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ModelBased Design of an Electric Powertrain Vehicle; Focus on Physical Modeling of Litbium
Batteries.

Alex T. Girard

ABSTRACT

Formula SAE (FSAE) vehicle systerasevery complex Understanding how subsystems effect the
overall vehicle is essential for making design traffe. FSAE is a competitive environmenfeams need
to have reliable and high performing vehicles to do well in competitiba.Virginia Tech (VT) SAE
teamhas produced a prototype electric powertrain (EPT) vehicle, VTM16eyiinke their firstEPT
vehicle VTM17e, to competition in 2017.

The use of moddbased desigMBD) for anEPT FSAE vehiclds investigated through this thesithe
goalof theresearch is tbuild the framework of a full vehicle simulationtekeknowledge gainettom
the VTM16eprototype vehicle, and applytib theVTM17e competition vehicle.

A top-down, bottormup approachsitaken to build a full vebie model of afEPT FSAE vehide. A full

vehicle simulations builtwith subsystemgo establish an overall structure aubsysteninteractions.
Individual subsystems are then focusedfor testing and validation.rBaking the vehicle down into

subsystemallowsthe owerall modelto be incrementally improved.

The battery subsysters focused on ithis thesis. Extensive testing performed on the batterias t
characterize their performandempirical @mputer models are generated frdatathrough parameter
estimationtechniquesValidation of the httery modelss performed anthe resulting modeabk
incorporated into the overall vehicle modegrformance limits of theehicle ae determined through
model exploration, and design modificatidngncrease the reliabili and performance fahe VTM17e
vehicle ae proposed.
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GENERAL AUDIENCE ABSTRACT

Formula SAE (FSAE) vehicle systems are very complederstanding how subsystems effect the
overall vehicle is essential for making design tratfs. FSAE is a competitive environment. Teams need
to have reliable and high performing vehicles to do wetlampetition. The Virginia Tech (VT) FSAE
teamhas produced a prototype electric powertrain (EPT) vehicle, VTM16eyiliridke their firstEPT
vehicle, VTM17e, to competition in 2017.

The use of moddbased design (MBD) for an EPT FSAE vehiglénvestigated through this thesighe
goal of theresearch is to build the framework of a full vehicle simulation to take knowledge gained from
the VTM16e prototype vehicle, and apply it to the VTM17e competition vehicle.

A top-down, bottormup approach is tan to build a full vehicle model of an EPT FSAE vehicle. A full
vehicle simulation is built with subsystems to establish an overall structure and subsystem interactions.
Individual subsystems are then focused on for testing and validation. Breakingittie gletvn into
subsystems allows the overall model to be incrementally improved.

The battery subsysters focused on ithis thesis. Extensive testing is performed on the batteries to
characterize their performandempirical @mputer models are generafeaim data through parameter
estimation techniques. Validation of the battery models is performed and the resulting model is
incorporated into the overall vehicle model. Performance limits of the vehicle are determined through
model exploration, and desigmodifications to increase the reliability and performance for the VTM17e
vehicle are proposed.
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1. Introduction

1.1Research Motivation
Formula SAE (FSAE) is a collegiate design competition sanctioned by the Society of Automotive
Engineers (SAE) International. The objective of the competition is to design and manufacture a single
seat, opetwheel race car, to a set of rumstlinedby theSAE. There argnanycomplex interactions to
considerthroughthe development of a vehicle systefme Virginia Tech (VT)FSAEteam is developing
an electic powertrain (EPT) vehicleo compete with forhte first timein 2017 Many subsystem
interactionsanddesign tradeoffs are difficult to understand in the early stages of developriiéetuse
of computer modelingvithin the FSAE competitionis important to boost development tinfig] There is
a large upfront development ¢de build a representative model of the vehicle systéowever, irough
the proper use of modélased desigfMBD), once a model is developed, dediigme, and cost can be
reducedandoverallvehicle performancean be predictedodelbased design ales the vehicle
designer to efficiently and effectiveiyanipulate antline parameters of a vehicle and understand how
theoverallvehicle system responds.

The endurance event at the FSAE competition is very important. A significant factor to compldting an
excelling at the endurance event is having sufficient energy, power, and refritesges ar¢he energy
storage systerfor the VT EPT vehicleTo understand how the batteries will perform on the vehicle, and
to properly size the battery patke development da representativenathematical model of the batteries
is very important[2]

1.2Research Hypothesis
This thesis investigates a technique of tlgovn, bottoraup MBD of a FSAE EPT vehicle. First, the
overall vehiclesystem is designed and connections between subsystems are established, looking at the
system from the top and creating an overall structure. Independent component level testing and validation
then takes place to improve the accuracy of the overall mBdedking the system down into its smaller
subsystems allows for easier testing and validation, working at the bottom, fundamentahleested
and validated subsystem model is then updated in the overall vehicle model to improve the accuracy. This
method can be continually updatedthivwarious subsystem models.

The useof modetbased desigallows for the overall effects of different variables to be understood. The
construction of a full vehicle model will allow the VT FSAE tetonmake design decisins for the
development of a competition EPT vehicléne battery subsysteiabelieved to be one of the most
important subsystenisr the performance angliability of the FSAEEPT vehicle The creation of a
representative battery subsystem madélallow for batterydesign decisiont be madédased upothe
effect on theoverall vehicleThe use ophysicatbased modelingf an equivalent electrical circuaill

allow for an effective battery model to be creatdltteries can be characterizédaugh testinghe
projected operating rang@arameter estimation of the empirical data will allow for the battery model to
accurately represent the physical batterieglémenation ofthe validated battery subsystem model back
into the overall vehiclenodelwill better represent the critical energy response of the electric powertrain
andallow for better informed design decisions of the overall vehicle to be . made

1.3GoatandObjectives
Theoverall goal of this thesis is to put in place the framewordnobverall vehicle simulation to be used
to make design decisionsrfthe Virginia TecH-SAE teamSpecifically, using the knowledge learned
from the VTM16e prototype vehicle to make design decisions about thELY& competition vehicle.



The specificobjectives of this thesis are outlined below:

1. Generateompetitive, yet achievabfeerformanceyoals for theEPT FSAE vehicle

2. Create a vehicle model representihglongitudinal dynamiceind energy flovof theEPT
FSAEvehicle

3. Develop a tg program for baery characterization. Implement the testing program and
conduct the testing on tlaetualbatteriesusedunderthe test program

4. Characterizehebatteriesover theirprojectedoperating rangeo integrate the battery model
into the fullvehicle model.

5. Predict thebattely responseinderprojectedoperatingconditions

6. Makevehicle desigmecommendations based on the model angtbgramgoals.

1.4Scope
As thereare many different subsystems within a vehicle systeisithesiss limited to focusing orthe
batterysubsystemThe battery subsysteis potentially, one ofthe limitingfactors for theperformance
andreliability of theFSAEEPT vehicle and therefore was chosen for examination through this thesis
The VTM16e prototype vehicle was successfuigembled and driven. However, a quantifiable testing
program was not carried out prior to the writing of this th&digrefore, all full vehicle conclusions are
strictly based off of simulation results.

1.50rganization of thesis
This thesis takes the reader through the proces®détbased design of aBPT vehicle for FSAEFirst,
background information on some of the techniques and important factors discussed in this thesis are laid
out. Secondly, the methddr developing theverall vehicle goals is discussed. Next, the overall vehicle
simulation is discussed in moderate detail, outlining some of the important factors of the model.
Component level testing of the battery subsystem is thimed, including the methodologndsetup
used. The ntbodof implementinghe empirical data back into the component llevedel is shown.
Following, the validation of the component level modegbiesentedFinally, the component model is
integratecback into the overall vehicle system debto understand its effeats thevehiclesystem as a
wholeand design decisions are propased



2. Background

Thefollowing sections are the basis of wistleveloped through this thesiad are important to
understand the underlining concepts presented

2.1Formula SAE
Formula SAE (FSAE)S a collegiate competitiasanctioned byhe Society of Automotive Engineers
(SAE) International. The annuBBAE Michigancompetition is met with competitors froh20schools
all across the United States and many otloamntries around the world. The objective of the competition
is to design and manufacture a single seat,-eg®sel racesar, to a set of outlined rules bige SAE. At
competition students are tasked with both static and dynamic events. The compeétohaliégnged to
Asel |l 6 t he -prefédssiondl veeskend macen justifpall the design elements of the vehicle, and
race the vehicle against the other schools in a series of dynamic events. The dynamic events include a
straightline accelerationeent of 75 m, a skighad event of approximately 20 m diameter circles, an
autocross event of approximately 1 km, and an endurance and efficiency event of 22 km. The FSAE
vehicles are capable of appr oxi ma toelateyal atcelératignps o f
with top speeds around 140 kph. Teamstlaeeawarded points for each of the events and the team with
the most points at the end wiri3]

The Virginia Tech Motorsports (VTM) team has been competing in the FSAE competition with an
internal combustion engine powered vehicle sit@¥). Due to the increase in commercial electric
vehicles, as well as many of the other top tier temnisiropedeveloping electric vehicles, in 2013
Formula SAE operteup the competition and allowetkctrified vehicls to compete TheVT teamhas
beendevelopingan Electric Powrtrain (EPT) race vehicle for thrgears now. The teais repurposing
the 2012 BAE comlustion vehiclechassis as a platform furedevelopment of a prototypeshicle
VTM16e. With the successful completion of th@M16e prototypevehicle, theVT teamplans to design
and manufacture both an internal combustion, and an electric vehicle peteoim 2017.

The overall development time of the internal combustion engine vehicle fgitteamhas historically

been a tweacademieyear cyclethe firstof which, is spentresearching ahdesigning, and the secoisd
focused ormanufacturing and sting. An accelerated design timelineriecessaryuk to the inclusion of

a seconaompetitionvehicle.Understanding the overall vehicle interactions is necessary for the VT team
to design a relidb and competitive FSAE vehicl€he ned foran overallvehicle model, the convenient
scaling, andheavailability are the reasortie VTM16eprototypeis used as the platform for this thesis.

2.2ModelBased Design
Modekbased design (MBD@ncompassete use of computer models to malasigndecisions. While
the name may suggediBD is complicated, engineers have been using MBD for mpaays even before
the use of Computer Aided Design (CAD) models. These computer models allow the designers to
visualize components in 3D before they are plalsicreated. More importantly, multiple CAD models
can be used in conjunction with each other to see the interactions between parteratigointetween
different subsystenwsf a larger overall system is where MBD becomes aelyantageous.
Understanohg how a single variable may effect a small subsys@mbe easfor engineersThe
reaction of the overall system becomes more difficult to be deternifittegsame subsystemiistegrated
into a larger systenmConsider 6r example a springhassdampersystem, if the damping of the system
was increased by %0, the response to an input could be easily calculated favtrall system. If
instead, thespringmassdamper systemepresentethe suspensiomorner of a vehicle, the response of
the overall vaicle system would be much more difficult to calculate. Mdabeded design allows for
more efficient and effective use kiiowledge and expertise by leveraging other design/modeling efforts

3



to explore and improve designs in a shotitee. According toAarenstrup [4] ModelBased Design is
foundedon eight core concepts;

Executable specification

Systemlevel simulation

Whatif analysis

Model elaboration

Virtual prototyping

Continuous test and verification
Automation

Knowledgecapture and management.

©Nogr~ONE

Modekbased desiguatilizesa lot of effort up frontputallows for quicker, more informed decisions to be
made.

2.2.2 Physical Modeling
In order for MBD to be effective, a representative model of the system must be created. The main
moceling technique this thesis foason is the use of physichasednodeling.According to Smith5],
Physicalbasednodeling derives its roots from bond grapdusd is conducted through the use of physics
equations to model cgponents at their most elementary level. Components aneciad together using
lines totransmit power, energy per unit time. This approach allows coupling of physics from multiple
domains, and easier visualization and manipulation of a system lewgh.d@bisical components can be
connected in a network rather than a transfer function being derived and represented for the entire system.
Ead component is constructédyving through and across variables. Through and across variables when
multiplied togeher develop units of power. The thgluand across variables aransmitted between
components, where across variables are equivalent in parallel and through variables are equivalent in
series. For example, in the electrical domain, voltage is the a@dable and current is the through
variable. Components in parallel have the same voltage acrosswhéecomponents in series have the
same current through them. Physibakedmodeling is especially useful for the models developed in this
thesis becdase oftheability to easily link multiple domains, such as mechanical, electrical, and thermal.

Throughout this thesis, the models are developed usirgitmcapghysicatbasedmodeling tools.
Simscapeés built on topof Simulink which is a product of he MathWorks Inc[6]. Simscapéools have
severaklementary components in different dongiwhich areredefinedwithin theprogram
parametersAdditionally, Simscapeaffers its usershe option to create custom componef@tsimbining
the use obtandard and custom componeaitsws for quick development for the full vehicle, while
allowing the freedom of generating more specific components for more refined models.

2.3VehicleModeling
Vehicles are complicatksystemsthe correct level of fidelitynustbeutilized when buildinga vehicle
model The correct level of complexignsureshe model solves in @asonablamount of time while
still capturing the domina mechanics of the systeformula SAE teams have limited resowitetime,
money, and team members. Additionally, because FSAE is a student project, team member turnaround is
very quick.Therefore, it is necessasymulation models are:

1. Low costor made irhouse.
2. Representative of longitudinal dynamics.

3. Simple to learn and use.



Iltem 3 is very important. Formula SAEams are made up of incredibly busy studefiteery accurate
simulation needing yearsof experienceo learn and use is @ftle or no helpto the team. By creatingin
house simulations the necessary level of complexity can be implemented.

2.3.1 Track Simulation
To understand the loading of the vehicle, the speed and accelemxji@ngenced by the vehicheed to
be determined. Many commercial amative simulations are based off of set driving cycles. Common
driving cyclesin the automotive industry include specific veloditye traceswhichthe Environmental
Protection Agency(EPA) uses to evaluate a vehicle for emissipfjsor the Federal Test Procedure
(FTP75)[8]. The scaling of the commonly used driving cycles is more appropriapagsenger cars, not
a FormulaSAE vehicle To generate representatiperformance goals for the FSAEhicle, velocity
time traces with the correct scaling hateebe generated.

Lap-time track simulations are used in all levels of motorsports, from REABrmula 1[9]. Many
commercial track simulation programs are availabléhermarket with varying degrees of complication
[9]. Due to the threeriteriaoutlined above, a simple simulation model capturing the dantimechanics
of the vehicles desired.

The quassteadystate(QSS)approach dows for acceptable levels of accuracy while keeping simulation
times dowr[10]. While other approaches, such as transient mgtl#]or mult-body dynamics models
[12], mayprovide more accurate resuyltee added complexity of the different methods is more difficult
for students to fullyuseandunderstandhe capabilities of the simulation.

The QSS approach assumes at each time step the forces and moments of theedliclecedand the
acceleration is constant between each time Jtgmsient behavior is not taken into account withQ&s
method. The main erraccurringbetween a QSS approach and a transient approach is on corner entry
and exit, where significant transients are prefksit

Tracklap time simulations are good at determining overall vehicle dynahoggever for the purposefo
simulation time subsystems are simplified and lumped into forces on the overall vehicle. To fully
evaluate the vehicle, more detailed subsystem models are desired.

2.3.2 VehicleSubsystenModeling
The Track Simulation depends heavily on how the track imel#ina givenmodel. To understand the
limiting factorsof the vehicle, the energy flow through the vehicle needs to be understood. Having
sufficient energy, as well as keeping components below theiimman operating temperatures is
imperative to finisng the endurance race.

Detailed subsystem modeleaneeded to understand homportant states of the vehicle change
throughout the endurance race. The use of subsystems lends itself to a laredisaiplithary team such
as the FSAE team. Differentaiem members can work on their respective subsystems indepgndentl

2.4BatteryModeling
A significantfactor to completingnd excelling athe endurance run is having sufficient enefpwer,
and response from the batteri€s understand how the batteriesthe vehicle react throughout an
endurance run, a re@ntative battery modetustbe constructedue to the increase in lithiwtion
battery usage in everything from cell phones to vehicles, many different battery models have been
developed for diffenat applicationsfrom the simplest models of a constant voltage source and internal
resistance, to very completectrochemical model&or the simulation of a FSAE vehickemodel
meeting the following requirementsdssired:



Capable of representintansients.

Capable of representing ndinear effects of battery at different states.
Accuratelyrepresents thghysical batteries.

Simple in design

PwbdPE

The batteries interact with the motor and inverter subsystem, to properly capture the dynamics and pulse
power capabilities of the batteries transients are required. Batteries exhitinesmbehavior at high and

low statesof-charge to accurately represent the physical batteries, thdimesr behavior of the batteries
needs to be captured. In order taka design decisions about the current vehicle design, an accurate
model of the batteries is necessary.

To meet the requirementistedan equivalent electric model was chodeue to the complex nature and
long solving time a electrochemical model wastrused[14]. A simplevoltage sourcand internal
resistance modé$ unablemeet requiremertt. An equivalent circuitmodel using a voltage source, series
resistance and RC branches meets all requirenj@ni®-17] The equvalent electrical model of a
lithium-ion battery is depicted iRigure2.1.

R1 R2 Rn
RO
e
Em (_) o c2 Cn

Figure 2.1 Equivalent electrical circuit of a lithiuaon battery.
The equivalent model consists of gpenloop voltage, Em, a series resistanceaRd n RC branches.

2.4.2 Battery Testing
Batteryparameters are shown to vary wtateof-Charge(SOQ), temperature, and currdit, 14-18].
To understand the effects of all thiadependent variablebatterieamustbe tested at varioustatesof-
charge temperatures and currentypically, to extract the effects of eagidependent variable
individually the SOC $ varied while temperature and current for eachigdstldconstant[2, 15-17]

To meetrequirement 1 of the battery modehnsientsare requiredhe modeledWhen a step input of
current is drawn from the battery the voltage across the battery tesipedarsimilar toFigure2.2.

