briefly discussedppendix

A.

4.2 Optimization Process Review

The goal of component modelimgasto study the energy and power efficiencies and flow in
the system. Thereforey backwardlooking modeling approach is utilized compute the
vehicle power consumption and the overall efficiency waithinimum computing cost and
acceptable accuracy.

Each component of the vehicle model system sudheasngine, battery, and generator,
aswellag he contr ol | er 6lagicip comsielared asaan iadividualaliscipline.
Hence, the MDO process should be utilized to simultaneously optimize the component sizing

and power management logic in the overall system.
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4.2.10ptimization Algorithm Structure

MATLAB software is utilized for he optimization processincethev e hi cl ed s

modek are developed iMATLAB and Simulink software As illustrated inFigure4-1, the

whole process is performed by running three steps:

“Main” MATLAB Script (Initialization-Optimization)

Evaluated

new design objective
variable function

candidate J(Xp, U(Xp))
(Xp

Chosen

“Objective Function” MATLAB Script

Simulation Simulation
initial results

U(Xp)
/ Simulink Model of Vehicle \

Power-train Electric Parts

conditions

Discipline A Discipline B

Power Management Control Logic
Discipline C

o J

Figure 4-1: Optimization software scripts

fiMaindo MATLAB script: Initialization parameters and optimizatiggrocessare
appliedin this step. fie upperand lower bounds of the desigariable candidates,
namely vector® , and the optimization algorithm are defined.As shown in

Figure 4-2, a each iteration, the optimizer will choose a néw that contains
66
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optimization variables such #se powertrain component @and power management

logic. This® shouldsatisfythe optimization constraint® & .Thefimai no scr i
also receive evaluated objective function & hY @ , and subsequently
investigats theterminating conditions to stop the process.

AObj ective f unct:iThendoseMA Wil AeBsens © rthispript.
Based on® , the initial conditions fothe simulation will be updated. In addition, the

results ofthe simulation Y &  will be transferred to this script in order to evaluate

the objective function valyevhichwill be furtherexplained irthe next subsection.
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Initialization
- Upper and lower bounds of the design variables candidate
- Optimization method parameters

v

Optimization (Part 1)
- Choose new design variable candidate (X))

T

Objective Function (Part 1)
- Update initial conditions-variables for simulation based on (X))

¥

Simulink Model of Vehicle
- Simulation results (U (Xp))

JUu)

Objective Function (Part 2)
- Evaluate objective function J(X,, U(Xp))

410, U(X,))

Optimization (Part 2)
- Compare J,,,,with J,,

Comparison Results

Optimization terminating conditions
satisfied?

- Save the optimal solution set
Xp,U(Xp), J(Xp,U(Xp))

Figure 4-2: Optimization process

3- Simulink model of the total vehicl@his model consists ofarious disciplinesandit

calculates theenergy consumption of the vehicle in the form of faetl electricity

consumption
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4.3 Objective Cost Function
In this study the main goal is to find theowest total system cost or highest saving by
utilizing the RAPS. The cost function should consither capital and running costs of the
RAPS over a given period dfme. The optimizer objective function is defined froan

financial cost perspectivesherethe objective is to minimize
i) the initial cost of batteriesnd theadded accessories to the exigtvehicle,

i) the cost offuel consumption for running the service devices (like AC or

refrigeration system)
iii) theplug-in electricity consumptiover a specific period.
The design challendees in balaning the size and cost of the battery and other added parts

against the cost dthee ngi ne 60 s f-in eldctricity cahsumpgtiarfigr running the

service devices

According to thdife cycle of regular battery packs in electrical and hybrid vehicles, it is
consideredhat a battery pack can last fabout5 years[37], [53]i [57]. Moreover in order
to make an assumption for the number of days per year as the working cootigiservice

vehicle, the general idea aR60-day work year in Canada by Statistic Cang®] is used.