Note, current drawn out of the battery is negatirem this pulse response the dominant mechanics of
the battery can be deduced.



To meet requirement 2, representing the nonlinear effects of a baitary tests have to be conductAd.
typical plot ofopenloop voltage versuStateof-Charge percentage of charge left in the battésyshown

in Figure2.3.
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To represent the curve, sufficient data points have to be tilkanthe top and bottom of SOC of the
battery the behavior is much more nonlinear than in the middle SOC. To properly capture the higher
nonlinearity testdatapoints are typicallpiased toward high and lostatesof-chargeto provide data to
capture the ndmear responsg¢l5, 16]

2.4.3 Parameter Estimation
Parameter estimation in thiesearchefers to the process osingnonlinear optimization techniques to
estimate the physidsased model parameters to realize a repraseatsemiempirical model of a
system. A physicbased problem is formed andhanlinearprograning (NLP) optimizationformulation
is used to minimize the error between a simulated model and test data. The parameters in the simulation
model are used asdflesign variables in the optimizatj@md the error between the simulation and
measured values are used in the objective function.

Parameter estimation is a commonly performed techrimeetract important characteristics of test data
to a known mode Typically, the optimization problem is set to rinize sumsquared error (SSE)9].
Normalization of design variablesg®od practicdor optimizations. Battery parameters are on large
ranging scalesvhere battery resistances are on the order of Gy0@id battery capacitance values are on
the order of 10006. By normalizing variablethe scales can be brought to valaeound 1]20]

The use of parameter estimation batttery model fitting is commd2, 15-17]. Different approaches are
recommended through the literatu@eraolo[2] uses the parameter estimation approach to populate
polynomial equations describing the battery parameter values as a fun@ioColin a later studduria
and Ceraol¢17] utilize lookup tables to describe battery paramedsriunctions of SOC and
temperature. Ahmed.5] and Jackey16] break the process down into a layered approach. The layered
approach breaks the data into smaller overlapping sections. The estipnatiess exercises parameter
values at all data surrounding a certain SB@ah papersAhmed and Jackepegin the optimization
process by estimating parameter values from known test data measurements. Good initial guesses
facilitate faster convergence foptimization algorithms. Ahmefd 5] utilizes D lookup tables of
parameter values as a function of SOC. Jafké)utilizes 2D lookup tables of parameter values as a
function of SOC and current.



3. Track Simulation

A representative velocitiime trace $ developedor the simulatiorof the FSAE electric vehiclép
understand how the vehigberfornms under realistic conditiong.he Track Simulation, previously
developed for the Formula SAE combustion vehicle, was modifiegpt@senthe EPT vehicle.

3.1llnputs
Theinputs to theéTrack Simulationare parameter®r the vehicle ana specified track

3.1.1 Vehicle Parameters
A full list of the vehicle parameters defined in the simulation are tabufaiezble Al in Appendix A.
Vehicle parameters are determined four different waysgued values, measured values, values
estimated from models, or assumed values. Designed values include front and rear tradkwwidth (
Trea), and wheel basé ). Measured values include rolling radius of the tireg), andmassof the
vehicle(mear). Values estimateddm models include the vehicderodynamic drag coefficientf), and
centerof-gravity height CG,). Finally, assumed values include the ambient temperakkig,(and
driveline efficiency {pbriveiine). The parameter valuekefined are necessary to represent the dominant
mechanics of the vehicle.

3.1.2 Track Parameters
The track is modeledyba series of straight sections arahstant radius corner-igure3.1 depicts a
representation of the 2015 Formula SAE Michigan autocross track. The red circles denote the start and
ending pints of each straight section. The green square is the starting point, and the red square is the
track finish. The BAE 2015Michigan autocross track is 0.81 kiirhe values oéach ofthe sections are
tabulated inTable A2 in Appendix A andare mathematically representedibquation3.1.
wi wat Qai
Gi Gt Qai 3.1)

Equation3.1 Mathematical representation of the track layout

Figure 3.1 Formula SAE Michigan 2015 autocross track represented for MATLAB simulation

Figure3.2 shows a magnified ersion of the portion of the track in theeenellipsein Figure3.1,
displaying how complex curvature can be represented with a series of straight sections ant const
radius sections.



Figure 3.2 Magnified image of Formula SAE Michigan 2015 autocross track displaying track construction with the use of
straight sections and constant radius corners.

3.2Process
The TrackSimulation is written in MATLAB codeTo determine the dynans®f the vehiclariving
around the traclka quasisteadystate(QSS)[11] approachs takenThe QSS approach assuna¢sach
time step the forces and moments & #ehicle arstaticallybalancedand the acceleration is constant
over a time stepThe QSS methodoes not take into account transient behavior.

All simulations are based on the SAE coordinate system with the origin at the center of gravity (CG), seen
in Figure3.3. The xdirection is the longitudinal direction of the vehicle with positive pointing forward,

the ydirection is the lateral direction of the vehiglgh positive pointing to the right, and thedizection

is the vertical direction with positive pointing down.

Figure 3.3 SAE coordinate system displayed on the Formula SAE vehicle
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TheTrack Simulatioruses garticledynamicsrepresentationf the vehiclgo estimate the position,
velocity and acceleration of the vehieound the trackAt each time step the torque generated by the
motor is determined from a motor torque versus amgudkncity curve, as tabulated Trable A4 and

seen irFigure3.4
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Figure 3.4 Motor torqueand powerversus angular velocity
The motor torque is converted tavaeel torque { usingEquation3.2.
t t zg 72— (3.2)
Equation3.2 Wheel torquesalculation

wheret is the motor torquer- is the final drive ratio, and is the driveline efficiency.
Vehicle drive forceKorive) is then calculatedybdividing the wheel torque by the tire rolling radius
{ usingEquation3.3 which is based oRigure3.5.

0 S (33)

Equation3.3 Drive force calculation

=

Normal

Figure 3.5 Free-body diagram o& wheel
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The total force on the vehicl€&enicid iS computed by summing the foraeghe longitudinal direction
acting on theCG of the vehicleshown inFigure3.6 resulting inEquation3.4. WhereFpag and
Frolingresistanc@re theaerodynamic drag and tire rolling resistafmee

O O O O (34)

Equation3.4 Vehicle force calculation

X
I:Drive FDrag ’ 7
&= =)
&= =)
I:Vehicl e K

RollingResistance

Figure 3.6 Free-body diagram of summation of forces in theinection of the vehicle

The |l ongitudinal acceleration of t (Equato8bi cl e

G O Ta (3.5

Equation3.5 Longitudinal acceleration calculation

whered is theeffectivemass of the vehicle including the contributions due to rotational ircdrtiee
driveline

Thelongitudinalacceleration of theehicleis constanbverthetime step and is usetb calculatethe
speedand positiorof the vehicleas shown irequation3.6 andEquaton 3.7, respectively

WE WE p O E YO (3.6)

Equation3.6 Vehicle speedalculation

e wE p W& zY0 3.7
Equaton 3.7 Vehicle position calculatian

The vehicle behavior is broken downto rectilinear motion and rotation about a fixed akigure3.7
shows the particle representation of the vehicle with resultant forces in each direction.

Y
X

HG,

C
e |
{}YF El[tit

Figure 3.7 Particle representation of vehicle with resultant forces.
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3.2.1 Rectilinear Motion
The Track Simulator utilizegarticle dynamicsvhen calculating theectilinear motion.

Theaccelerationimits of the straighline dynamics arealculated through rigid bodystaticanalysis at
each time step. All forces are assumed tethécallybalanced, and the moment around point Pigure
3.8 is teken to calculate the normal force on the rear tires.

X

e

I:Lift
m__*a
car X
*
mcar g
CGz
P I:Vehicle
¥
i o ——® =
NFront |}« L » NRear

Figure 3.8 Free-body diagram fostaticnormal force calculatiorfor vehiclein rectilinear motion

«

By summing the forces in thedirection and taking the moment aroundgguation3.8 is formedfor the
normal force oreach ofthe rear tires

z z z z

"0 (3.9

z

Equation3.8 Rear tire normal force calculationnder longitudinal acceleration

whered "Ois the teight of the center of gravityeasired from point P, directly below the CG on the
ground.0 is the wheel base of the vehiotgs the acceleration due to gravity, is themass of the
overall vehicled "Ois the axial location of the center of gravity in terms of percent of wheel base, also
known as the mass distributicaand™© is the overall downfore on the ehicle.

The rormal force on the tires issed to calculate the maximum force the driven rear wheels can achieve.
The Track Simulation assumes no slip, if the drive force is greater than the product of the normal force on
the rear tires and the coefficiesitfriction between the tire tires and the road surfdéloe drive force is set
to equal the product as shownkquation3.9.
0 c2"0 S 0 c2°0 ,
0 cz"0 S 0 0 (3.9)

Equation3.9 Drive force limitation calculation

The drive force is used Bguation3.4 above to calculate the overall vehicle force.
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3.2.2 Rotationabouta Fixed Ais
The Track Simulator utilizesotation about a fixed axishen calculating theorneringdynamics

The limits of the vehicle cornering dynamics are calculated thragghbody statianalysis at each time
step. All forces are assumed to be balanced, and the moment arauirid pdiigure3.9 is taken to
calculate the normal force @he inside and outside tires.

Y
FLift Z
m_*a l
car 'y
* i ‘
mcar g
CGz
F o P E
utside ‘ y YInside
< T >
I:NOutsid I:Nlnside

Figure 3.9 Free-body diagram for normal force calculation in rotation about a fixed axis.

An iterative process is taken to determine the maximum cornering speed of the vehi¢le. First
conservative speed is assumed trdlaterabceleration is calculated based on the longitudinal speed
and the radius of the corner on the tradth Equation3.10.

A — (3.10)
Equation3.10 Lateral acceleration calculatian

The normal force on each of the four tires is calculatedssuming all of the moments and forces of the
vehicle are balanced and solving for the reactions at eacfitigecalculation for theormal forces on
each tirds given byEquation3.11- Equation3.14.

z z oz z z

o) (3.11)

Equation3.11 Front inside tire wrmal force calculation under lateral acceleration.

z z z z z

o) (3.12)

Equation3.12 Front outside tire normal force calculation undatdral acceleration.

z z oz z z

o) (3.13)

Equation3.13 Rearinside tire normal force calculation under lateral acceleration.
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o) (3.14)

Equation3.14 Rear ouside tire normal force calculation under lateral acceleration.
whereY  and”Y  arethe fontand reatrack widtls.

The speed is iteratively increased untike of two things occur:

1. The normal force mone of the tires becomes less than or etpu@l
2. The maximum lateral force calculated wikuation3.15is less thamo z &

" ¢ z0 O O O (3.15)
Equation3.15 Maximum lateral force calculation

The speed at which one of the two criteria are met deterrntireraximum corering speed. The
maximum cornering speed is set as the vehicle speed foistaaakof the corner.

3.3Assumptions
Assumptiongnadein the track simulatioare developed to keepé basic model representative while
simplifying the calculations and makirggmore usable tool. The assumpsi@re as follows

1. QSS, the vehicle dynamics are calculated as stetady values, no transients are calculated

2. Constant coefficient of friction , of 1.5 between the tires and tigeoundbased on the
assumption of a maxi mum.of 1.5g6s of | ateral a

3. Thetires are always in full contact with the groamdiarenot slipping.

4. If thelongitudinalforceat the wheels is greater thdretnormal force multiplied by the
coefficient of fiction, then the resliftg longitudinal forcds taken aghe normal force multiplied
by the coefficient of friction.

5. Thevehiclecanachieve lateral forces as well as longitudinal foreb#e cornering This
assumption takes the #fAtract iTheassumptienliseldetoa nd ma k
|l ack of data to pr2ddict the Atraction circleo.

6. Whenthe vehicle isn a straight,h e dr i v e r -b & si@sirol &w[Z2b Bhe accelerator
is eitherfully pressed othe brakas fully pressed

7. When the vehicle is in a corner, where there is a maximum sstagyvelocity the vehicle can
achieve, the driver will accelerate until the madimcorneringvelocity is achievedand held
constanuntil the exit of the cornenr it is necessarip braketo achieve the maximum velocity of
the next corner

This simulation takes into account only thenamicsof the vehicle and does not take into@autthe
energy or power limits due to the batterieheSimscapé/ehicle modelas discussed i@hapter 4was
developed to refine the model and understand the limitations of the vehicle due to energy and power
capabilities.

3.40utput
The track simulatiomutputs the velocity as a function of tirmeen inFigure3.10.

15



ED T T T T T T T
18 Iu] |
16 | j I.!I| 7
4r | |i|| 1'|| d J 1 11 I'II | ,'I_
o il 1 il u Al f L { {
E 12 || |1 | |'1 |ﬂ| ﬂ | _.1 I|1| | | | Ir'. 1 I ] |,- || I | | ,1 II] Inll |1 | I
- I | i | [ ' | | | { .'I i f
gor [P L R W
= | {10 f | L
o L |1 |- ||I!| { T J |
> Wy (Il
6| : :
4t -
2 ?' T
D i i i i i i i
0 10 20 30 40 50 G0 7o 80
Time (s)

Figure 3.10 Velacity as a function of time for oap of the 2015 Formula SAE Michigantocrosstrack, output from th@rack
Smulation

The velocitytime trace generateby the Track Simulation igput into theSimscape Vehicle modeh

flow diagram inFigure3.11 describes the process
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Figure 3.11 Data flow diagram of vehicle simulatians

The Track Simulator takes a track and vehicle parameters as inputs and outputs velocity as a function of
time. The Driver Controls Code takes the velaotitye data and creates cesponding driver controls as
a function of time D(t)). The velocityand driver controlsbothas a function of timeare input into the

Simscapé/ehicle model.

3.5Driver Controls Code
The velocitytime trace output from the Trackn8ulation isinput into theDriver Controls CodeThe

driver controls are created based on anebue to the QSSand bangbang assumptionshere are no
transientsandthe car changes from full acceleration to full deceleration over one time stk Bre
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determined from a@eration changes. If the acceleration changes from a positive value or zero to a

negative value, a brake event is recorded. If the acceleration changes from a negative or zero value to a
positive valie, an acceleration event is recordeidally, if the &celeration changes from a positive or
negative value to a value of zeeocornering event is recorded. Event changes are marked with red circles
in Figure3.12.
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Figure 3.12 Velocity as a functio of timefor beginning of Formula SAE Michigan 2015 autocross Taith event changes
marked in red circles

1. Green lineFull acceleration

From the three different eventhyeedifferent driver controlare determinednd shown irfFigure3.13.
2. Red line:Full braking

3. Yellow Line: Constant velocity cornering.
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Velocity (m/s)

Figure 3.13 Velocity as a function of tinfer beginning of Formula SAE Michigan 2015 autocross Tiatkred to identify

Accelerator and brake pedal driver controls are created correspondizud tof the three sections,
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different driver control sections

accelerationbraking, and constant velocisgen inFigure3.14.

100

80

60

40

Accelerator Pedal (%)

100

10 12

14

80

60

Brake Pedal (%)

201

8
Time (s)

10 12

14

Figure 3.14 Driver control signals for beginning dformula SAE Michigan 2015 autocroBgack
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The driver controls created in tBgiver Controls Code are input to tBémscapeé/ehicle simulation. The
driver control signals are created as a starting point for the driver beninathe Simscapé/ehicle

model and are adjusted throughout the simulation, as discussed in 4e¢tidre Track Simulation
assumes the tires do not slipe Simscape/ehicle model allows for tire slip. Due to the lack of a traction
control system, @ansiderations are taken ¢énsure th&imscape/ehicle model does not spin or lock the
tires. During acceleration evertee driver acceleratiopedalsignal is seto 80% of the full pedal
depressionT he value of 80% allows the vehicle to start accelerating without spinning the tires. During
braking events thibrakepedalsignal is set to 90% of the full pedal depressidre value of 90% allows
the vehicle to stardecelerating without locking the brakes. Finally, during constant velocity cornering
events the accelation pedal signal is set to%8 The Track Simulatioassumes the vehicle forcezisro
while cornering, allowing foa constant velocity. To overcontire forces oherodynamic drag and

rolling resistance, as shownkguation3.3 above, the drive force must be a positive value. The velocity
and driver signals asfanction of time are output from the Driver Controls Code and input into the
Simscapé/ehicle model.
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4. Simscapé&/ehicle Model

TheSimscape/ehicle model wa built usingohysicatbased modelingl'he use ophysicatbased
modelingis inherently based ienergy,modelingthevehicle system to understand the power flow
throughout the vehicle naturallgndsitself to physics modeling?hysicalbased modelings intuitive to
learn becausmodeling involves connectinghysical componentsithin a network.The model

developed in this thesis will darther developed bthe undergraduattudentsworking on thevT FSAE
team. The use gfhysicalbased modelingg much easier for students to concepagatather than looking
at transfer functions and matiatcs Understanding of the electric powertrain vehicle is only possible if
multiple domains are connected #ébiger.Physicalbased modelingllowsfor easy interaction between
electrical, thermal and mechanical systems.

A simple conceptual diagram of t&émscape/ehicle modeis dsplayed inFigure4.1. The inputs tdahe
Simscapé/ehicle model are tabulated Trable4.1. The inputs include a goal velocity from the Track
Simulation, and driver controls corresponding to the goal velocity. The parameters usesiinsitegpe
Vehicle model are broken down by subsystasshown in Appendix B. The outputs from the model are
the state variables, including simulated vehicle velocity, baBttieof-Charge battery temperatuyetc.

Table4.1 Simscapé&/ehicle modelriputs

Input | Units | Source Description
tsV m/s Track Simulation Goal vehicle velocity
tsG 1 Driver Controls Code | Driver Accelerator Signal
tsB 1 Driver Controls Code | Driver Brake Signal
tsS 1 Driver Controls Code | Driver Steering Signal
Vehicle Parameters
@ (m, CG. Battery Parameters
Inputs: fromTrack Simulation Outputs: State Variables
(Vgoa, Driver Signaly Simscapé/ehicle (Vsim SOC, T)

—) Model —)

Figure 4.1 Conceptual diagram of Simscape model showing inputs, and examples of outputs and parameters.

The overallSimscapé/ehicle model is shown iRigure4.2 andis broken dwn into subsystems for
organizatiorand modularitySubsystems allow for multiple components to be worked on simultaneously
without interfering with each otheAdditionally, subsystems can be independently tested and validated
then implemented back intbe overall vehicle model.
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Figure 4.2 Overall Simscap&/ehiclemodel

4.1TrackSubsystem
TheTrack Subsystem is used as the input to the sitiaul. The structure of the subsysteam beseen in
Figure4.3. The walues oftsV, tsG, tsBandtsS,taken from the MATLAB base workspaa@ge timeseries
data types generated from the Driver Colst@ode describechiChapter 3The signatsVis the goal
vehicle velocity over time throughout the track in m/s. The sitptais theacceleratopedaldriver
signal which is a value from 0 to 1, representing the amounatieleratopedal is depressed.
SubsequentlytsBis the Brakgpedal driversignal which is also a value from 0 to 1, representing the
amount the brake pedal is depressed.|§ingsSis the steeringlriver signal, currently with this version
of theSimscape/ehicle model only longitudinal dynamiesemodeledthis signal is 0 at all timendis
included in themodel for future development. Forore understanding of how the input signals are
generated, refer tGhapter 3.
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Figure 4.3 Track Subsyste: Track velocity and driver control signdlsput into theSimscapé&/ehiclemodel

4.2Driver Subsystem
The driver subsystem is structured to allow for future overall vehicle validdtienstructure allos/for
test data from recordettiver controls and Jdcle velocity to be implemendeinto the model to compare
test data to the simulation dakagure4.4 shows the overall structure of the subsystem, the driver signals
and trak velocity are currently frorsimulationmodels but can be substituted with vehicle test data.

Accelerator

Driver Signal ————{_ 1 )
@ W Brake Driver Signal

Driver Signals

Steering Angle
L1} I Vehicle Velooty
Vehicle Velodty Square Error f—— | I:l
(2} p{ Track Velocity Error

Track Velocity

Diriver Correction

Figure 4.4 Driver Subsystem: Driver signals, track velocity and simulated vehicle velocity Agjusted driver signalsand
square erroroutput

FigureA5s hows how t he dr i ereontrok thelangitsdina aynainidsrof the eedec
and is constructed with two proportional integral @lhtrolless, one for acceleration and one for
braking.

The input into tle driver is the desired vehicle velocity based on the overall vehicle goals for a certain
track, and the current simulated vehicle velocity. The error between the desired velocity and the current
velocity are computed and input into the PI controllerseBam the derivative of the goal velocity,
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whether greater or less th&h2 m/s”2 either the accelerator or brake PI controller will be activated. The
0.2 m/s"2 value is because the vehicle may be decelerating slightly in a corner, but the drieedstibn
be on the accelerator pedal.
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Square E
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Vehicle Velocity Square Error

Transport Accelerator
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Brake Switch
Derivative Accel or Brake Brake Signal Add1 Brake Saturation

Brake Steering Angle

Drnver Signal

Figure 4.5 Driver Model: Two PI controllers control accelerator and brake pedal driver controls.

Whenthe vehicle is acceleratinthe acceleratgpedalsignalis initial set at80%from the Driver Controls
Code Theacceleratocontrolle adjuss the pedal percentage to attempt to achieve the desired vehicle
velocity. If the accelerator pedal is initially set to 100% the vehicle has a chance of spinning tidé&res.
Simscape Vehicle modilcks traction control logiclf thetires of thevehicle were to spin, the driver
controllerwould only attempto increase the pedal depressiatting the initial pedal depression below
100% helps keep the tires from spinnikighen the vehicle is drivinthrough a corner at constant
velocity, the accelerator imitially set to 30%0 overcomeadragforces Similarly to the accelerator pedal,
while the vehtle is decelerating the brake signal is initially &e90%.If the bréke pedal is initially set to
100% the vehicle has a chance of locking the wheels, and subsequently attempts to increase the brake
pedal depression. Wheel lock and tire spin are described furtbection 4.3. Saturation blocks are
implemented in the sinfation to only allow brake and accelerator pedals to be values from The 1.
driver model has an assertion block implemented in i&.aBisertion block isicludedto evaluate the
design against the goal. If the square error becomes larger than Webédlequareerror at any point
throughout a simulation run, an error occlise assertion is included to more efficiently allow &or
optimization loop was to be placed around$imscape/ehicle model. The assertion wilaluate a
design throughout a simulation run and st simulation from completinifja design does naheet the
goal

4.3Tires
The tires convert the rotational motion from the powertrain to translational motion of the vehicle. The tire
models are impoant because the reference of the simulation is the translational velocity of the vehicle.
The ire modelsin the Simscapé/ehicle model are standa8imscapélocks which employ the Packf
magic formulaas seen ifrigure4.6.
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Figure 4.6 Tire Subsysta: Standard SimDriveline componentymal forceand torque input, slip and translational force
output

TheSimscapélock takes in the normal force on the tired calculates the longitudinf@rce using the
magic formulaEquatiord.1 [23].

"0 "0z0zO0EdzdOi odBdE) 0z 62°Q Oi ©odGB X (4.1)
Equation4.1 Pacejka magic formula for longitudinal force of a tire

whereFx is the longitudinal force of the tiréyis the rormal force on the tire3, C, D andE arethe
magic formulacoefficients andkis the slip ratio calculated yquation4.2 [6].

Equation4.2 Slip ratio calculation

whererrie is the rolling radius of the tire; is theangularvelocity of the tire, and is the longitudinal
velocity of the vehicle. Ithe tire is in perfect contact with the groumgulting in no slipping 2]

w therefore the slip ratiok = 0. Wheel spin occurs when therque applied is greater than the maximum
longitudinal force the tire is capable of sustainicaysing 21 | w,andQ 1 Wheel lock

occurs wherthe brake force causes T, thereforek = -1.

The VT FSAE team use8.0/18.010 LCO Hoosier41100tires The VT FSAE team is part of a tire test
consortium, through this partnershipalspan has tested the tires on their test machine. Data from

Calspan was used to develop the mdgimula coefficientsB, C,andE. Due to the privacy agreement
between the Virginia Tech Motorsports team and Calspan, no results are displayed in thiEhbesiss

are tested at many different inflation pressures, inclination angles, and normal loading. For the purpose of
this sSmulation, the inflation pressure isonstant at 88Pa (12 psipndthe inclination angle is®0To

obtain a single value for éaof the coefficientstest data from normabhding of667to 1110 N {50 to

250 Ibs)was normalized by the respective normal loading coefficient of frictiof24] usingEquation

4.3.

o — (4.3)
Equation4.3 Normalized longitudinal force calculation

Threedatasets, with normal force 667 N, 890 N and110 N were normalizeaind combinedesulting
in Figure4.7.
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Figure 4.7 Normalized longitudinal force as a function of slip ratio

Curvefitting on the normalized datasingEquatiorn4.4 was performed to obtain tiig C, andE
coefficients of the magic formula.

& OEdzAOAQGAD 0z 6z0v AOADBAD (4.4)
Equation4.4 Equation used to determine magic formula coefficients of empirical data.

The resulting curve fit is shown Figure4.8. The fit shows a negative biasthe residuals. The negative

bias is due to the tire having a larger peak longitudinal force for braking than for acceleration. The model
applied to the tiradata assumdse tire has symmetric performance under braking and acceleration. The
Signatto-Noise Ratio (SNR) for the data22. The large amount of noise in the data is due to the

variation in normal load when testing. Future refinement of the tirehi@eeeded.
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Figure 4.8 Normalized longitudinal force as a function of slip ratio and Pacejka magic formula curve fit

TheD coefficient relates to theeak of the longitudinal force curve and dependthegoefficient of
friction between thdéiresand the road. The coefficient of friction varies from surface to surfacis and
currently unknown to the Vieam. Avalue of 1.5 waassumedor D.

The tiremodel was evaluated agaimfferent datasets, as seerFigure4.9.
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Figure 4.9 Longitudinal force as a functioof slip ratio for three normabadings, andPacejka magic formula fit.
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The tire longitudinal force can be represented as a surface versus normal force and slip ratio as seen in
Figure4.10.

Figure4.10Tire longitudinal force versus normal loading and slip ratio

The coefficient of friction of the tires should be tested to improve the accuracymfetadl model.
Having coefficient of friction data for the tires will allow the team to understagximum accelerations
the vehicle can achieve.
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4.4Brakes

The brake subsysteaonverts the brake driver control into a braking force on the vehicles aeeh in
Figure4.11.
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@ C Simscape Fedal<
|Heat FSAE_Brake R {3
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Formula SAE Brake

Model
Heat
> Ambient Brake Temp » [:
Ambient Brake Thermal Model Brake Temp

Figure4.11 Brake $Sibsystem: Bver controlsconverted into a force on the brake rotor and heat is generated from brakes

The signal from the driver is input into the subsystem and converted to a pbigried The brake signal
is a valudrom 0 to 1lcorresponding to 0 to 100% pedal depresdiaide the custom made brake
Simscap#lock, the percent of pedal pressed is converted linearly into an amount of fotoe lomake
rotor from the calipewith Equation4.5.

O 0ix0 (4.5)
Equation4.5 Front brake caliper clamping force calculation

wheretsBis the brake signal, arf€kuaxsrakeis the maximum force of the froogliper.Thefront brake
torque is calculated bquation 4.6.

t "0 2 2 z{ Qe (4.6)
Equatian 4.6 Front krake torque calculation

where' is the coefficient of friction between the front brake padsratuts,i is the
effective radius of the front brakesnd sign¢) is the direction of angular velocitihe coefficient of
friction between the brake pad and the brake rotor, as well as the effective radius where Hwts@nee
parametersbtained fron specifications of the 2012 VHSAE combustiorvehicle VTM12c.

Thebrakemodelallows for heat generation from the brakes. The kinetic energy of the vehicle is turned
into heat energyasdescribedhroughEquation4.7.
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0 0 t 1 (4.7)
Equation4.7 Front krake temperature calculation

The heat generated from the brakemput into alumped capacityhermal model of the brak as seen in

Figure4.12 andEquatior4.8.
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Figure 4.12 BrakeThermal Modd: Heat input from brake model temperature calculated from lumped capacity.model

z

_ (4.8)

Equation4.8 Brake temperature calculation

The brake temperature is important becahsecoefficient of friction between the rotors and the brake
pads change with temperaturegake pads are mosffective atdesigned operating temperatsiria future
iterations of the&simscapé/ehicle modethe temperature calculateduldbe input back into the brake
model to understand how biag performancehangs throughout a race.
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4.5Aero
The aero subsyasm calculates the aerodynamic forces on the vehicle. The layout of the aero subsystem is
shown inFigure4.13.
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Figure 4.13 Aero SibsystemAerodynamic forces calculated and applied to the chassis.
The lift and drag forces are calculated vwiuation4.9 andEquation4.10.
"0 -2§ 29 27z ( (4.9)
Equation4.9 Aerodynamic lift force calculation
"0 —28 2 272 (4.10)
Equation4.10 Aerodynamic drag force calculation

whereC_andCp are aerodynamic lift and drag coefficignisspectively A is the frontal area of the
vehicle,} is the density of air, andx is the longitudinal velocity of the vehicle. The aerodynamic
coefficients and frontal area are estimated values based on a computatidréyriluinics model of the
2016VT combustion carVTM16c, without any wings odiffuser on the vehicle.
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4.6Chassis
The chassis subsystem connects the other subsystems together and calculates the normal force on each
tire. The chassis subsystem layout is showFigure4.14. The topleft section is connecting the
mechanical rotation components for each corner to the chassis, for example the brakesrighte top
section is connecting the mechaai translation components to the chassis. The lower section is
calculating the longitudinal load transfer.
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LRR RRT
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Power Plant Ao
FR FT
Acoeler stion NFF
Acoeleraton  Front ]
£ : —{>| DownForce  Rear &
oF Mormal Force NFRR

!

Longitudinal Load Transfer

Figure 4.14 ChassisSubsystemConnects vehiclsubsytemand calculates tire normal fordeom longitudinal weight transfer

The normal force on each rear tire is calculated wihatiord.11. Derived fromFigure3.8.

0 T - S (4.11)

Equation4.11 Rear tire normal force calculation

whereF i« is the aerodynamic lift on the overall vehiaheya is the total mass of the vehiclgis the
gravitational constan Gxis the proportion of the weight from front to rearjs the longitudinal
accelerationCG; is the center of gravity height, ahds the wheel base.

The assumptions associated with this calculation are:

1. The aerodynamic lift acts equally on each tire
2. The center of gravity does not move with weight transfer
3. The total mass of the vehicle is involved in weight transfer
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4.7Powertrainsubsystem
The powertrain subsystem was developed as a variant subsystem. Aswargystem in Simulink allows
multiple subsystems to be interchanged by just changing a single variable. The powertrain subsystem was
chosen to be a variagtibsystendue totwo carthe structure of the VFSAE team. Th&T FSAE team
has both combustion and electric poaeervehiclesDespite havinglifferentcomponentstheinteraction
of the powertrains with the other subsystersidenticabs seen iifrigure4.15. Due to the focus of
thesis on the electric vehicle, the combustiowertrain subsystem variantrist to be described in detail
and is only showifior completeness

Cr ) | o
Driver Driveline
! 4
Driver Driveline p
{20 Chassis Ambient p (3 >
Chassis EPT Ambient

Figure 4.15 Powertrain Variant Subsyster@ombustion engine and electpowertrain subsystem variants showing a similar
structure.

The electric powertrain consists obattery subsystem,mttery managemesystem (BMS)a master
controllersubsystemlow voltage subsystemand amotor and invertesubsystenas seen iifrigure4.16.
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Figure 4.16 Electric Powertrain Subsysterimcludes Battery Management System, Battery, Master Controller, Low Voltage, and
Invertor and Motor Subsystems.

Due to the focusf this thesis, Sectiof.8 will be dedicated to the development of the battery subsystem
Currently the low voltage subsystem osBrvesa place holder, but will be updated once the prototype
car is running and the power draw of the leoltage system itested andinderstood.
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4.7.1 Battery Management System
TheBattery Management SystgiBMS) monitors, and sets limits to protect the batterieke BMS
measureshe voltage of batteries and seralcurrent limito the master controller as seerfFigure4.17.
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Figure 4.17 Battery Management SystelMeasurements from battesybsystermput and currentlimits outputto the master
controller.

The BMS restricts the closed loop voltage of each battery cell to 2.5 V. The current is calculated by
eqguation.

0o o —% m (4.12)

Equation4.12 BMS maximum discharge current calculation

whereV is thepackvoltage,Sis the number of battery cells in seriBs; is the internal resistance of the
batterypack andl is thebatterycurrent. The value dfsax is output to the master controlléfhe BMS
alsocalculates theharge limits, where limits are set to keep the voltage of each cell below 4.2 V.

The BMS subsystem includes an assertion ferthttery temperature. Similar the assertionsedin the
driver subsystem, if the terapature of the battery exceeds°® an error occurg/hich stops the

simulation
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4.7.2 Master Controller
The Master Controller is usedt@ke in the inputs from the driver and the BMS and send a command to
the inverteras seen ifrigure4.18.

Currentout

P Accelerator
Accelerator

To Workspace

) Brake
Brake [

Discharge Cument Cuments + Curent In -~ Cument Out
Current + ks
T L Inverter

M otor Voltage Remove Current Spikes

h 4

h

Battery Violta ge

(8 )— Acceleration

Mator Voltage | Battery Voltage soc T2 Motor Temp T4
| _ Battery Volta ge
Discharge Limit B i otor Vottage Battery Temp T3 Motor Speed TS
Current Limits Charge Limit Current-
| Brake Current -
P Charge Limit
Braking

Figure 4.18 Master Controller Subsystermputsdriver signals, current limits. Outputsuecrent commaneld to inverter.

The master cdroller linearly converts thenput from the driver controller it a current command from O
to 55 amps which is thecurrentlimit of the inverta. The controllecompares the driver commanded
signal to the BMS current limit. If the commanded signakr&ater than thBMS currentlimit, the
Master Controller outputs the current limited signal to the inveteseen ifcquatiord.13.
0 0 0 0
0 o 0 0 (4.13)

Equation4.13 Master controller current limit logic

The master controlldollows acalculation similar tdequation4.13 with charge limitsas well Due to the
lack ofdata on charging the batteriesmiddt he t ea mbés | abcakingalforitnms,dhe madelat i v e
does not simulate regenerative braking.

Battay Stateof-Charge(SOQ), battery temperature, steering signal, motor speed and motor temperature
are also inputs intde master controller, armirrently do not affect the output. These inputs are included
for future development of the mod@&lhe mastecontroller on the actual vehicle has the capability to

make changes due tioese factorsThe current iteration of the controller code does not utilize these
capabilities.

4.7.3 Motor and Inverter Subsystem
Due to the scaling of theimscapé/ehiclemodel the mtor and inverter are modeled togethigne
physical motoon the FSAE vehicle is a thrghase AC motorDue to he lack of data on the motdhe
complex nature of the inverter algorithnasid the high frequency switching of the ineertthe system is
modeled as ®C motor Figure4.19 shows the overall Motor Inverter subsystem
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Figure 4.19 Motor/Inverter Subsystem: Acts as a DC motor and current source.
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Figure4.20is the subsystenmside the red box dfigure4.19 and shows the architectureside the
inverter.The commanded current from the master controller is input to the motor power.
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Figure 4.20 Invertersubsystem: Current command input, motor power, and battery current calculated.