In the optimization procesthe optimizer tries to determine the best battery pack size and
the most appropriate power management loigiw @ndhigh-level battery SOC thresholjls

in order to minimize the objective functiom® RY & , which is defined as:
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0 Q¢ QAOIED NLADO (4-1)
0 €€l QA& £Q¢ 0@ @ Q&
in which optimizatiorvariables (designvariablecandidates o6 ) are the number of battery
packs,Jow level battery SOC thresholds, and high level battery SOC threshiblel$unction
Y& consists of Simulink model output¥he mnstraints vecto & representshe
equality and inequality constraints of the problem.

The objective functionv is the total financial amount of the system and energy
consumptions, without considering the costhafexisting vehicleand it is calculatedver a
period of five years with a 26@ay work year.Different pars of objective functionare
explained in tk following subsections and the total objective function equation is presented

in Subsectio.3.4.

4.3.1Fuel Costs
One of the benefits of using thWillané line engine model is that this model can provide a
good estimation of the consumed fuel based on the fuel energy density. Utilizing equation
(3-36), at each time stepased on thealue ofthe engine efficiency+ ), the fuel heating
value("O), theengine torque’l) andthe engineangular velocity]( ), the value othefuel
mass flow ¢ ) can be calculated. Adding these valogertime will resultin the total fuel
consumption of the vehicle durirepchdrive cycle(active day. Total fuel consumption of

thevehicle "'O"Y & , throughthe desired optimization process candalculated as:

) (4-2)
"OY® "YE OOBDE | 6 06 Qa "06 Qa OOwi WQGIT i
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in which ¢ is the vehicle model simulation timéYis the total time of simulation or drive
cycle and termB - "O6 Qa representghe total fuel consumption through one day
one simulation)’06 ‘Q & is the unit price of fuel (in this study per liter gasolir@)p w i

is the number of active days per year, ant w iepresents the targeted active years for the

optimizer.Equation(4-2) can be simplifieds:
"0°Y ® 06 Qa OOWi OO YO (4-3)
in which™06 Qa&, O®wi ,and® Q ®aré constant values afd"Y &  represents the

total fuel consumption through one active day or simulation which is a functidncof ,

Simulink model outputs.

4.3.2Plug-in Electricity C ost

It is considered that at the end of the day, the service vehicleetilin to the specific
station, whichhas the accessori¢s rechargethe batteriesup to 95% of their capacities
during the night.The total consumed electrical energy during tinght can be calculated
based on thehange in the SOC level of the battery pack during overnigigtip charging

(YO 6 ). Final SOC of all working days will be the same since the SOC starts from the

same level of 95% each day ahé same drive cycle is used for each working d2gsed on

equation(3-44), the totalconsumed electrical energy during each night can be determined as:

nYé 0 & 0@ minpmip YOO 6&ONOOQO (4-4)
where 0 & 6@ is the totalkWh consumed electrical energy during each night,

& 1N & o Qasdhe btal capacity 0ESS (orthe battery packi this study), andd \

is the charging/oltageof the battery pack ich isoneof t he batt erThe s
71

spe



value of & MR & W "Qoisd based on wattours [Wh] in order to find the value of
0 & 6 in kWh, which is the based price calculation uaitdthe coefficientr&t 1t is
added in equatio®-4). The coefficientnigt gs added tawhange the value 6¥0 6 from
present to the acceptablkatio for energy consumptionThe btal plugin electricity

consumptiond Y& |, is defined as:

0 Y& 0 & o 0 & 0@ 0a Qo1 QOAHGI  OQDI i (4-5)
in which theO& Q® o 1 Qb "Beé grice of purchasekWh electricity during the night

hours. Equation(4-5) can be simplified as:

~.

0 Y Da'QOO T "Qa0EdES DQOI[TY® (4-6)
in which OaQQOo1 Qu@Mdei , and OQOI dre constant values and
n Y& represents the total purchased electrical energy during each night after one active

day, which is a function oY ¢ and depends on model outputs

4.3.2.1Battery Cost Function

Battery packs are usually the most expensive electrical component in electrical and hybrid
vehicles. The price ofeach battery banks presentedin Table 3-1. The optimizer will
determine the number glarallelset of each of these priced battery baritse total cost of
the ESS system (battery pack) can be calculated as:

0 ® "YE O&XN0 O ME i0d OO 0 QI WS DO O QI W (4-7)
where 6 @0 0 Qi ds the number of parallel set of battery banlstérminedby the

optimizer),andd & 6 0 Qiisdhe unit price of each battery bank
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4.33InitiaAl RAPS Component sé6 Cost s

Other tharthe cost obattery pack, thereareother initial costsDue to lack of information,
the maintenance cqshitial costs and added weight of éseadded partswhich are mostly
belongsto the EES systepareestimated based on the available ontiagaandvehicle parts

dealer websitesAssumptions for the price of added initial parts are presentédhie4-1.