The subsystem in the red boxHigure4.20is expandedh Figure4.21. To power the motor, the
commanded current from the controllethginputto acurrent sourceThe voltage from theditery is
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used as the input towltage sourceThemotor voltage, which changes with motor speganeasured
and outputo calculate motopower.

Cj::lﬂommller
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——— Electrical Reference

[—E:]Eattery‘u'ultage [_'_:DMDID{ Vaoltage

Figure 4.21 Motor Power Commanded current and battery voltage input, motor voltage output

The inverter subsystesimulates a pulse width modulateidnal. To obtain the current drawn from the
battey, and assuming no energy is stored in the inverterservation of energyg utilized Equatiorn4.14

is used to calculate the current drawn from the battaridss representative of the subsystem in the blue
box inFigure4.20.

z

0 - (4.14)

z
Equation4.14 Battery current calculation, used to convert motor power to battery current draw.

whereO is the current drawn from the battery, is the inverteefficiency, @ is the
motor voltage,;O is the commanded current to the motor, énd is the battery voltage. The
value of- is 1, and is in place for whemesting on the inverter is completed.

The value ofO is input into thebatterycurrentdrawsubsystem seen Figure4.22 which is the
subsystem in the green boxRigure4.20.
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Figure 4.22 Battery Current DrawBattery current calculated input to current source.

The motorSimscapélock, as seen ifrigure4.23is a custom made block.
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Figure 4.23 Motor custonSimscapélock: Smulates a DC motor with hegeneration and efficiency.

The motor was created to simulate a simplified version of the motor the FSAE team isutiiegl by
Equatiord.15 andEquation4.16.

t 0z0 z- (4.15)
Equation4.15 Motor torque calculation
1 0Z® (4.16)
Equation4.16 Motor rotational velocity calculation

whereUis the motor torge, ¥ is theanguar velocity, K is themotor constant, antlis the motor
efficiency. The parameters for the mot@hown in Appendix Bire from thedata sheet on the motor as
seen in Appendix D. The motor efficienisybased on the rotational spesd torque The energy from
theefficiency Iess is heat generation basediruation4.17.

0 0 0 zw z p - (4.17)

Equation4.17 Motor heat generation calculation
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The motor thermal subsystem is showirigure4.24.
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Figure 4.24 Motor Thermal ModelPower from efficiency loss igput as heat. Temperatureseasuredt various points

Power from the effiency loss from the motor is input into the subsystem as a heat source. Simple

lumped mass systems are used to represent the heat flow through the motor. An assertion is placed on the
internal temperature of the motor. This assertion block is put in mameluate the design. If the internal
temperature of the motor becomes larger than the allowable maximum temperature at any point
throughout a simulation run, an error occst@ping the simulatiorThe assertion will stop the

simulation from completingvhen exceeding constraint, and the design will be rejected. All parameters

in the motor thermal subsystem model are assumed valueg2fBpor estimated from motor CAD

models.

As described in the future considerations sedticChapter 9once overall system data is obtainihe
decision of modeling the inverter and motor together will be reevaluated.

4.8Battery
The batteries modedan this thesis i based o0AESC E5 batteries from a first generation Nissan Leaf
Thebatteriesare LiMnyO4 cells with33.1Ah capacity and nominadoltage of3.8 V [26]. When a step
input of current is drawn from the battery, the voltage across the battery terminals looks siRidardo
4.25. From this pulse response the dominant mechanics of the battery can be deduced.
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Figure 4.25 Typical battery voltage reaction to currienput.

4.8.1 Equivalent Circuit
The equivalenelectrical model of a lithiuaon batteryis depicted irFigure4.26.

R1 R2 Rn

Em

(D
U

C1 c2 Cn

@]

Figure 4.26 Equivalent electrical circuit ba lithiumrion battery.

The equivalent model consists of gpenloop voltage,Em a series réstanceRy,andn RC branches.
[2,1517]
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4.8.2 Mathematical Representation
From the electrical equivalent circuit the mathematical representation loditieeycan be written.
Equatiord.18 is the generiequation for a circuit with n RC branch§a7]

@ 6 04 t— t—8 t — CzY (4.18)
Equation4.18 Generic diferential equation for lithiumion battery with n RC branches

whereVeatery is the terminal voltage of the batteBmis theopenrloop voltage. The quantitgVe/dt is
the changén voltage across capacitGr. I(t) is the current as a function of time, drds the series
resistancel} is the time constant determined Bguation4.19.

t Y 26 (4.19)
Equation4.19 Time constant calculation

4.8.3 RC branch determination
To determine thaumberof RC branches to capture the necessary dyndfgjoation4.18 was solved for
I = 0 and is shown iEquation4.20.
@ O wp zQ w zQ 8 wezQ (4.20)
Equation4.20 Solution to Equation 4.2 when | = 0

Curve fitting on therelaxationphase of the pulsed battesnenl = 0 with Equation4.20 was performed
Both high and lowstatesof-chargewere examineds seen ifrigure4.27 andFigure4.28, respectively.

At high SOC all models give a good fit of the data, but as outlimeed the addition of the RC branches
allows for quicker dynamics to be captured.
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Figure 4.27 High Stateof-ChargeRCbranchcurvefit comparison

40



018
016
014 - Test Data
——1RC Branch
—2RC Branches
012 —3RC Branches |
=
w 01 1
o]
3
=]
= 008 .
0.06 7
0.04 7
0.02 .
D -I 1 1 1 1 1 1 1 1 ]
0 200 400 600 8OO 1000 1200 1400 1600

Time (s)
Figure 4.28 Low Stateof-ChargeRC branch curvetfcomparison

1 RC brancldoes nosufficiently represent the cunag both high and lowtatesof-charge The solution
betweer and 2RC branchesre very similawith R? values 0f0.9943and 0.9997or 3 RC braches at
high and lowstatesof-chargeand0.9935and0.9995for 2 RC branches at high and letatesof-charge
respectively The solutions to the time constant valfmshigh and lowstatesof-chargeareshown in
Table4.2 andTable4.3.

Table4.2 High Stateof-Chargetime constants for different RC branch curve fits

RC Branches | Time Constant {s) | Time Constant Zs) | Time Constant 8s)
1 100 N/A N/A
2 33 161 N/A
3 9 72 336

Table4.3 Low Stateof-Chargetime ®nstants fodifferent RC branch curve fits

RC Branches | Time Constant {s) | Time Constant Zs) | Time Constant 3s)
1 518 N/A N/A

2 96 1072 N/A

3 43 181 1569

The addition of the third time constant increases the complexity of the battery model. The third time
constant does not significantly increase the fit to the datm¢Rease of 0.008) herefore, 2 RC branches
sufficiently represent the battery data without adding the extra eaitpbf additional parameters.
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4.8.4 Modeling detalil
The battery model implemertén the overall vehicle model is shownRigure4.29. Voltage, current,
SOC and battery temperature are all output to the BMS.
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Figure 4.29 Battery Subsystem:u@puts voltage, current, SOC, and battery terapureto BMS

The VTM16evehiclehasa nominabattery pack voltage of 91.2 With 24 battery cells in seriel the
Simscapé/ehicle model the battery subsystem is modeled as a singlgitteiominally 91.2 V and
66.2 Ah. The battery subsystem is modetedda single cell, rather than 24 cdtssimplify the
simulation.

A single representative model of the battery cellséatad through this thesiSonnecting 24 separate
butfidenticab cells in series, is electrically equivalent to 1 cell with 24 times the voltage. By
approximating the battery pack as one higher voltage cell the simulation is simplifeecnodel with 1

cell takes approximately 11 minutes to simulate a full endurance run, where the model with 24 cells takes
approximately 38 minute3he analysis with 24 cells can be seen in Appendixhe.tivo modelyield

the similarresultsdue to all 24 cells having ¢hsame battery parameter valuésariation between the

cells was modeled, the two methods would yield different results.

To obtain the overall parameters of the pack, the cell voltages and resistances were multiplied by 24 and
the capacitances werévidied by 24.

The battery was modeled with apenloop voltage, two RC branches, and a series resistance as seen in
Figure4.30. The parameter values femvary only with SOC, the parameter values Rayvary with SOC

and temperaturend the parameter values fy; R, Ci, andC; all change with SOC, temperature and
current.[2,1517]
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Figure 4.30 Sngle Cell ofbattery subsysterapmponerst parameters artunctiors of SOC, temperature, and current.

Each componernis created with custorSimscapélocks. TheSimscapeustom blocksnodel the basic
electrical equations of the components hade inputs of SOGemperature, and cuemt. The capacitors
C1 andC; are represented yguationd.21.

@O —2_ 00 Qo (4.21)

Equation4.21 Voltage across a capacitovith capacitance as a function of StateCharge, temperature, and current.
The resistor&; andR; are represented guationd.22.
WO 0O YYD BYO (4.22)
Equation4.22 Voltage across a resistavith resistance as a function of StatieCharge, temperature, and current.
The resistolR, is represeted byEquationd.23,
WO 0O z'Y "YU BY (4.23)
Equation4.23 Voltage across a resistor with resistance as a function of-8fa@harge, and temperature.

The components utiliz&-D lookup &bles to determine the C andRrameterbecause thegre a

function of SOC, temperature and curreAt3D lookup table for each of the components was developed
through extensive testing of the battedssseen in Baper 5 The resistor components also output a
power value calculated yquationd.24.

00 © z'YTYOIBY ) (4.24)
Equation4.24 Power calculation, used to calculate heat generated from resistance

Thepower loss from the resistor components is input itteemal model of the battergeen inFigure
4.31.
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Figure 4.31 Battery thermal modeHeat flow from resistance

The thermal model is a lymad capacity model of the entire-2dll battery pack. On théTM16e
prototype vehicle the batteries are packaged in two battery boxes. The battery thermal model is created to

estimate the temperature of a single battery box. The specific heat of the batteries was estimated from
[18].

Additionally, the current used in the paramdtark up tabless the previous curremtrawn from the
overall batteryThis assumptiois usedbecause the curreistswitched off to determine the transient
parameters, therefore the curreatzero when the paranmests ae being determied, but theurrent
previously drawn from the battery classifies the parametensggered subsystem holds tlaest nonzero
current value beforthe current drops to zero is used in $imscapé/ehicle model

44



5. Battery Test
Batteriesparametersre a function of temperatyraurrent drawand SOCJ[16]. To fully encapsulate the
performance of the batteries under workiogditions a series of tests was conductecxtract the
parameters of thegaivalent circuit modelEach teshad afixed temperature and load, allavg two of
the three independent variables to be held constaet batteries were discharged throughout each test
thereforethe SOC was changing. Fixing two independent variadsidschanging one changes the
problem fromathreefactor desigrio a onefactor design

5.1Battery Test setup
The test setup was restricted by two main factors

1. The batteriebeing tested were housed in modules of two batteries in series and two batteries i
parallel as seen iRigure5.1.

)

Figure 5.1 Electrical £hematic of battery layout inside battery module. Two batteries in parallel and two in series

With two cells in paallel, the capacity of each cell effectively doubles from a 33.1 Ah batter$€?2

Ah battery. Each celsimodetd as a single 66.2 Ah battery. Approximating the two parallel cells to be
one cell with higher capacigjoes not allow for the current betan the two parallel cells to kaown
Considering hovthe battery moduleare packagedhis approximations necessary to congpe the

testing without disassembtirthe batteriesThe choice to not dissemble the batteriesastributedto the
necessit of the Virginia Tech FSAEeam using the batteries on MEM16e prototype vehicle and
possibly he VTM17ecompetition vehicle.

2. The BMSwas used to monit@and log the temperature, voltage and curretihh@batteriesin
order to operate, the BMS neddsmonitor a minimum of 4 cells in series.
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Due torestrictiors 1 and 2each testvas conductewith two modules connected in serg=en inFigure
5.2.

Figure 5.2 Battery configuratiorof physical batteries

The test setuponfiguration equates to two batteries in parallel and 4 batteries in series.

Due to restriction 1, only the batteries in series could be orewitand characterized. Each cell discussed
throughout the remainder of this thesis is in reference to a2eABecell. In the real battery pack the one
66.2 Ah cell modeled isvo 331 Ah cells in parallel This is depicteéh Figure5.3 andFigure5.4.
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Figure 5.3 Battery moel representation of physical batteries with two 33.1 Ah batteries in parallébanth series
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Figure 5.4 Battery model representation of simulation model and measurable quantitigewri@®.2 Ah batteries in series

Cellsin the battery pack wergharged to approximately 4.2 V making an ovepaltk voltage of
approximatelyl6.8 Vfor each testDuring testing cells were discharged until an individual cefltage
reached.5 V closed loop.

Through the tests, 5 different values of current, 35, 100, 200, 300, ardwWéxE tested at three diffant
temperatures, 22, 30 and 2D. Tests were initiallyconducted at ZZ and 35A to confirm the procedyre
thenwere progressely increasedio higher amperageand temperatuse

In order to obtaiparameter estimatiora variousstatesof-chargecurrent throughhe batterie was

pulsed. According t&hmed[15] and Jackeyl16], due to the notinearity of the batteries near 100%

SOC and 0% SOGhorter pulses are necessary in these regions to obtain a good approximation of the
battery parameterg.or the top and bottom 20% of SOC 5% of the cell capacity was dischargethin ea
pulse. From 80% to 20% SOC, 10% of the cell capacity was discharged in eackigulssb.5 displays

the uneven distribution of pulses.
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Figure 5.5 Voltage over time of a full discharge test displaying different pulse lengths

Each test had to be completed in its entirety ahedest wastarted, each pulse varied in time by the
amount of current being dravamdcalculated byEquation5.1.

wheretpyiseis the pulse time in secondsapacityis the battery capaciip Ah, | is the nominal test

current inAmps andgsOCis the percent change of SOC. The amount of capacity varied between tests
due to different batteries being tested, as well as variation in wsgideity with different testing

conditions For 400A tests a usable capacity of 50 Ah was ustteizalculdion, for 35A tests a usable

5%

—

-l

2000 4000 6000 8000 10000 12000 14000 16000

Time (s)

0

Equation5.1 Pulse time calculation.

capacity of 55 Ah was used fine calculation

Batteries were charged after each test and allowed to rest for a minimum of 12 hours before the next

discharge test was completed.

Therelaxationtime, defined as the timeshen nocurrent is drawn from the batteafter eaclcurrent
pulse was the majority of the testing time. Thedaxationphase was held until any cell voltage was not
rising more than 0.001 V/min, thi®ltage readingvas determined to be tlopenloop voltage aseen in

Figureb5.6.
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Figure 5.6 Voltage over time aklaxationphase to determine when to start next pulse

The tests were run with the approximated capacity, and were stopped only when the 2.5V limit was
achieved. If a single celtlosedloop voltage reached 2.5 V before the specified time was up, the test was
stopped. If a single celtlosedloop voltage did not reach 2.5 V with all of the regularly scheduled pulses,
5% SOC pulses were continued Uttie 2.5 V limit was reached. The 2.5 V limit was choasitthe

lowest voltage state to ensure not damadtfiregoatteies[26].

Due to the methodology of testing, using resistorgaadurrent from the batterigheload was
constant through each test but terentwas not.The voltage of the batteries decrediss the test was
conductectausing the current to also decreask current values were recorded throughout each test.
Themethodologyof using resistors to draw currédatless than ideal, but duo the lack of resourcesas

the best method available.

5.2Instrumentation
The main da acquisition system used for this test wagiBtandard Size @rion Battery Management
System.The BMScommunicates with a computer through a CAN sighhe CAN messagingroduces
asymmetric sampling. The signal wasngded around 8 Hz. The data wd@wvn-sampled to 1 Hz due to
the resolutiorof the CANmessagetme scale being only 1 secarthere were multiple samples per
second, bt the time stampwerethe same integer value. Due to the dynamics of the fastest transients
seen being on the order of a time constant of 30 seconds this was not of concern.

The BMS monitored the voltageeross each parallel set of thdisat the terminals as seenkigure5.7
andFigure5.8.
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Figure 5.8 Physical battery test with voltage taps on the terminals

The BMS data sheef\ppendix D, states the voltage measurements have a resolution of 0.002V sampled
at 33 Hz. The range of the sensors are0té 5.0V with an error of <0.25%f full scale

TheBMS also monitors the current of the 2 modules in series with the use of a LEM DHAB S/33 current
sensor. This current sensor utilizes two Hall Effect sensors inside of it, edi®ulow amperage

while the other is used for higher amperafjge currert sensor, data sheet shown in Appendiatow
currents (below 73) hasa resolution of 0.1 A andnaccuray of + 0.8 A and at higher amperagess

a resolution of JA and a minimum accuracy of#3 A based on the current. The current sensor is

sampled by the BMStafrequency of 125 Hz.

To measure temperaturethermistorsare conne@d to the BMS. The BMS outputs the temperature
values with a EC resolution. The thermistemwere mounted between the two modaled on the outside
of the modles as seen iRigure5.9.
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Figure 5.9 Battery hermistor layout.

Thermistors 1 and 2 were affixedttte negative terminalsf the battery module§ hermistors 3 and 4
were in between the two modules centered vertically and offset to the front and back as shown.

Unfortunately, there was no data on the thermistor accuracy. Therefore, the 4 thermisttesteeia

an ice water bath and found to have an error of0+*Q, temperatureesultsfor the thermistor are also
availablein Appendix D.

The tests were broken down into two sections

1. Low amperage tesB5 A
2. Highamperage test: 108, 200A, 300A, D0A

5.3Low Amperage Test

The low amperage test consisted aletup of 10esistorsnominallyrated atl g and100W. The
resistors were assembled in a test bank with two in parallel and five in shoes) inFigure5.10. The
measuredesistancef the resistor bank wak43 q .
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Figure 5.10 Low amperage resistor setup. Five parallel branches of twp1Q0W resistors.

The nominal current drawn from the batteries through the resistor test &5k isalculated with
Equation5.2.

8z
8

0 - ow (5.2)

Equation5.2 Current calculation for low amperage test

5.4High Amperage Tests
The high amperage tesbnsisted ofLO resstors rated at 0.§ and 1 kW The resistors were all
assembled in parallel as seerrigure5.11.
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Figure 5.11 High amperage test resistor banken 0.3q 1kW resistors in parallel.

The high amperagest setup allowed for different vakief current to be drawn from the batteries from
500 A to 50 A in ~ 50 A increments dependingtie@ number of resistormnnected in paralléh),
calculated byequation5.3.

0 - % (5.3)

Equation5.3 Current calculation for high amperage test

Thehigh amperage battery characterizatiestsstarted at 100 Aand were increased by 100 A to ensure
the batteries were not damaged. 400 A was &slthe upper limit of testirte batterieshe temperaure
could no longer be kept within a°€ range of the test temperature.
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5.5Temperature variation
The batteries werkested attiree different temperatures, 22, 30°C, and 40°C. The temperaturesere
chosen to represent the operating conditions of the vehicle.

The lowest valug22 °C, is around the lowest value the battesesuldsee during compigion, at the
beginning of the rac& hehighestvalue of 40°C is the highest the bulk temperature of the batteries
should see during competitioDue to the rules of the competition, a battery cell cannot be abdi@ 60
measured at the negative termijgl

Through testingthe negative terminabas seen to heatp much quicker and higher than the bulk battery
temperatureT he terminal temperatures were monitored, but not taken as the bulk temperature of the
battery. The temperatures of tfeeminals were not easy to control, and did not represent the overall
battery temperature.

Throughout the tests the temperature between the cells was kept WEhig of the specified
temperature for each test. The modules were placed inside Styrobogamners to help control the
temperatureA heater and fan were used to modulate the battery temperHbareverall test setup is
shown inFigure5.12.

Figure 5.12 Full high amperage test setup. Styrofoam insulating box around batteries to help with temperature control

Eachcell temperature was not being measutiedctly due to the positioning of the thermistors being on
the outside of the modul&@he monitoring locations allow factual, on vehiclgest datao be
implemented back into the model
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6. Parameter Estimation
Parameter estimation is used to obtainlleesto satisfy the electrical equivaletitcuit for the battery
subsystem. Parameter estimation is accomplished usiogtiamzation processnplemented in
MATLAB.

6.1Battery Virtual Test
The process of parameter estimation is carried oatigh thecomparison betwedest data and a
computer model. A virtual battery test oisanscapenodelrepresenting single cell of the overall
battery pack is performed. The test setup, as sefigime6.1, represents the physical test performed.

=0
Solver Voltage In Terminator
Configuration T
Battery
Controlled Current /f ) » vout
Source | \_'/ T o
| (V) Voltage Sensor To Workspace
A ‘ 4
®—>3sz I >{PS S > 1)
Current_In  — . w— Voltage_Out
Simulink-PS —— Electrical Reference P S-Simulink
Converter - Converter

Figure 6.1 Virtual battery test setup Simscape

The measureducrent from the physical tei theinput into a controlled cuent source in the virtual test
and he voltage acros$fiesimulatedcell is measured. Fdhe parameter estimation, the simulatextage
is compared to theest voltageThe Simulink Design Optimizatiorioolboxis utilized toset up the
optimizationprocess. A functiogeneragd to automatically run tHeimscapemodel with the desired
design variables, scaling, and toleransassed

6.2Data Breakdown and Initial Conditions
Understanding the underlining fundamental physics lakthia problem is essential to solving the
optimization problem. First, tomsiplify the problem, each test broken dowrrom Figure6.2 into
individual pulses as seen ifrigure6.3.
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Figure 6.2 Voltage over time of a full discharge test
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Figure 6.3 Voltage over time of a single discharge pulse

By breaking down the data into single pulsere beconwonlytwo statesof-chargeto be solvedor,
before the pulse and after the pulBke parameter vahis are linearly interpolatdibtween the tw&OC
values. Each pulse moken downiito 3 sectionsEach of the sections providgormation about the
equivalent circuit.

The first parameter estimated is thigerloop voltage,Em Theopenloop voltage is the steaestate
voltage, therefore, the first value before the pulse and the final voltagebedtrethe nextpulse are the
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best estnates of thepenloop voltage.The egimatesfor the operoop voltagesare highlighted byed
circles inFigure6.4. In some pulsethetrue steadystateresponsaevasnot reachedthese values are tyn
used as estimates to obtain an initial solution.
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Figure 6.4 Single discharge pulse witiperrloop voltage estimates highlighted in red circles

The second parameter estimated is the series resisRantlge series resistance is found by examining
the instant voltage drop when the current is switched on orepifesented bthe green lines ifigure
6.5.
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Figure 6.5 Single discharge pulse, voltage drop over the green lines used to estimate series res{stahoep voltage
estimates highlighted in red circles

FromEquation6.1 an estimate oRy is achieved by dividing the change in voltage by the gban
current

Y  Yoryo (6.1)
Equation6.1 Ohms Law, used to find tiseries resistanceoR

Thevoltagerelaxationsection is analyzedext The physics model created followsjuation4.18. As
seen i Chapter 4, twdRC branches sufficiently represent theasured battery respon3ée solution to
Equatiord.18 when the current | = 0 A is representedHmnuation6.2. By curve fitting theedsection of
the curve irFigure6.6t he t wo t ij@e(areestimated.nt s U

o 0d& @ z2'Q ox z'Q (6.2)
Equation6.2 Solution to Equation 4.2 when 1=0, used to curve fit transient section to get estimdtaadd.

whereVl, andVZ, are the initial voltage acrossapacitorsC; andC; in Figure4.26, respectively.
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Figure 6.6 Single discharge pulseroken into three sections: Thed line represents transierglaxationsection used tourve
fit for estimates otd andU. Green lines represent voltage drop used in estimatnigs resistancBo. Red circles represent
openloopvoltage, Em, estimates.

Finally, the remaining blue section Bfgure6.6 represents the transient section whilerent is drawn
from the batteryThe solution ta&Equation4.18 when the current | is constant is represented by

® 0G @ 2Q~ wzQ G Y ? (6.3)

Equation6.3 Solution to Equation 4.2 when current is constant

TheSOCis not constant over the discharge, and the solytgameter values vary with SOCTherefore
Equation6.3 is not used to obtaitme initial values folC; andC; for each of the discharge puls&$e
estimatedzaluesof Em, Ry, (4, andJ are input into the initial parameter estimation to determine a first
solution.

Due to the interdependence betw&emandC;, andR. andC,, only the values of], anddcan be
estimated the individual values Rf, C;, R,, andC;, cannot. Usindequatiord4.19 the capacitance value
can be solved for resulting Bquation6.4.

6 t7IY (6.4)

Equation6.4 Capacitance as a function of resistance and time congtant

By replacingC: andC; in the simulation model witki, (b, R;, andR: valuestwo of the design variables
areremoved anestimated) and(} valuescan be implemented.
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6.30ptimization setupverview
Thereare 2 different stages of the parameter estimation to promote convergence to a global optimal
solution.Table6.1 describes the stages.

Table6.1 Optimization settings famwo progressive stages.

Stage Objective Design Fixed Parametery Objective | Approximate | Scaling/
Function Variables Function | Solving Time | Initial
Tolerance | min/cell conditions

1 Initial Min f(x) = €(X) | R, R Em R U &= le-d 30 R:1 = 0.0004
Pulse Values estimated R>=0.0008
Optimization V1o, V20 =0

2 Final Min f(x) = €(x) | Em, R, Ry, | V1, V2 =0 led 120 Solution
Optimization R, U, U from Stage

1

The objective function for all of the optimizations is minimizing $wenSquara Error (SSE)between
the test voltage and the simulated voltage squared as dequation6.5.

Q w

® 0z7® dw

Equation6.5 Objective function minimizing square error between test and simulated voltages

where X represents tliesign variablesf the simulatiorshown for each case Table6.1.

(6.5)

To solve the optimization problem, the trust region reflective algorithm in MATLAB is used. This
method is similato the trust region algorithm, but is modified for computational speed. In both methods
a region around the current design point is approximated. In the standard trust region algorithm the first
two terms of the Taylor series expansion are used. Imuberegion reflective algorithm a 2D
approximation of the neighbor region is obtained through preconditioned conjugate gradients. The trust
region reflective method creates a two dimensional space defined by the direction of the gradient, and an
approximae GaussNewton direction, or the direction of negative curvature. This method leverages the
guicker convergence of steepdstent when further away frominima, and the quicker convergence of

the Modified Newton method when closerranima. The trust rgion reflectivemethod tends to
converge on local minima, therefore to obtain the best solution to the optimization problem, the multi
stage approach is usdd9]

To encourage the simulation to converge to a global minima, ki@oss from the previous stagee

used ascalng and initial conditions. Ae initial stagaises fewedesign variables to obtain good first
estimates in less tim&he final stage usesdl parameter valuess design variablesThe inclusion of more
despn variables complicasethe optimization problenThestagebased process allows forore directed
convergenc¢o a global minimaThe different stages of the solution are described in detail in the next

sections.

6.4Initial Pulse Optimization
For the inital pulseoptimization(IPO) the design variables@R; andR;, all other parametersea
estimatedand used as fixed valuas seen ifTable6.2.
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Table6.2 Parameer settings for initial pulsemimization

Parameter Type Initial value/Scaling
Em Fixed Estimated Value
Ro Fixed Estimated Value
Ri Design Variable | 0.0004

R> Design Variable | 0.0008

g Fixed Estimated Value

G Fixed Estimated Value
V1o Fixed 0

A2 Fixed 0

This methodology allowthe PO process to complete approximately 3 times faster than includir@ the
andC; values The solutions reached quicker because of better initial conditions and the removal of half
of the design variables.

ThelPOresulted in solutionsimilar toFigure6.7 which displays aolution at 30 C, 300 A arb%
SOC
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Figure 6.7 Voltage over timeanple solution of initiapulseoptimization

The errorbetween the test and simulated is showRifure6.8. The square errosirecorded for each of
the pulsesnd divided by the timas defined b¥quation6.6.

(o R AN— (6.6)

Equation6.6 Error calculation

wherew s the tested battery voltage, is the simulated battery voltage, and is the total pulse
time. The error was divided by the total pulse time to allow for the error of pulses of different length to be
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examinedThe mean square errorrfall thelPO solutionsis 1.9e-4 and the median square errsii8e-5,
the mean SNR for the solutions is 1110.

0.3 77
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Time (s)

Figure 6.8 Percent error between test and simulated voltages from ipitilgleoptimizaton solution

ThelPO solutiongives a good first estimatBue toassuming th&oltage across each capacitdi, and
V2,, are equal to zerfor each pulsgthe estimates &m, R, J andJ may not be accurat&he
assumption of each pulse reaching stestdye causes the error to be negatively bidSigdre6.9 shows
the solution to the IPO for the full battery dischaeg&0°C and 300 A.
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Figure 6.9 Voltage over time of initial pulse solution and test voltage

Figure6.10 shows the mean error over time between the simulated battery voltage and the test data.
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Figure 6.10 Mean error over time of initial pulsgnulation voltage and four tesatteryvoltages
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6.50ther MethodsTested
Many different methods for parameter estimation were investigated. The final methods were chosen for
accuracy of the solution as well as efficien€iis section discusses the methodsstigaed but not
used in the final solution for insight into the problemThe error for each of the methods compared to
the IPO are tabulated ifable6.6 at the end of this section.

6.5.1 Final Puls®ptimization
A final pulse optimization (FPO) was attempted. For the FPO solutiatefiign space included all
variablesEm, R, R, R, 1,add(J, as design variables. All of the design variables were scaled by their
respective solutions and estimates from the IPO as sdabiae6.3.

Table6.3 Parameter settings for final pulse optimization

Parameter Type Initial value/Scaling

Em Design Variable | From IPO

Ro Design Variable | From IPO

Ry Design Variable | From IPO

R> Design Variable | From IPO

Y] Design Variable | From IPO

U Design Variable | From IPO

Vio Fixed Solved from previous section
V2o Fixed Solved from previous section

The values oW1, andVZ, were solved for from theesults of the previous puldg simulating the
solutions from the previous puldgy simulating the previous pulse and obtaining ithigal conditions
for the voltage across each capacitor a better estimaéach individual pulse was obtained

The FPO solution resulted in solutions similaFtgure6.11 which is the same pulse Rigure6.7 of 30
°C 300 A and 65% SOC.
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Figure 6.11 Voltage over time sample solution of final optimization pracess
The mean sum of square error for all testswas1.3e4 and the median sum of square error was-6.8e

Although the FPO solutions to the individual optiatibn pulseseduced the error between the test and
simulation compared tihe IPO solutionsthe overall battery solutions showetreerror.Figure6.12
shows an exmple of an overall discharge.
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Figure 6.12 Full battery test voltage versus simulated battery voltage for final pulse optimization shows largenspitas

The error near the beginning of the test is very low, with peaks around 1% error. Additionally, when the
battery cell is approaching steady state inreh@xationphase the error is very low, showing thpen

loop voltage approximatiorsivery goodAt lower SOCthe error increases. €imcreasing error is due to
how the optimization is setup and how the overall battery model is created from the results.

The way the optimization process svaun, the ending parameter values on one pudse also the
starthg parameter values on the next pulse due to the SOC being the same afigeeadri3.

The pulsesvere decoupled for the optimization processes, causing thengter values to tmeparately
approximated twice for each cell. Once the solution to each individual pulse is obtained, the two values at
each respective SOC for an individual cell are averaged.
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Figure 6.13 Voltage over time of discharge curve with points of similar parameter values highlighted

Error occurs when the parameter valuigsrmbt match as highlighted Figure6.14.
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Figure 6.14 Error between two values estimated at the same SOC cause large errors in ovenglirbattel
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6.5.2 Layered Approach
Due to the drastic changes between the parameter values a layered approach, as diftbis&6§lwas
investigated.

The layered approach breake discharge pulsa®wn into sections sall of the information at a certain
SOC is used for the optimization. The layered approastoveghe discontinuities caused by the pulsed
optimization solutions becausely one value was estimated per SOC. Adversely, the layered approach
complicatedthe optimization process. Firdhere is no natural breaking point for the data. Sections
contain partial segments of data frdme following pulse. Secondlyhere are three different SOC points
per sectiorwith the layered approacs seen ifrigure6.15.
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Figure 6.15 Voltage over time of discharge section used in layered approach optimization

For each section, the values for SOC2 were estimated, ustegtditaatand aroundsOC2. The
parameter values at SOC1 and SOC3 were fixetidypreviously estimated results.

Two levels of the layered optimizati solution were attemptedhitial and finallayered optimizatios.
For the infial layered optimization (ILOR;, R, 1, addJwereused aslesign variableas seen iTable
6.4.

Table6.4 Parameter settings for initial layered optimization

Parameter Type Initial value/Scaling
Em Fixed From FPO
Ry Fixed From FPO
Ri Design Variable | From FPO
R> Design Variable | From FPO
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¢ Design Variable | From FPO
€] Design Variable | From FPO
V1o Fixed Solved from previous section
Voo Fixed Solved from previous section

A solution to the initial layered optimizatiat 30°C, 300 A and 65% SO shown inFigure6.16.
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Figure 6.16 Voltage over time sample solution of initial layered optimization

The mean square error divided by time for all the layered sections wa3 driskthe median square error
was 6.5e4. The error increased from the FPO because the optimization was constoathedging only
one value per parametétigure6.14 shows a situation where the FPO converged on two diffesdnes

at a SOC of around 25%he& FLO is constrained to only one value per SOC. Therefore, the single
solution found by the ILO isome cases has more error than each individual solution to the FPO.

For the final layered optimizatn (FLO) all of the parameters meedesign variables and are shown in
Table6.5.

Table6.5 Parameter settings for final layered optimization

Parameter Type Initial value/Scaling

Em Design Variable | From ILO

Ro Design Varable | From ILO

Ri Design Variable | From ILO

R> Design Variable | From ILO

¢] Design Variable | From ILO

¢] Design Variable | From ILO

V1o Fixed Solved from previous section
Va0 Fixed Solved from previous section
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A solution to the FLGat 30°C, 300 A and 65% SO shown inFigure6.17.
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Figure 6.17 Voltage over time sample solution of final layered optimization

The mean square errfar each of layered sections své.5e5 and the median square erveas 6.7€5.
Table6.6 tabulates the error for the methods discussed.

Table6.6 Error statistics foroptimization solutions

Stage Mean SSE Median SSE SNR
IPO 1.9e4 1.5e5 1110
FPO 1.3e4 6.8e6 1451
ILO 1.5e3 6.5e4 608
FLO 6.5e5 6.7e6 924

The main flaw with the methods testedlige to the imperfect testing procedurbeTour cells for each
teg had different starting voltagesausing the pulses to heslightlydifferentstatesof-charge The
parametevalues wee estimated for each of the celigdthe solutios are thetinearly interpolated to
set SOC breakpoints. Therefohetsolution values are good approximatiohthe individual pulses, but
when inerpolated and used to modaeferall batteryperformance the solutions resulti@mgererror,
especially at low SOTigure6.18 shows the overall battery model obtained from the FarCB0 °C and
300 A As the SOC becomes lower, where battery behavior is less liheatror increase8y breaking
the data down into pulses error from each estimation is propagated through.
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Figure 6.18 Full battery test vltage versus simulated battery voltage for final layered optimization salution

If the battery tests were completed with shorter pulsEsaBSOCas well as having all of the batteries at
the same SOCs and at exactly the SOC break points desiredethptatt methods would have yielded
better results. To overcome the faults in the methods discussed the full battery test data was used to obtain

the best results.