Table 4-1: Estimated Prices for Added Initial Parts

Lithium -Based Battery | Deep CycleBattery
Added Component 2.5kW Generator Packs Accessories Packs Accessories

Estimated Price [$] 300 3100 1500

Due to the sensitivity of lithium-based batteriesto the temperature andvercharge
conditions, utilizing tlesekinds of batteriesresults in the use of morexpensive power
management control and phiugchargers. This extra cost will be compensated by their lower

weight to capacity factor and their better DOD limitations.

4.3.4Total Objective Function

The djective function U is defined based on the total cost of the system and energy
consumptions without considering the cost of existing vehiGleis function is the
summation ofthe fuel cost, plugin electricity cost, initial cost of battery packsnd intial

cost of added accessorigzonsidering thaliscussionsn Subsections4.3.1, 4.3.2 4.3.2.1

and4.3.3 the objective function can be defined as:
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(4-8)
0 06 Qa "06 Qa 0 aoR O Qwoi QwQo
Owwi WQWi B WO00QI W6wooQl w

O WQI | &ipdO'Y'YD'Y

in whichterm p O'Y 'Y UiSYeither azero or a large number tontrol the solution of the
optimizer If ‘O'Y"Y DisYzerothe solutionis acceptableif not, such asvhenthe demanded
poweris morethan the maximum available engine powprmO Y'Y Utakes a large number
to prevent the optimizdrom selectinga solution.All of the variables of equatior(4-8), and
their values in this study are explained Table 4-2. The objectivefunction 0 can be

rearranged as:

0 AY® WO ©0 YO ®O W w © (4-9)
in which &, &, and & represent theoptimization weighting coefficientfor the fuel
consumption, plugn electricity andbattery packrespectively® models the capital cost of
the system, which is the accessory costs, @mdpresents the error signal preventing the
optimizer from selecting impossible solutions. Considering the fact that all the values in
equation (4-8) are normalized to the actualollar values the optimization weighting
coefficients (®, @, and® ) in equation(4-9) are equal to ondn shouldbe noted thathese

coefficients can be modified based on new consideration for the optimization such as air

pollution or batterydegradation.
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Table 4-2: Optimization variables description (related to eqation (4-8))

Variable Definition Value
t Vehicle model simulation time Based on drive cycle
T Total time ofvehicle model Based on drive cycle
simulation or drive cycle
Total fuel consumption througl Based orthedrive cycle and fuel consumptio
00 Qa oneactiveday (or onecomplete rate from Willanods
simulationdrive cyclg
Fuelcost The unit price of fuel In this study1.5 $per liter gasoline
0 & o Total kWh consumed electrical Calculated fromequation(4-4) with respect to

energy during each nigftom
plugrin

the value of ESS capacity and voltage, tral
change in the SOC level of ESS

Electricitycost

Price of purchased kWh
electricity during the night hour

In this study0.14 $ for each kWh based aff-
peakelectricity and delivery price in Ontarig

Dayactive

The number of active days
considered foservice vehicles

260 work daya year in Canada by Statissic
Canadd52]

Years

Targetedife span of the systen
for the optimizer

Considering the life cycle of the battery pac
and the limitation explained in
Subsections.3.7.3and4.3.5 the battery pack|
are expected to last fatmost 5 years without

needfor replacement due to degradation

Batte r}éanks

The number of parallel set of
battery banks (determined by t
optimizer)

Due to availabl@repackagetattery packs
with anominal voltage of 12\Mo match the
regul ar vehicl,¢hés
optimizerjust determines the number of
parallel battery cells in the battery pgél set
of series cellareconsideregredefined)