6.6 FinalFullOptimization
For the FinaFull Optimization (FFO) a parameter estimat with the full battery testsi performedAll
the parametersra design variables, as seeMableb.7.

Table6.7 Parameter settings for the final optimization

Parameter Type Initial value/Scaling
Em Design Variable | Solution from IPO
Ro Design Variable | Solution from IPO
Ri Design Variable | Solution from IPO
R> Design Variable | Solution from IPO
€] Design Variable | Solution from IPO
¢] Design Variable | Solution from IPO
V1o Fixed 0

Voo Fixed 0
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The initial voltages across the capacitors was assumed to be 0 V. This assumption is justified because the
batteries were allowed to rest for at least 12 hours before the test was conducted.

The solution from the IPO was used as the initial conditionsealthg for all the design variables in the
FFO. By using the solution from the IPO as the initial conditions for #@, l[global convergence was
obtained.

The solution to one of the battery cells at°®80and 300 A is shown iRigure6.19.

4.2

o8t Test
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267

2.4 ' '
0 5000 10000 15000

Time (s)
Figure 6.19 Voltage over time sample solution final optimization

By plotting the voltage as a function of SOC the discharge sections can be more easily visualized as seen
in Figure6.20 which is at 3CC and 300 A.
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Figure 6.20 Voltage as a function of SOC sample solution final optimization

The overall errobetween the simulated and test voltages are showwigime6.21.
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Figure 6.21 Percent error over time between test and simulated voltages from final optimization solution
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The results of the O with the sane pulse 080 °C, 300 A and 65% SO(S shown inFigure6.22.
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Figure 6.22 Voltage over timefaa magnified solutio to the finafull optimization

Highlighted in red is the error due to the model choice of 2 RC branches rather than 3 RC biEimehes.
error of the magnified solution to thé&® is shown irFigure6.23.
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Figure 6.23 Error over time of magnified solution to the firfall optimization
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The overall square erroras recorded for each of the tests and divided by the amount of time. The mean
square error for all of theHoO solutions i5.3e6 and the median square error is 465&he error for the
FFO is determined to be a good fit, as the uncertainty in the mastrss a maximum of 0.25%.

Table6.8 Error statistics of optimization solutions

Stage Mean SSE Median SSE SNR Used In Final Model
IPO 1.9e4 1.5e5 1110 Yes (Stage 1)
FPO 1.3e4 6.8e6 1451 No

ILO 1.5e3 6.5e4 608 No

FLO 6.5e5 6.7e6 924 No

FFO 6.3e6 4.5e6 1834 Yes (Stage 2)

By using the staged approach of the IPO to solve for a first solution and FFO to obtain the final solution,
the battery cells were able to be characterized with mean S&Bed.

6.7 Results
For each of the fifteen test8 temperatures & current$, four battery cells were discharged. Parameter
estimation was performed on each of the cells for all SOC breakpoints. Each cell did not start at the same
openloop voltage, theefore they did not stadt the same SOC. Additionally, eao#il does not have the
sameusablecapacity.The capacity of the battery cannot be measured directly, the SOC has to be
referenced from the voltage of the battery.

An opertloop voltage of 4.165/ was chosen to be defined as 100% SOC of the batteries. This value was
chosen to prevent damage from over charging the batteries, as well as for the purpose of time. All
batteries were charged and left to relax for at least 12 hours before being didctiasgdlowed ample

time for any time constants to be dissipated.

An operntloop voltage of 3.000 V was chosen as 0% SOC. Again this value was chosen for safety
purposes, the value of 3.000 V allowed for thedsas to be around 2.5 V closkabp undertesting
conditions

A curve fit on the results from three 35 A A2 discharges was performed resultindeguation6.7
shown inFigure6.24. The results from this curve fit are utilized to determine the beginning and ending
SOCs of all of the tests.

W T WOO0 e YOO p@&YOO p®YOO vdarl 6 a8t (6.7

Equation6.7 Open circuit voltage as a function 8fateof-Chargeused to determine initial conditions
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Open Circuit Voltage (V)
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s0C

Figure 6.24 Open circuit as a function @tateof-Chargeat 22°C and 35 Aused to determine initial conditions
The used capacity of the testalculated i coulomb counting as seenHguation6.8.
0 RODQO B —, QO (6.9
Equation6.8 Capacity used throughout the test by integrating current over time

Because all of the cells did not start and end at the sperdoop voltage the ful capacity of the cell
had to be determine&quation6.9 determined the total capacity by taking into account the starting and
ending SOCs found from using the curve generated.

5MOnN OO o— (6.9
Equation6.9 Total capacity of the battemalculation

The initial charge deficitQo, was determined bigquation6.10, by taking theroduct of the capacity and
thedifference between 100% SOC and the SOC at the begiohiie testA negativeQo means the
battery had an initial SOC of over 100%.

0 60N OGGdQO 0 6 (6.10
Equation6.10 Initial charge deficit on the battery

Once the SOCs for each calk determined, the parameter valassslinearly interpolated to set lookup
table values of SOC seenTiable6.9.

Table6.9 Stateof-Chargelookup table values

1

|0.95]/09 [085]/08 |07 [06 |05 [04 |03 [0.25]/0.2 [0.15]0.1 [0.05]0.001|
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The interpolated values for each of tieif cells at each SOC aageraged to obtain one value for each
parameter at each SOC. The resulting parameters are input into-ditheesional lookup table based on
SOC, current, and temperature.

The results for each parameter at a temperature o€ 20e shown ifrigure6.257 Figure6.30and
discussed further in ChapterThe parameter values arghly dependent on SOC while not as
dependent on temperature and current.

0.8 100
0.6 200

0.4
0.2 300

sS0C 0 40 Current (A)

Figure 6.25 Openrloop voltage,Emat 30°C as a function of current and SOC
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Figure 6.26 Seriesresistance, fat 30°C as a function of current and SOC
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Figure 6.27 RC1resistance, Rat 30°C as a function of current and SOC
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Figure 6.28 RC2resistance, Rat 30°C as a function of current and SOC
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Figure 6.29 Time constantj at 30°C as a function of current and SOC
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Figure 6.30 Time constanti at 30°C as a function of current and SOC
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7. Battery ModeNalidation

The optimization solutions were first derivasing only individual pulses allowing for easier
convergence because there were smallerban of design variableQptimization solutions werthen
derived for eaclfull battery test. Each celldinot have the same starting point and capacity, so each cell
hadto be optimized separately. To obtairepresentative model of the battery pable $olutions for

each cell wer¢o be combinedT heoverall batterynodel was validateth stagego understand where

error was introduced into the model.

7.1 Stateof-Charge
The first step in validating the model was to put the solutions from each celi¢ng&tonedimensional
lookup table was created basedtloa results of all the cell®arameter values &m, R, R, R;, C: and
C, only are a function of SO@s theStateof-Chargechanges throughout the simulation, parameter
values are linearly interpolatém 1-D lookup tables. The SO@lidation was performed for each of
the battery tests-igure7.1 shows the800 A and 30C SOC validation test

4.2 = T T
.'r"wl.f"'" msirenm
4 - | I|' lf-'_-.- .(__u—-\. s -
I'I —I. I_r'd__-- e

3.8 | | ‘ | | sl e 1

36 1 | | ' - .
— 1 ‘I | i | IIlr
Z 34 Lo | || = ]
o 3 |
g r
o 321 | B
= /g_p ==

ol I
Test1
281 Test2 T
Test3
26 Testd . _
— Simulated
2.4 ' :
1] 5000 10000 15000
Time (s)

Figure 7.1 Voltage over time for full battery test with constant current and temperature

By plotting the voltage as a function of SOC the dischaertions are easier to visualize as seen in
Figure7.2.
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Figure 7.2 Voltage vs. SOC for full battery test with constant current and temperature.

The mean error betweehe four test®ver time is Bown inFigure7.3. The rootmeansquare error for
all the battery tests is 0.015Vhe maximum uncertainty in the measurement is 0.25% which is 0.011V.
Therefore thdit is very good.

1.5 T T

o

o
o

Mean Emor (%)

0 5000 10000 15000
Time (s)

Figure 7.3 Mean error over time for full battery test with constant current and temperature
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Figure7.3 shows the mean error between the four test cell values, and the simulated battery. The spikes in
error occur at the transition between the discharge and relaxation phases of the test. Dagg the

Ajumpd i n the data at cetnihe swalel exiltsinia @angeserror. &imigamestlts d i f
with spikes in error at the transition sections are seen in litergt&el 6]
7.2Current

The second validation step taken was to analyze the battery modeit &gedmiable discharge current. A
variable current validation test was conducted. The test was conducted utilizing the high amperage
resistor test bank. The temperature was kept constant®&t &ad the current drawn from the batteries

was determined bsandomly selecting a number between 1 and 8, corresponding to the number of
resistors connected to the resistor test bank. With the value of 1 corresponding to 1 resistor, or a load of
0.3q. In between each pulse, the battery was allowed to rest fori@.9 his value is based off of the
amount & time taken to connect 6 resistors. The time was attempted to be kept at a minimum, because in
the actual vehicle the values will have very limited time with zero curféetphysical setup of the
resistance té$eddid not allow for safe variation of currewnithout switching to QA in-between each

pulse, suggestions for improvements are outlined in the recommendation section of Chapter 9. The
randomized values were restricted to not having a difference sfsiars between each pulse to ensure

the allotted resting time between the pulses was not violated. Additionally, the randomized values were
not allowed to have two of the same values in a row.

The results of this validation test are showkiigure7.4, with the mean error between all of the signals
over time.
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Figure 7.4 Results from variable current and constant temperature discharge validation test
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The RMS error of the motles 0.0328 V. Peaks of error around 1% near theansients occur near
higher SOC As the SOC becomes lower than 20%, the error increases rdingalyy. The linear growth
in error was investigated.

7.2.1 Constant Current
The test methodology kept a constant load on the batteries for each of the differentresrititzo
assumption made is currentalso constant. Due to the load staying constantremndoltage dropping
throughout the test, the current also decreased. The constant current assumption is valid when the battery
has higher SOC due to the flat voltage curve, but once the SOC becomes lower than 40% the voltage
drops quickly.Figure7.5 plots the results of a 300 A test, the current is around 300 A for the first 60% of
the battery charge, but after 40% S@€ current decreasdsy the end of the tedte currenis roughly
250 A. This assumption does not affect the constant current validation because the SOC was the only
independent variable.

0 « « - s — « « « « -

-100 [ i 1

A)

= -150 | 1 .

Current

200 [ 11 1

250 B . 1

=300 7

0 2000 4000 6000 BOODO 10000 12000 14000
Time (s)

Figure 7.5 Current over time for 300 A battery test

The consdint currenassumption was investigated by looking at the change in the parasmdeteswith
current. Each parametealuewas plotted varying with current and SOC while holding temperature
constant. The parameters were determined with the original assnmpconstant current. When
examining the surfaces Bigure7.6 - Figure7.11, the parameteralues do nothangequickly with
current.
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Figure 7.6 Open loop voltage, Em as a function of current and SOC, minimal clatigeurrent
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Figure 7.7 Series Resistancep Bs a function of current and SOC, minimal change with current
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Figure 7.8 RC1 Resistance, s a function of arrent and SOC, minimal change with current
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Figure 7.9 RC2 Resistance2Rs a function of current and SOC, minimal change with current
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Figure 7.10RC1 Time constant] as a function of current and SOC, small change with current
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Figure 7.11 RC2 Time constant} as a function of current and SOC, minimal change with current
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After observing the minimadffect current has gparameter valugsnodel simplification was
investigated.

7.2.2 Model Simplification
The sensitivity to currensicalculated witliEquation?.1. Sensiivity of each parameter at each SOC and
temperature is calculated, averaged, and normalized by the average parameter value at the respective SOC
and temperature.

- = zp (7.1)

Equation7.1 Sensitivity of parameters to current calculation

Table7.1 shows the resulting sensitivitiddone of the battery model paranretalues ar&ery sensitive
to current. The parameter valuesEoh, Ry, andR. are shown to be much less sensitive to current than the
other parameters.

Table7.1 Parameter sensitivity to current

dx/dl (%/A)

m -9.90e4
-0.034
-0.21
-0.0019
-0.23
-0.27

The initial and end SOCs are determined by the initial and final open loop voltage values. Due to this
definition, the open loop voltage initial and final values are fixed. When plottinglopprvoltage values
as only a function of SOC, no discernablpeledence on current appedfigure7.12 shows the open

loop voltage as a function of SOC only with the current values highlighted.
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Figure 7.12 Open loop voltages, Em, as a functiorstdteof-Chargefor various currents

The variable current and constant temperature validation was run again with the current dependence
removed from th&mparameter to understaruketeffects. The results look very similarRigure7.4 and

the RMS error is reduced frodn0328 Vto 0.0309 V.

Figure7.13 showsR, as a function of SOC only with different current values highlighted.
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Figure 7.13 Series resistance oRas a function obtateof-Chargefor variouscurrents
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The variable current and constant temperature validation was run again with the current dependence
removed from th&, parameter to understand the effects. The results look very simifagguie 7.4 and

the RMS error is reduced frotn0328 Vto 0.0325 V. The parameteiR,, (, and{, showsome
dependence on current, and are therefore not redlibednodel oR. was not reduced, but duo the

lack of sensitivity of the model to current the results were not affeCtetfinal result of the variable
current and constant temperature test with the dependence of current doogpesitage and series
resistance removed KHgure7.14. The RMS error for the reduced model is 0.0305 V.
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Figure 7.14 Results from variable current and constant temperature discharge validation test with reduced Eon and R

While error was reduced slightly, and timedel was reduceeyror still occurs near low SOdlie to
inaccurate modeling of the capacity of the battery

7.2.3 Capacity
The SOC as seen [8] is usually calculated bquation7.2. Note discharge current is negative.
YO® YOG —ro (7.2)
Equation7.2 Typical Stateof-Chargecalculation

This model for calculating SOC assumes thpacity is a constant valuduria [17] andPark[28]
suggestheusablecapacity increases with temperature and decreases with cérmeore accurate

representation of the SOC is givenbguation7.3 where the battery capacity is a function of current and
temperature.
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YO 8Q YO 6Q p - (7.3)

Equation7.3 Stateof-Chargecalculation with variable apacity.

Figure7.15is a surface plot of the mean capacity of each cell as a function of current and temperature.
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Figure 7.15 Capacity surface as a function of current and temperature

A trend is unable to be determinagdrh the data as the SNR usiBguation7.4 is too low to make any
conclusion from the data.

YO Y c&o (7.4)
Equation7.4 Sigral-Noise ratio for capacity

A single cell should be discharged at each of the temperatures and currents to determine the effect of each
variable without adding the additional uncertainty dutheovariance of different caetlapacities.

Equation7.3 takes into account this effect of capacity changing with current and temperature.
Unfortunately, due to the variance between each cell, implemdatjugtion7.3 into the battery model
using results from testing produces unreliable results.

The solution is very sensitive to capacity, as shown in section 7.4. If the capacity is reduced by 0.72 Ah,
which is half a standard deviation, the RMS error is reduced &:0305 Vto 0.0157 V and results in
Figure7.16.
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Figure 7.16 Results from variable current and constant temperature discharge validation test with capacity adjusted

7.3Temperature

The final validation step was to repeat the random resistor test from seé@lmut allowing the

temperature to varyl he temperature rise in the battery is friogat generatioof the batteryThis test

serves as platform for understanding and creating a thermal model for the batteries fotutee A

simple model was created to understand limitations of the batteries due to heat and is discussed in the next
section. The resistors were chosen in the same order as with the constant temperature version of this test.

The temperature and curreénputs are shown iRigure7.17 for the variable temperature and variable
currentvalidationtest
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Figure 7.17 Temperature and curreimputs forvariable current and tempature validation test.
The results of the variable current and variable temperature discharge validation test are Slimuwa in
7.18. As with the variable currentra constant temperature results, error increases near low SOC. The

RMS error for the variable current and variable temperature test is 0.0646 V compared to 0.0157 V of the
final variable current constant temperature results. The increase in error at@wa0Onvestigated.
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Figure 7.18 Results from variable current and variable temperature validation test

7.3.1 Model Simplification
The observation for parameters sensitivitygimperature was investigated. The sensitivity to temperature
is calculated witlequation7.5. Sensitivity of each parameter at each SOC and current is calculated,
aveaged, and normalized by the average parameter value at the respective SOC and current.

gy
— ;—ﬁhz pTT (7.5

Equation7.5 Sensitivity of parameters to current calculation

Table7.2 shows the resulting sensitivities. The paramgtais shown to be much less sensitive to
temperature than the other parameters.

Table7.2 Parameter sensitivity to temperature

m -0.012
-1.4
-1.9
-1.4
-1.4
-1.2
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Figure7.19 shows the opetoop voltage as a function of only SOC with the different temperature values

highlighted.
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Figure 7.19 Open loop voltages, Em, as a functiorStdteof-Chargefor various temperatures

When the dependence of temperatur&oris removed from the model the RMS error drops fb6646
V to 0.0601 V. When examiningoRoarameter values actearlydependenbn temperature, as seen in

Figure7.20.
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Figure 7.20 Series resistance oRas a function oStateof-Chargefor various temperatures

The parametersy, Ry, 1, addU, show dependence on temperafuaed are therefore not reduced.
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7.3.2 Capacity
As with the variable current and constant temperatste the model showesror due to capacity. If the
capacity is increased by 1.2 Ah, approximately one standard deviation, RMS error droP<80inVto
0.0192 V resulting ifrigure7.21.
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Figure 7.21 Results from variable current and variable temperature validation test with capacity adjusted

7.4Sensitivity Analysis
After the model was validated against the test cases, the sensitithig/ mibdel to each parameter was
examined. To determine the sensitivity, each parameter value in the lookup table was increased by 1%
and decreased by 1%. The battery model was simulated and compared to the variable current and
temperature discharge testhwthe capacity adjustment. The error between the perttebesivas
compared to the nominal parameter values. The RMS error is shdvaiblii7.3.

Table7.3 Sensitivity analysis results RMS error in V for change in parameter values

Parameter +5% change | +1% change | Nominal -1 % change | -5% change
Em 0.1928 0.0420 0.0192 0.0442 0.1952
Ro 0.0191 0.0191 0.0192 0.0193 0.0198
R1 0.0192 0.0192 0.0192 0.0192 0.0191
R. 0.0192 0.0192 0.0192 0.0192 0.0192
Ci 0.0192 0.0192 0.0192 0.0192 0.0192
C> 0.0191 0.0192 0.0192 0.0192 0.0192
Initial SOC 0.1012 0.0281 0.0192 0.0349 0.1351
Capacity 0.0912 0.0265 0.0192 0.0334 0.1275

96



0.2

0.18

0.16

0.14

0.12

0.1

RMS Error

0.08

0.06

0.04

0.02

+5% change +1% change Nominal -1 % change -5% change

e e R0 R1,R2,C1,C2 Initial SOC Capacity

Figure 7.22 S Sensitivity analysis plot, RMS error vs. percent change in parameter values.

The sensivity analysis illustrateshe solution is most sensitive to then parameterThe Em parameter
effectssteadystate erroresulting in the high sensitivitfthe R and C values effect the transient sections,
which are for short periods of time. The solutisalsosensitive to the initial SOC and capgdiecause
theother parameters are dependent on th€. SO

7.5Thermal Model
A simple thermal model of the battery was created. The test setup with two batteries in relative isolation
was modeled and compared to the temperature values from the variable temperature test. The results are
shown inFigure7.23. The ambient temperature in orange is the temperature measured on the inside of the
Styrofoam box throughout the testd used as the ambient temperature in the simulation nisdile
test is conducted, the battery temperature rises due to the internal resistance of the battery. The
temperature rise through the variable current variable temperature test is simiat tgilvbe seen on
the vehicleThe model matches the test data well at the beginning of the test where heat generation
dominates.
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Figure 7.23 Temperature over time of variable current variable tempegatast comparing test and simulation

The thermal model assumes power lost fiRynR;, andR; resistances in the battery model contribute to
heating of the battery with tHequation7.6.

0 OY (7.6)
Equation7.6 Resistor heat power equation.

This power is input into the lumped capacity mddeglation?.7.

— (7.7)
Equation7.7 Battery temperature callation

where’Q is a convection coefficient, chosen to be S"WWK, which is a reasonable value for free
convection of averticalplate[25]. 6 is the surface areaf the battery modulesxposed to

convection. Since there are two battery modules next to each other, only the outside walls are exposed to
convection. The mass of the batteaky, .includes the module housing. The specific heat capacity

of the batteryp , is was obtained froifd8]. The parameter values for this model are shown in
Table B.6

The battery thermal model is shownHigure7.24. The thermal model is laid out in this configuration to
mimic the test configuration shown kigure5.9 as close as possible. The two modules are togeiitie
the thermistor in between
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Figure 7.24 Battery thermal validation model

Although the configuration on the vehicle will be different than the tested configuration, with only one
test conductewvithout controlling the temperature, the results will be examined to determine if further
analysis is neede
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8. System Level Analysis

Thecomplete battery model was integrated back into the full vehicle nOdisl.the battery system was
validated througthhis thesis, therefore conclusions made through the overall vehicle simulation need to
be further validated through feMehicle testing. Conclusions made in this chapter are starting points for
investigation on areas of improvement. As more subsystesrtested, validated, and fed back into the
overall vehicle model, conclusionsrche made with more confidence.

The results in this chapter are based bthe VTM16e vehicle parameterBable8.1 highlights the
important parameters specific to the VTM16e vehicle.

Table8.1 VTM16e vehicle parameters used for nominal system level analysis.

Variable Parameter Value Unit
Srgrake Front Brake Coefficient of Frictio] 0.55 1
>RBrake Rear Brake Coefficient of Frictio|] 0.45 1
IFBrake Effective Radius of front brakes| 0.081 m
I'RBrake Effective Radius of rear brakes| 0.056 m

FrmaxBrake Maximum FronCaliperForce 5000 N

FrmaxBrake Maximum Rear Calipétorce 4100 N
Myehicle Vehicle Mass 243 kg

CG Z location of CG 0.33 m
CG X location of CG ratio from front| 0.52 1
L Wheelbase 1.54 m
Trront Rear Track 1.19 m
Trear Front Track 1.18 m
Tamb Ambient Temperature 300 K
Eoo Final Drive Ratio 32/12 1
Capacity Battery Capacity 55.2 Ah
S Battery CeHB in Series 24 Cells

8.1Endurance Run
The most important aspect of the FSAE competition is fingsthe endurance event. The ¥BEAEteam
puts reliability as the most important criteria when evaluating a design because of the endurance event.
The team canot do well at the competitiomithout finishing the endurance event.

Two different endurance courses were simulated for evaluatite vehicle. The endurance courses are
based off of autocross tracks from the FSAE competition in Michigan in 2014 and 2015. The autocross
track layouts are shown Figure8.1 andFigure8.2.
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Figure 8.1 Formula SAE Michigan 2014 autocross track represented #FIM\B simulation

Figure 8.2 Formula SAE Michigan 2015 autocross track represented for MATLAB simulation

At the Formula SAE Michigan competitiothhe endurance and autocrosscks are very similar. &1a was

not available for the endurance tracks, therefore the autocross tracks were used for the simulation. The
autocross course is shorter than the endurance course because the end does not connect back around to
make a full circuitTwenty-sevenaps ofthe 2015autocrossand twentynine laps of the 2014 autocross,
representing the 22km distance of the endurance swené simulated consecutivelifhe end of the

track represented with a red square, is connected back to the start of the track, exgpreisierst green
squardor the simulationThe vehicle has a required pit stop after 11 km of driving, where a driver
change occurduring the endurance evesit competitionThe driver change is not simulatiedthis

thesis The driver change should be dadedin the futureto obtain more accurate temperature estimates

of the vehicle Additionally, the VTM17e vehicle will be competing at the event held in Lincoln,
Nebraska, a representative track should be developed for the Lincoln event. Unforturiegekyaap

was not available at the time of this development.

8.1.1 Nominal Results
Two endurance runsith the VTM16e setuplable8.1, were performedvehicle parameters ave input
into the Track Simlation, to obtain the vehiclmaximum performance capability. The Track Simulation
assumes theehiclealways has the necessary energy and ptavaccelerate at the vehiglgaximum
potential. The vehicle is assumed to accelerate, brake, aret edrthe limit of the vehicleapability.
The velocity profile generatddom the Track Simulator is input into the Simscape Vehicle model. The
Simscape vehicle model is used to dmiae the states of the battery throughout the endurance run.
Nominal results are shown Trable8.2.
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Table8.2 Nomind results for endurance two endurance runs

Max Battery . Max Min Ma_x
Simulation End SOC Temperature Total Time Battery Battery Vehlc_le
(%) °C) (s) Current (A) Voltage | Velocity
(V) (m/s)
Nominal 2014 31.6 40 1875.5 242 84.6 20.4
Nominal 2015 28.0 39 2072.4 224 84.4 18.8

The nominal results shoan endurance run can be successfully completed with an end SOC of
approximately 30%. The SOC remaining is higher than nece§dayhigh end SOC is due to the
performance of the overall vehicle. Tiperformance limitations were investigated to determine where the
largest performance gains can be made and how battery performance is affected.

8.1.2 Limitations
The utility of modelbased design is to understand tradeoffs between variblmiderstanohg the most
influential limiting factors of the vehiclés important For examplethebattery capacityshould not be
increasedif the vehicleperformance is limited by theator power. Therehicleparameterinvestigated
are; final drive ratio, brake forcend weight. These parameterseaexamined as theye believed to have
the largest effect on the performarased are able to be changed for the VTM17e destgsults are
shown inTable8.3.

The parameter values chosen are based on realistic targets for the VTM17e competition vehicle. The
prototype vehicle created was overdesigned as a first iteration vehicle. By changiatjghetmx design
and mounting location a 10% reduction in mass is achiefairte243 kg to 219 kgA design change of
the final drive ratio from a 32/12 to a 33/12 ratio is feasible. The brakes used on the prototype vehicle
were oiginally designed for aar weighing23% less than the current vehicle. The brakes for the
VTM17e vehicle will have greater braking capability designedifipaity for the VTM17e vehicle

Table8.3 Results from varying vehicle aneter values

End | Max Battery| Total Time Max Battery| Min Battery | Max Vehicle
Simulation SOC | Temperaturg Time Change Current Voltage Velocity
(%0) (¢C) (s) (%) (A) V) (m/s)
Nominal
oA 31.6 40 1875.5| - 242 84.6 20.4
_4
103% FnalDivel 300 | a1 1875.6|  +0 254 84.1 20.5
0,
Lox Brake | 305 40 1870.8| -0.25 244 84.3 20.6
e
90% Weight | 35 4 40 1860.0| -0.83 249 84.4 20.9
2014
Nominal
o1 28.0 39 2072.4| - 224 84.4 18.8
_D
103/"2'2';‘;' Drivel 763 40 2063.1| -0.45 236 83.7 19.1
0,
Lop Brake | 267 40 2059.2| -0.64 229 84.0 19.2
2L
90/;3’;’;'9’” 28.1 42 2058.4| -0.68 231 84.3 19.2
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The battery usage over the endurance run increases when performance of the vehicle increases through
the final drive ratio or brakes. The battery usage decreases with a decwagghindespite the

performance increase, because less pasweeeded to achieve the same anlédrer performance. The

current drawn from the battery increases with increased performance. As the current drawn from the
battery increases, the temperattises.

8.1.3 Capacity Variance
The effects of battery capaciye investigatedT heusablecapacity varies between cells and operating
conditionsas seen in Chapt@ The mean capacity was uded the nominal result<ells are limited to a
closedloop voltage of 2.5 V, therefore the real battery pack is limited by the cell with the lowest capacity.
A simulation with the minimunecapacity seen through testirgexamned.A capacity value one standard
deviation lower than the mimum recorded through testing @lso investigateth further understand how
the capacity may affect the overall vehiddesingle cell could have a capacity lower than minimum seen
through teing becauseat all cells were tested under all conditions. The results are sholabia8.4.

Table8.4 Results fronvarying battery capacity

. Max Battery Max Battery Min Battery
Simulation C?Xﬁ; Ity Eng) /OS)OC Temperature Current Voltage
| (o) (A) V)
Nomina
2014 55.2 31.6 40 242 84.6
Minimum
Capacity 53.4 29.3 40 243 84.2
2014
Minimum -
1STD 52.2 27.6 40 244 83.8
Capacity
2014
Nominal
2015 55.2 28.0 39 224 84.4
Minimum
Capacity 53.4 25.6 39 226 83.8
2015
Minimum -
1STD 52.2 23.8 39 227 83.5
Capacity
2015

The battery capacity study, undbe given simulation conditionsstimategshe VTM17e vehicle
designedwith a single battery with lower capacity will be able to finish the enduranceithin
approximately 25% remaining

8.1.4 Battery Thermal Considerations
A simple firstorderthermal model of the battery was develop@dnderstand the temperature of the
battely over the endurance ruBach battery box was approximated as one lumped capacity mathel, in
actual battery box, the temperatures of each individual cell will vary based on their location in the battery
box. Further testing and analysis should be exgloegarding the thermal environment of the battery
boxes. The current prototype battery boxes use passiiegdor the batteries.
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The VT team plans to compete with the VTM17e vehicle in Lincoln Nebraska in June 2017. Lincoln
Nebraska can have ambient temperatures 6€3Wnderstanthg how the ambient temperature can

affect the performance and reliability of the vehislénportant A simulation run with the higher

ambient temperatures allows for exploration of how sensitive the battery system thermal response is to the
environment temperaturéhe effects of the higher ambient temperature can be reduced if the initial

battery temperaturie lower than the ambient temperaturbe results are shown irable8.5.

Table8.5 Results from varying ambient tparature

Initial Ambient End Max Battery
Simulation Temperature| Temperature| SOC| Temperature
G () (%) (°C)
Nominal
2014 27 27 31.6 40
T30°C
2014 30 30 31.6 43
Tini 27 OC
Tamb 30°C 27 30 31.6 42
2014
T 33°C
2014 33 33 31.6 46
Tini 27 OC
Tamp 33°C 27 33 31.6 44
2014
Nominal
2015 27 27 28.0 39
T30°C
2015 30 30 28.0 42
Tini 27 °C
Tamp 30°C 27 30 28.0 41
2015
T 33°C
2015 33 33 28.0 45
Tini 27
Tamb 33 27 33 28.0 43
2015

Battery temperature fatifferent ambient and initial temperatui@ger the 2015 endurance runs are
shown inFigure8.3. The battery temperature linearly increases by the increase in ateongrerature

but by reducing the initial battery temperature the effects of the higher ambient temperature can be
reduced The battery temperature has the potential to rise higher than originally projected, and tested.
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Figure 8.3 Battery temperature over tiarfor 2015 endurance event filifferent ambient temperatures

8.2Balancing Performance and Reliability

While reliability is very impatant for the vehicle to finishear the top at competition, performaris also

a large contributing factofl.he nominal results estimatdinal SOC of around 30%. As the performance
of the vehicle is increased through future design iteratimose energy will be needed!/ith the
VTM16eiteration of the vehiclghe batteies are not being used to their full potentigdch battery

module has a mass of 3.8 kg and a volume of3.2& By removing even one module from the vehicle
there are significant packaging improvements. Different configuratiithdess batteries ineries $
investigated. By removing battery modules, the overall syst#tage is decreased, requiringher

current to be drawn from the batteriegyure8.4 showsthe current drawn from the batteries over time for

the 2014 nominal case.
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Figure 8.4 Battery current over time for 2014 endurance event
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The maximum currerdrawnfrom the batteries is only 242 Ahe bateries have a potential of drawing
400 A.The low current draw is due to a low top speed of the veldalke to the vehicle performance
Weight can be reduced by removing battery modules, but voltage is also redeceshding the battery
voltageincrease thebattery current as seenkguation8.1.

z

0 S — (8.1)

z
Equation8.1 Battery current calculation

By increasing the current drawn from the batteries, the heat produced is increased. The removal of battery
modules was investigated and is showmatle8.6. Each module consists of 2 cells and are constrained
togeter by the battery housing. Only the Simscape Vehicle model was simulated, with the same velocity
profile, to view effects orthe battery subsgem, not the performance gains from mass reduction.

Table8.6 Results from varying number of battery cells in series

End Max Battery | Max Battery| Min Battery
Simulation SOC Temperature Current Voltage

Nominal 24 Cells o) <) ) )

5014 31.6 40 242 84.6

2225313”5 24.7 42 271 75.5

Zgéﬁ's 16.1 46 324 66.4

Nomina 24 Cells] 28,0 39 224 84.4

222&%”5 20.7 41 251 75.6

20 Sells 11.6 44 205 64.4

Removing modules from the battery pack causes the voltage to decrease, causing an increase in current to
supply the same power to the motors. $tmaulationresults estimatsuccessfully completing the

endurance rua final SOC of aroun@3% whenremovingone module and around% SOC when

removing two When removing two battery modules the DC voltage drops significantly, the reduction in
voltage can cause a performance decrease of the overall vehicle near the end of the race. To ensure the
VTM17e vehicle an perform at competitive levels, it is only proposed to remove one module.

8.3 Overall System Recommendation

A proposed design for the VTM17e competition vehicle was gendtatmeyh simulation of the
VTM16e nominal vehicle with variation¥able8.7 shows the parameter values of the proposed VTM17e

design.
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Table8.7 VTM16e vehicle parameters used for imwahsystem level analysis.

Variable Parameter Value Unit
>EBrake Front Brake Coefficient of Frictio|] 0.55 1
>RBrake Rear Brake Coefficient of Frictio] 0.45 1
IFBrake Effective Radius of front brakes| 0.081 m
I'RBrake Effective Radius of rear brakes| 0.056 m

FrmaxBrake Maximum FronCaliper~orce 5500 N

FrmaxBrake Maximum Rear Calipé&iorce 4510 N
Mvehicle Vehicle Mass 219 kg

CG Z location of CG 0.33 m
C& X location of CG ratio from front| 0.52 1
L Wheelbase 1.54 m
Trront Rear Track 1.19 m
Trear Front Track 1.18 m
Tamb Ambient Temperature 300 K
Eoo Final Drive Ratio 33/12 1
Capacity Battery Capacity 55.2 Ah
S Battery Cellsn Series 22 Cells

A battery subystem with 11 battery modulespsoposed. The 11 battery module design alltwsasier
packaging of the batteries, and reduced weight, while still supplying sufficient eaacygowefor the

vehicle to finish the endurance evehhe changes investigated; 10% reduction in mass, and 10% increase
in brake force can be achieved theVTM17e competition vehicle.