Batte r)cost

The unit price of eacprepack

battery banlor each series set ¢

battery bank cellfom
Table3-1

Prices of the battergackfrom the Canadian
di stributorsdo

AcCCesSsOoryost

Total cost ofadded initial parts

Estimated price for the initial parits the low
duty service vehicle RAP®&s explained in
Subsectiord.3.3andTable4-1.

oYYOD'Y

Zero or a large number

Error signalincluded in the objective functiorn
evaluation tqrevent the optimizérom
choosingthe impossible casésuch as
demanding more power than the maximun
available engine power)
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4 .3.5Limitations and Constraints

There are differentimitations andconstraints thashould beconsidered. These limitations
can be because of mechanical and physical limitateoreslability of materials maintenance
issues costconsideratiog, or many otherreasons In this study each of the optimization

valuables hags own constraint:
A Low andhigh-level battery SOC thresholds

These first twooptimization variableshave almost the samlémitations andare
relatedconstraintsBattery pricesandlife cycle spanare important in the total system

cost One of the most important factors that can chahegebatterylife cycle is the
battey DOD, which can be actively controlledby utilizing optimized power
management control strategy logid3epth of discharge (DOD) is the difference
between 100 percent battery SOC level (full battery) medentbattery SOC level.

For instance, a complete discharge cycle to 0% SOC is equivalent to 100% DOD, or a
50% discharged battery (SOC equal to 50%) has DOD of S0%.@timization
boundary forthe battery SOC thresholdsr DOD thresholdy particularly athe low

level, should beselectedaccuately in orderto makesurethatthe battery cells do not

need replacement during the expected working penb&8APS

The otherconstraintthat should be considered for the low dngh-level battery
SOC thresholdss that there should be at leasb percent diffeencebetweenthese
two battery SOC thresholgl This 5 percentdifference is to avoid having the
controller switch frequently betweethe two possible conditionshi{gh-efficiency

engine condition andegularlow-efficiency engine condition), which may cause the
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generator toturn on and off frequently when the battery SOC stays around the
threshold valuesThis 5 percentdifference is chosen based oa trial anderror
process.This logical concepis applied usinghe constraint vectod & based on

the method if58].
Number of battery packs

The first constraintin battery pack®ptimizationis that the number of series cells is
constant (different constant number for different battery models) iandhe
optimization process, they anet considered to hold the nominal voltagehe same

rangefor all of the chosen battery packs.

The second constraint for the battesiging is based on equatio(B-38), as

representedgainby:

- ) (4-10)

(@ oy

From thisequation the important constraint is that tketal value of the termunder

the radical should be alway®nnegativeso that the current has a real value. The
values of Y , andw  which represent the internal resistance and the open circuit
voltage of the battery, respectively, are always-negative. However, durinthe
discharge of the batterthe value othebattery power§ ‘ ) is negative. In this
condition T'Y should be so lowuchthatthetermw  will always be larger than
absolutevalue oftermt0 ‘ Y . The value ofY will be low when thereare

enough parallel battery packsnnected Therefore, the second constraint is the
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minimum number ofparallel battery cells.An error signal in theSimulink model
showsthis constraintThis error signal will be active in tlleschargeconditionif the
value of&d  becomesmaller than absolute valoét0 'Y . Based on the
descriptionin Subsectiord.3.4 if ‘O'Y"Y UisYactivated theoptimizer will notchoose

that solution.

The last constraint for the battery sizinglatesto the output power of the ESS
(total battery pack system].he battery pack should have enough parallel cells to
provide themaximumdemanded power of the auxiliary deviagsall times. During
the discharge coitibns, the outputvoltage of battery packdecreasedrom the
nominal voltageln addition as long as batteries are not at their very high and very
low SOC level, it can beassumedhat the discharge current and voltage can be
considered constanthe constant values fahe different selectedbattery models in
this study arepresented inTable 4-3. These values wilchange slightlybased on
environmentl factors such as temperature; howeweie to the lack of informatign
the reported values are based on the available discharge darvd® selected

battery models from the data sheets from manufacturer or dealer websites.

For the battery packs, treaximum continuous discharge power is defined as the
multiplication of the discharge voltage witthe maximum continuous discharge
current.This value is comparetb the maximum demanded auxiliary powerlpt00
[W] (based onthe industrial partnéd suggestd service cycleto determine the
minimum number of needed battery packs, which is an integer number, for providing

t he demanded auMinimumaRequired BattezyrPack td Rrovile 1il
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kWh Auxiliary Power [Numbed is set as the lower bound tife optimizer forthe

numberof parallel battery packs.

Table 4-3: Assumed output power of different chosen battery models

Minimum Required
Batterv Tvpe Voltage | Maximum Continuous | Maximum Continuous Battery Pack to Provide
VP M DischargeCurrent [A] | Discharge Power [W] 1.1KWh Auxiliary
Power [Number]
EV12_ 140X 1
DiscoverDryCell 12 105 1260
EV12_ 180X 1
DiscoverDryCell 12 135.75 1629
EV12_8DA_A 1
DiscoverDryCell 12 195 2340
EV12_Li_A123 5
ALM12V7 12.2 18.4 224.48
EV12_Li_A123 3
ANR26650 108 40 432
EV12_Li 1
GBS_100Ah 12 300 3600

4 .4 Case Studies

In order toshow the impact of adding the regenerative braking system to the vehicle and
optimizing the total systendifferent simulation conditionare consideredo illustratethe
impacts of utilizing the proposed system on fuel consumption in service vehides

simulate a wholevorking dayof service vehicledwo differentdrive cycleare considered:

A General Drive Cycle: This drive cycle, as shown Figure4-3, is created based on three
timesof randomly repeating five commonSds,tanda
AFTP750, AHWFETO, ANYCCo, and AUS060) and

18040 seconds drive cycle, the vehicle is moved 182 Km.
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General Drive Cycle
140 T T T T T T T T T

Vehicle Speed [km/h]

1 . . .
Time [S] x 10"

Figure 4-3: General Drive Cycle

A Industry Partner Drive Cycle: Based on suggestions of the projegtdustrial partners,
a shortedrive cycle as shown iRigure4-4 is consideredlt is considered that the service
vehicle has 80-minutehighway ride fronthewarehouse tthe distributing city and then
5 unloading stops, each one for 5 minutes. Between each of these unkiagmthere
will be al5-minutecity drive. The drivecycle, as shown ikigure4-4, is mathematically
modeledb ased on these assumptions. For the tw
driving ANYCCO standard drive cycles are

cycle. During this 8323 seconds drive cycle, the vehicle is moved 91Km.

80



Industry Partner Drive Cycle
100 T T T T T

[ [ [

Vehicle Speed [km/h]
T
|

- Il |H u” il e

0 1000 00 6000 7000 8000 9000

Time [S]

Figure 4-4: Industry Partner Drive Cycle

A Auxiliary Load Service Cycle:i T110-Ddher reefero unit for
considered as the auxiliary device for the targeted service vehicle. This unit has an
auxiliary powe r |l oad of 1.1 kWw. Based on the sug
partners, an ooff auxiliary load of 1100 [Watt] (as shown Kigure 4-5) is applied as

the demanded electrical load for the auxiliary devices.
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Industry Partner Suggested Auxiliary Load [W]
1200 T T T T T T T

1000 -

800 *

600~ .

Auxiliary Load [W]

4001~ B

200~ 1

0 100 200 300 400 500 600 700 800 900 1000
Time[S]

Figure 4-5: Service Vehicles Auxiliary Load Suggested by Industry Paner

4.4.1CaseStudy: GMC Savana 2500

The AGMC Savanao, a common target vehicle ir
simulation study. The specifications of this vehiale presented inrable 4-4. In order to

show the impact of adding the regenerative braking system to the vehicle and optimizing the

total system, design optimization process is performed forvéhgle. There is a adeoff

between the number of the battery packs and the total system cost acdrseinption

since added battery pack will increase the total weight of the system.

Two optimization methodsgénetic algorithm (GA) and simulated annealing (S2Yp
used tooptimize the number of battery packs, the low higth level battery SOC thresholds
(as defined irthe first part ofChapter 4. The results of ise optimization procedures for the

six chosen battery models and two drive cyelesshownn Table4-5 and Table4-6.
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In the optimization proceduresimulation models of the conventional vehi¢leshicle
model withthe auxiliary power which is directly loadew the engine) and thRAPSvehicle
are run against both drive cycles. In the conventional vehicle model, when the auxiliary
power is on, the amount of demanded auxiliary torque in each engine speed is calculated.
This extra torque is added to the regular torque of a convention@leseluring driving or
idling. Conversely, in the RAPS vehicle model, the demanded auxiliary power is provided by
the stored energy of the added battery packs, which are charged using regenerative braking
energy (wasted energy in the conventional vehjcl@sigin electricity energy (cheaper than
the fuel used in the engine to provide the same amount of energy), and directly from engine
in high engine efficiency condition#. should be mentioned that the main objective of the
optimization is to minimizehe total cost which consists of initial system cost and energy

consumption cost durinfive-yearinterval.

Table 4-4: GMC Savana 2500Specifications

GMC Savana 250(
Model :
(Gasoline)
Engine capacity [L] 4.8
Transmission 6 Gears Automatic
Total vehicle mass without cargg 2415
[Kg]
Cargo mass [Kg] 300
Tire efficient radius [Cm] 36.76
Tire mass [Kg] 22
Air density [kg/m”3] 1.2
Vehicle frontal area [m"2] 4.16
Drag coefficient of vehicle 0.32
Rolling resistance coefficient 0.01
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Table 4-5: Optimization results for GMC Savanaduring general drive cycle

sattory Model | Discover | Discover | Diseover | EVA2-UA123| BVI2 Li At2gl  Evi2 U
e e Dcel ALM12v7 | ANR26650 | GBS 100An
Optimization Method| A | sa | ca | sA | Ao | sA | ca | sA | ca | sa | ca | sa
Low Level Battery SO
ow eve[%i"‘ eV SYY 75.29| 70 | 75.28| 70.01| 72.14| 70.43| 37.58| 30.97| 33 |30.02| 33.03| 30.67
High Level Battery SO
9 e"e[%]a ey >01 80.64| 75.02| 80.66| 75.09| 77.75| 75.53 52.82| 46.15| 48.11| 45.09| 85.14| 83.02
NumberofBattery | 5 | o | 5> | 5 | 2 | 2 | 18| 17 | 30| 28| 1 | 1
Packs
Total
Initialization | 3661 | 3661 | 3322 | 3322 | 3672 | 3672 | 6142 | 6001 | 6041 | 5975 | 6100 | 6109
Cost [$]
Added| Total Plug-in
Systen{ Electricity Cos{ 210.4 | 268.63| 180.81| 230.82| 305.08| 315.15| 120.36| 127.56| 112,21 109.93| 538.22| 562.94
Cost [$]
TotalAdded f o0 1 3920 6| 3502.8| 3552.8| 3077.1| 3987.2| 6262.4| 6128.6| 6153.2| 6084.9 6647.2| 6671.9
System Cost [4
Conventional
Vehicle Fuel | 60467 | 60467 | 60467| 60467 | 60467| 60467 | 60467 | 60467| 60467 | 60467 | 60467 | 60467
Cost [$]
Fuel Optimized
Saving| Vehicle Fuel | 54918 | 54119 55196 | 54667 | 53928| 53884 | 55547 55534 | 56982| 56485 | 52089 | 52989
[$] Cost [$]
Total Fuel
Saving in Five| 5549 | 6348 | 5271 | 5800 | 6539 | 6583 | 4920 | 4933 | 3485 | 3982 | 7478 | 7478
Years [$]
TowlSaving by |} 2 ol 5416 4| 1768.2| 2247.2| 2561.9| 2595.9|-1342.4 -1195.6| -2668.2| -2102.9| 830.78| 806.06
Utilizing RAPS [$]
'nveﬁim"i”[t\g::]“m'”g 3.2088| 2.8836| 3.1512| 2.8638| 2.8078| 2.789 | 6.2419| 6.0825| 8.6671| 7.5025| 4.0846)| 4.0846
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Table 4-6: Optimization results for GMC Savana during industry partner drive cycle

Battery Model E\Dlllszc_olvdfe?rX E\[;llszc_ol\?eorx Evélzs_ci?/zFA BV1Z_LL A123| EVI2_Li_A123 EVIZ_L
" " Dol ALM12v7 | ANR26650 | GBS_100Ah
Optimization Method | GA SA GA SA GA SA GA SA GA SA GA SA
Low Level Battery SO
ow e"e[%f eSO 7046 70 |70.88| 70 |70.82| 70 |38.72|30.01|30.07| 30 |31.56|35.45
High Level Battery SO
9 e"e[%]a ey o071 85.72| 84.89| 88.16| 87.14| 78.95| 75.14| 46.2 | 45.05| 89.92| 84.39| 86.81| 84.89
Number of Battery | ) 1 1 1 1 1 9 8 10 | 11 1 1
Packs
Total
Initialization | 2353.7| 2353.7| 2461.1| 2461.1| 2636.2| 2636.2| 4671.3| 4530 | 3772.9| 3810.2| 4027.2| 4027.2
Cost [$]
Added| Total Plug-in
Systen{ Electricity Cos{ 89.057| 90.744| 113.24| 117.41| 163.47| 169.06| 60.35 | 62.09 | 155.7 | 171.5 | 192.93| 153.49
Cost [$]
TotalAdded | ) > ol 2444.4| 2574.3| 2578.5| 2799.7| 2805.3| 4731.7| 4592.1| 3028.6| 3981.7| 4220.1| 4180.7
System Cost [4
Conventional
Vehicle Fuel | 30250| 30250 30250 30250 | 30250| 30250 | 30250| 30250| 30250| 30250| 30250 | 30250
Cost [$]
Fuel Optimized
Saving| Vehicle Fuel | 25502 | 25444 24842 | 24763 24160| 24145 26246| 26339 | 25856 25953 | 23906 | 23784
[$] Cost [$]
Total Fuel
Saving in Five| 4748 | 4806 | 5408 | 5487 | 6081 | 6105 | 4004 | 3911 | 4304 | 4297 | 6344 | 6466
Years [$]
TotalSaving by | o5c 51 5361 6| 2833.7| 2008.5| 3281.3| 3200.7|-727.65-681.09 465.4 | 3153 | 2123.9| 2285.3
Utilizing RAPS [$]
'nveimn&sz:]“m'ng 2.4786| 2.4487| 2.2754| 2.2427| 2.1676| 2.159 | 5.8333| 5.7914| 4.2932| 4.4336| 3.174 | 3.1141
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According toTable 4-5 and Table 4-6, GenericAlgorithm (GA) and Simulated Annealing
(SA) optimization methds have close results. Optimal solution (lowest total system cost or
hi ghest saving) i s 8DA AMDp esrcionvge rwiDery CEREILIZD b al
used. From the optimizatiaesults it can be seen that for the shorter drive cycle (industry
partnerdrive cycle) generallyewer batery packs are needed in the EES. Since in this drive
cycle the operating time of service vehicle is lower than the general drive cycle; EES with
less electrical capacity can provide the optimal system cost. Howevergftontper drive
cycle (with more fuel consumption) decrease in the totaldaesumption and total system
costcompensatethe increase of cost due to bigger EES.

In Table 4-5 and Table 4-6, the totalinitialisation cost of the RAPS (consisted tife
batterypack and initial parts) are shown. Moreover, fuel consumption otdhgentonal
service vehicle and the vehicle utilizing RAPS a@mpared The saving in the fuel
consumption cost is the main benefit of RAPS which compensate the initial cost of the
sydem andresultsin the total saving. The value of fuel cost saving and total saving using
RAPS ar e pTotlsFeehSadng inFive Y8ars®] and fATot al Saving

RAPS [ $riespectiely.ws

The expeted return time for the initial invement is shown in the last rovror the
optimal RAPS the initial investment will be returned aftdrto 3years, which is half the
expectedifetime of the bateries Comparing results frorfiable4-5 and Table4-6, it can be
seen thathe expected return time for the initial investmeris less for the industrypartner
drive cycle. Which means utilizing RAPS for that drive cycle provides bett@stment

return. This can be due to twea®ns 1) The percentage of idling time to the total drive
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cycle time is higher in the industpartnerdrive cycle, therefore, there is more need and

benefit for RAPS in industrpartnerdrive cycle. 2) The percentage of city driving time to

highway driving time is higher in the industpartnerdrive cycle. This causes more stop

(braking) andgo during industrypartnerdrive cycle which benefits theegererative braking

systems like RA

PS.

DOD feature of lithiurAdbased batteries and their low weigitmparingto the same

capacity drycell batteries, makes the lithiubased batteries an interestingide; however,

for this case study that the number of battery packs are a few, the higher initial cost of

lithium-b a s e

d bat t e EVIE &i A28 AljvAD/Da | d md127i6_A123

ANR2665® )incresse the total system cost that the benefits of lithibased batteries

cannot

Saving

by

compensat e t

he

extra

Ut il i zTiabled-5aRdTabB4AE $] O

cost s.

row

n

Thi s

Based on optimization resultsimulation models of the conventionathicle (vehicle

model withauxiliary power which is directly loadetb the engine) and theptimal RAPS

vehicle (best design from optimizatioale run against both drive cycles, and the results are

shown inTable4-7.

Table 4-7: VehicleModels Simulation Results

Conventional Vehicle Model Optimal RAPS VehicleModel
Model Industry Partner General Industry Partner General
Drive Cycle Drive Cycle Drive Cycle Drive Cycle
Fuel Consumption:
[L] gasoline per day 15.51 31.01 13.15 27.63
(Drive Cycle)
Fuel Consumption:
[L] gasoline for 5 20167 40313 17095 35919
years
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Based on the results fromable 4-7, it is clear that utilizing RAPS will decrease fuel
consumption remarkably¥15% and 11% total fuel savinford ndustry Partne
A G e a lediive cycles respectively. During the 5 years expected life cycle of RAB872

[L] and 4394[L] gasoline will be saved when drivingith the filndustry Partnerdrive cycle

ort h @&endrabdrive cycle, respectively.
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Chapter 5

Experi Maht dation

Experimental results aressentialto provng the effectiveness of the proposed RARSRI
validaing the simulation resultBefore prototyping the RAPS oa real vehicle the design
should be testd by laboratory facilitiesHardwarein-the-loop (HIL) test standhas been
utilized for thelaboratory evaluatiom order to validate component mosletharacterize the
RAPS componenisand implement and modify theontroller strategiesA prototype model

of RAPS (containinghe generator, battery, auxiliary load, and control system) is developed.
Characterization and model modificatigarification of RAPS componentare performed
utilizing this setup For the power management control strategy, controllers are implemented
in the RAPS prototype system. Utilizing this prototype, different scenarios are simulated to
investigate the real world limitationsto modify the optimization constraintsthe

c o mp o n e n taadio implerdeatland develop the control strategies in the expetane
conditions.This evaluation will help fingune the prototype for installation on a real service

vehicle.

5.1 Experimental Setup: Hardware-In-the-Loop (HIL)

In order to simulate the real world conditions for laboratory evaluaidRAPS laboratory
prototype is fabricated. Different pamf this prototype and their plasén the system are
explained inFigure 5-1 and Figure 5-2. The schematic installation connection foe low
power demand (serpentine belt) and high power demand (aperture PTO) configuaions

also shown inFigure 5-3 and Figure 5-4, respectively This prototype is a combination of
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dynamometers (simulating the mechanical part of the real vehicle), RAPS components
(generatorandbattery for lowand highpower demand€$2TO for highpower demandsand
load simulator (simulating expectetkctricalload of auxiliary devices).

Based on the available parts in the market and optimization results, suitable electrical
parts (Discover drgell 8DA_A deep dryleadacid battery and high output alternator) are
purchased and installed in orderdevelop a regenerative braking systethat maximizes

power extraction.

Figure 5-1: Hardware-in-the-loop facilities installed in the Mechatronic Vehicle Systems laboratory
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