As the performance of the vehicle increases, the energy and power required also inatdel8&
shows results of simulationsthithe design improvements and 22 battery callso investigated are
simulations with minimum battery capacigndan ambient temperature of 30. The additional
simulations were run to understand the bounds of the dd3igmto only the battery modeking
validatedthrough this researclhe estimated results listed are only preliminary and full vehicle data
needs tdeintegrated into the simulatido gain confidence in the results

With the proposed design, simulation results estimate succedgiighing the endurance run with a

final SOC of around 20%. By simulating the endurance run with the minimum capacity, the sensitivity of
the solution can be understood, a final SOC of around 17% is seen. A temperature of af@iisd 44
estimated, due tthe elevated performance of the proposed VTM17e design. Battery temperature
considerations, such as freoling the battery pack, need to be taken for the VTM17e competition
vehicle.
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Table8.8 Results of dsign recommendation and variations

Max

End | Max Battery | Total Battery Min Battery | Max Vehicle
Simulation | SOC | Temperature] Time Current Voltage Velocity
(%) °C) () A) V) (m/s)
Nominal
2014 31.6 40 1875.5 242 84.6 20.4
Design
2014 22.0 44 1846.4 297 74.5 21.2
Design Min
Capacity 19.3 44 1846.4 298 74.2 21.2
2014
Design 30°C
Ambient 22.0 47 1846.4 297 74.5 21.2
2014
Nominal
2015 28.0 39 2072.4 224 84.4 18.8
Design
2015 17.1 43 2044.9 272 74.4 194
Design Min
Capacity 14.2 43 2044.9 275 73.7 194
2015
Design 30°C
Ambient 17.1 46 2044.9 272 74.4 19.4
2015
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9. Conclusions and Recommendations

9.1Summary
A process for the modélased design (MBD) of an electric powertrain Formula SAE (FSAE) vakicle
developed through this thesis. The many interactions between subsystems of a vehicle are difficult to
understand. The use of MBD allows for designtradef s t o be made f@uiamkall y,sia&and
executed. First, a lajime simulatioris implenented and utilized to generateelocity profile of the
vehicleperformance capability as a performance gaaloverall vehicle moddk created using the
Simscapghysicatbased modelingnvironment. The Simscape Vehicle modedtructured with
subsytems representing the various subsystems on the vehicle. The use of a subsystem based model
allows for individual portions of the overall vehicle to be tested and validated independently. The battery
subsystenis focused on for the development of this aesb. A test program was developed to
characterize the battery cells across their projected operating range and the battery tests were conducted.
Parameter estimation techniquees used to create a representative battery model from the empirical data.
Battery modelsare validated over their projectegperatingranges of Statef-Charge (SOC), temperature,
and currentThe validated battery model implemented back into the Simscape Vehicle haeate
design recommendatioase made based off of the simtitan results.

9.2Conclusions

The proper use of adetbased desigallows for insightto be gained on a complex problem. MBD was
used 8 a design/analysis tool &valuate the Virginia Tech Motorsports electric powertcampetition
vehicle, VTM17e. The obje¢iwes of the thesis produced the following conclusions:

1. The quassteadystate(QSS)method for lapgime simulation generatespresentative
performance goals for the Formula SAE vehitlee QSS method does not accountt fhe
transients of the vehickentering and exiting cornerbut still captures the dominant dynamics of
the vehicle around a given tradkhe Track Simulator was used to determine the performance
capabilities of the vehicle for a given track. Velocity profiles were generated basetiole and
track parameters and input into the overall vehicle model.

2. The use of physicddased modeling allows for effective representation of the energy flow
through Formula SAE vehicle. A full vehicle model was develdpatle Simscapphysicat
basd modelingenvironmento represent the longitudinal dynamiesdcorrespondinglriver
controlsof the FSAE vehicleThe vehicle model was structured wittdividual subsystem
models to &cilitateincremental subsystem developmant validatiorof the simulation model.
The Simscape Vehicle model was used in combination with the Track Simulator to understand
the reliability of the vehicle. The Simscape Vehicle model is developed as a standalone tool using
vehicle test data in place of the TracknBlator data.

3. The literature reviewerified simple battery modslare functions ahe independent variables;
SOC, temperature, and currefitbattery test schedule was created to test the batteries over the
projected operating ranges. Fifteen testivatcurrents (35A, 100A, 200A, 300A, 400A) and
three temperatures (2€, 30°C, 40°C) were conductedy holding temperature and current
constant throughout each test, the effects of each indepewariable could be extractd®llsed
battery testingt 16 SOC breakpoints (1, 0.95, 0.9, 0.85, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.25, 0.2,
0.15, 0.1, 0.05, 0.00Hllowedfor transients of the batteries to be observed.
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4. An equivalent electrical battery model with tR& branchesan operoop voltage, and a ges
resistance allowefbr transients to be modeledarameter estimation allowed for empirical data
to be used to determine battery parameters of the equivalent electrical birgaltconditions
were firstdeveloped fron known physical measurementthe battery test datédn optimization
loop to minimize the sursquared error between testdaimuhted voltage was used ¢gtimate
battery parameter valuebwo stages of the optimization were used to converge on a global
minima. First, an initial psle optimization using onlg; andR; as design variables was
conducted to obtain a first approximation. Second, a final full optimization Esm&o, R, R,

{4, and{ as design variables was conducted to obtain a final overall solution. The final
optimization resulted in a mean stsguared error of 6.3@, with maximum spikes of error <2%
at the transion sections. The battery testtowed forlookup tables to be generated for eath
the parameters varying with SOC, temperature, and cuBengivity analysis determined
temperature has a larger effecttbe estimates gfarameter values than the current.

5. Batteryparameteresultsare validatedwith variable temperature and current teisdertest
conditions of 2240 °C and35-400 Athe battery modet able to predicthe battery voltageith
RMS errorof 0.0192 V At low SOC the 5% pulsesre not small enough to properepresenthe
nortlinearity of the parameter valuesm8ller pulsesbelow 1@ SOCare necessary to obtain
more acurate resultsAccuracy at low SOC will allow the team gain confidence to discharge the
batteries to lowestatesof-chargeallowing for possible increased performangendtivity
analysis showgEm initial SOC and capacity haedarge effect on the ovall batterymodel
acaracy.Emcauss an ofset error in the voltagenitial SOCcauses an offset error in the SOC
andcapacity causes a scaling error in S@Qreliminary 2D lumped capacitthermal modebf
the batteriessi developed to understand piiBethermalissuesA thermalmodelis correlated
with error of 1.4°C tounderstandhow the batteries may heat up on the vehicle.

6. Two different edurancesventsbased on the 2014 and 2015 FSAE Michigan autocross tracks
were simulatedo explorethebattery modeivith the overall vehiclsimulation Using the
VTM16e prototype vehiclsetupshown inTable9.1, an endurance event could be completed
with an estimate80% batterystateof-chargeremaining.

Table9.1 VTM16e vehicle parameters used for nominal system level analysis.

Variable Parameter Value Unit
Frmaxgrake Maximum FronCaliperForce 5000 N
FrmaxBrake Maximum Rear Calipétorce 4100 N
Mvehicle Vehicle Mass 243 kg
CG Z location of CG 0.33 m
CG X location of CG ratio from front| 0.52 1
L Wheelbase 1.54 m
Teront Rear Track 1.19 m
Trear Front Track 1.18 m
Tamb Ambient Temperature 300 K
Koo FinalDrive Ratio 32/12 1
Capacity Battery Capacity 55.2 Ah

S Battery CeB in Series 24 Cells
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FSAE is a competitive environment, to finish at the top at competition a vehicle must have good
reliability and performanceSimulations with theninimum capacityested, 53.4 Ah, and one
standard deviation lower, 52.2 Alere conducted to understand the sensitivitthé&obattery

model. The final Statesf-Charge for the minimum and one standard deviation lower capacities
were around 28% and 26%, respectivelgrformance increases of 10% increase in brake force,
33/12 final drive ratio, and 10¥hassreduction were ingstigated. Lajtime reductions of up to
0.83% were seen from the changBse nominal results were based on the VTM16e prototype
vehicle.The VTM16e prototype vehicle is a first iteration design, therefore there is much room
for performance improvement. Increasing the performance of the vehicle also increases the
energy usage of the vehicRemoving a battery module from the battpack was invegjated

due to the significant amount of charge left in the batteflibe overall system voltage drops by
removing battery moduseby lowering the voltage, the current increases to maintain the same
power. The current limits of the batteries are 400 feraEmoving a battery module the
maximum battery currersteen through the endurance 1260 A. Abattery module can be
removed and the vehicle still successfully complete the endurancenétleatound 23% SOC
remaining Each battery module has a ma$8.6 kg, and removing one battery module allows
for easier packaging of the battery box. A final design for the VTM17e competition vehicle is
proposed and shown Trable9.2.

Table9.2 VTM17e proposed vehicle parameters.

Variable Parameter Value Unit
FrmaxBrake Maximum FronCaliperForce 5500 N
FrmaxBrake Maximum Rear Calipéiorce 4510 N
Mvehicle Vehicle Mass 219 kg
CG Z location of CG 0.33 m
CG X location of CG ratio from front| 0.52 1
L Wheelbase 1.54 m
Trront Rear Track 1.19 m
Trear Front Track 1.18 m
Eoo Final Drive Ratio 33/12 1
Capacity Battery Capacity 55.2 Ah

S BatteryCellsin Series 22 Cells

The VTM17e proposed design includes 10% increase in brake force, 33/12 final drive ratio, 10%
reduction in mass, and 11 battery modules (22 battery cells). Simulating the VTM17e proposed
design yielded a final SOC of around 20%. The sensitivity to cgpaai investigated and

estimated a final SOC of around 17% for a capacity value of 53.4 Ah. Lincoln, Nebraska during
the time of the FSAE competition, can have ambient temperatures’6f 80ith the possibility

of elevated ambient temperatures,-poeling thebatteries should be explored for the VTM17e
competition vehicle.

9.3Future Recommendations
The scope of this thesis was to develop a mbdekd design framework for a full vehicle simulation
with an emphasis on the battery subsystem. The full vehicle simulation model was developed including
the integration of the battery subsystem. The bastiebsystenmodel was tested and validated. There
are many areas of improvement and refinement to this initial development of overall vehicle model not
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pursuedwithin thescope of this research. Some of the more important issues to investigate are outlined
here.

9.3.1 Full Vehicle Test Data
Improving the overall vehicle model and the confidence in the vasigosystem resultsequires a full
testing program with data from thenchtop, lab and overall vehicle system levdixamination of the
component as wieais the overall systemm important Validation of the different subsystems begins at the
benchtop level testing. The hierarchical integration of lower level subsystems into and higher level
subsystems must be carried out on the beogland at the lalatory testing levels. Full vehicle test data
is required and maybe performed in the lab but much of thedtitle testing must be cé&ed out as on
track testingValidation of the overall systemvel model, the complete vehiatan only be
accomplisled by a series of tests which accentuate specific behavior over the operational range of the
vehicle The overall vehicle test data will expose interactions between subsystems unable to be seen with
only subsystem testing.

9.3.2 Motor and Inverter Modeling
Themotorneed to be better understood to identify the critical reliability and performance design trade
offs needed for the race car to achieve peak performance. The motor model used in this thesis is
developed from the data sheet for the motor pral/fdemthe motor developer. Testimged to be run
to experimentally verify the motor performance and to develop a representative motorThedel.
combination of motor and overall vehicle testing will allow for the assumption of modeling the inverter
and motortogether to be reevaluatedl static efficiency value is usddr the current Simscape Vehicle
motor modelin reality, the efficiency of the motor is based on the speed and load on theAsdtwe.
DC bus voltage drops the point at which the motor reacbhastant power is reducéitb more accurately
represent the system the drop in power should be included in the Track Simulator when simulating lower
DC bus voltages. A more representative model of the motor should be createthasimym torque at
the notor base speed. The maximum torque of the motor is a function of the maximum current supplied
to it, and the motor base speed is a function of the DC bus voltage.

9.3.3 Charging and Regenerative Braking
The batteries were unable to be tested for charging diesistics due to the resources availaBlattery
parameters vary with charge current as well as discharge cukreimitial charge model should be
developed with parameter values symmetric to the discharge parameter WallEstanding the
charging taracteristics of the batteries will be very important in the future when designs for regenerative
braking on the vehicle are explored. The-ftghicle simulation and subsystem models will allow
different regeneration algorithms to be tested safely diuiesttly. When cycling between discharging
and charging, hysteresis occl29]. If the battery subsystem model is to be extended to include charging
accouning for hystersis effects should be examined. The hysteresisaffiegt the accuracy of the
model.

9.3.4 Battery Thermal Testing
An initial thermal model of the battery was developed in this thesis. The thermal model developed as part
of the battery subsystem model requires more detailed testing. The initial model ovenddtéince run
showed battery heating up t@ 4C under elevated ambient temperatuii@sensure the batteries do not
overheat under operational racing conditions, a more accurate thermal model should be developed. An
accurate thermal model will help in dgsing the battery box, contributing to driver safeind
improving battery life Additionally, an improved battery thermal model should be able to relate battery
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temperature to terminal temperature, to ensure the terminals stay within@digfit of the competition

rules.

9.3.5 Battery Test Recommendations

The battery tests run for this thesis were a good first start, but improvements could be made.

1.

As the voltage of the batteries decreased through the test, the current also decreased because of
the testsetup of using a resistive barka varying load was developed, the test would be able to
be conducted at a constant current allowing for more consistent régdthtsigh results show
parameter values are not very sensitive to current.

A varying loadcan more accurately represent a typical driving cycle. The present test setup does
not allow rapid variation in the current, which is commonaeacear.

Temperature has a greater effect than curasrgeen through sensitivity analygistemperature

test at 45C should be conducted to expand the operational temperature range of the model.
Additionally, if tests are conducted for different battery modules, less current tests are necessary.
As discussed in Sectigh2.3theusablebattery capacity varies with temperature and current.

Static discharge tests with the same cell shoultbbeucted taquantify the effects of

temperature and current capadty. The static discharge test does not need to be pulsed as only
the overallusablecapacity is desired.

Static discharge tests at a constant current and temperature shooltbetedo understand the
variance between different battery cell$ie resultsvill allow for more confidence in the battery
model.

Shorterpulsesat low SOCarenecessaryo capture the nefinearity of the battery parameters
Through this thesis batteries were tested with pulses of 5% SOC at higiwestdtesof-charge

and 10%in the middle. Through paranee estimation error at a low SGfisued due to the large
nortlinearity. By takng smaller pulses at lower SQRk parameters can more accurately be
modeled.The better accuracy at low SOC will allow the VT team to more camfiddischarge

the batteries to lowestatesof-chargeallowing for possible increased performance.

9.3.6 Track Simulation Improvement

In order to better represent the reliability and performance of the electric powgghéile at
competition eventghetrack simulation needs to be modified

1.

The track data available for simulation was based on the track layout of the FSAE Michigan
competition autocross event. The VTM17e vehicle will be competing at a different event, in
Lincoln, Nebraska. While the trackse expected to be designed to have similar velocities and
distances, by simulating a Lincoln track layout the model can be more representative of what will
be seen in competition.

After halfway through the endurance event there is a 3 minute drivereerangently the track
simulation does not include this portion of the event. The driver change will affect the thermal
loading on the vehicle. During the 3 minutes the car will be sitting still, therlzst will be able

to cool down slightly

9.3.7 Simscap&/ehicle Model Improvements

The Simscape Vehicle Model is developed to allow for incremental improvements through individual
subsystem testing and validation. This section briefly describes the possible improvements to each
subsystem.
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Lateral Dynamicg Currently the Simscape Vehicle model only represents the longitudinal
dynamics of the vehicle. The modeling choice was made as the energy usage is not significantly
affected by the lateral dynamics. By adding lateral dynamics the meciaines much more

complex in nature. The inclusion of lateral dynamics would be necessary if torque vectoring is
investigated.

Tiresi The tire subsystem implemented in the Simscape Vehicle model currently is only a
function of normal force and slip ratiand assumes a constant coefficient of friction. Through
testing and further model development a more accurate tire model can be developed. With the
inclusion of lateral dynamics an improved tire model is necessary to capture lateral forces.
Brakesi Thebrake subsystem in the Simscape Vehicle model assumes a linear brake force with
pedal force. In actuality the brake force is not linear and changes with temperature. The brake
subsystem should be improved to understand how the temperatures effect tig braki
performance. Additionally, when regenerative braking is implemented into the model an accurate
braking model will help with tuning of control parameters.

Aeroi Currently the VTM16e vehicle does not have wings on the car. The Simscape Vehicle
model assmes all lift forces act evenly on each tire. As the VT team develops an aerodynamic
package for the EPT car, the aerodynamic forces should be changed to act at their respective
centers of pressure. The improvement of the aerodynamic subsystem willallmmihg of

front and rear wings.

Chassig Currently the chassis and suspension subsystems are rigid and used to connect the
vehicle together as well as calculatinggditudinal load transfer. dteral load transfer as well as
steering will be necessary todelwith the inclusion of lateral dynamicEhe addition of more
degrees of freedom in the suspensimdelwill allow for more accurateesults, but will also
complicate the model significantly.

Low Voltagel The low voltage system in the Simscapehi¢le model is currently only a
placeholder. The low voltage subsystem should be updated as full car data is taken and the power
draw is measured and understood.

Differentiali Currently in the Simscape Vehicle model the differersiahodeled as a clode
differential. The closed differential causes both wheels to spin at the same speed regardless of
grip levels. For pure longitudinal dynamics the method chosen for differential modeling does not
affect the results. A more accurate model of the differlemsiad on the vehicle, a limitedip
differential, should be modeled if lateral dynamics are included in the model.
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AppendixA ¢ Track SimulatdParameters

Appendix A encompasses vehicle parameters and track dimensions used in the Track Simulation.

Table Al Vehicle parameters used in the Track Simulation

Variable Parameter Value | Unit Source
Trear Rear Track 1.19 m Designedralue
Trront Front Track 1.18 m Designedralue
CG CG Height 0.33 m Estimated from model
>Tire Tireto RoadFriction Coefficient| 1.5 1 Estimatedvalue
L Wheelbase 1.54 m Designedralue
tire Tire Rolling Radius 0.22 m Measuredvalue
G Coefficient of Rolling Resistanq 0.01 1 Estimated from testing
Wariver Driver Weight 756 N Assumedralue
Wear Car Weight 2335 N Estimated from model
C& CarWeightDistribution Rear 0.52 1 Designedralue
Ioriveline Drivelinelnertia 6.20 | N*m? | Estimated from model
" Driveline Driveline Efficiency 0.8 1 Assumedralue
Mcar Full Mass 315.25 kg Estimated frommodel
Yep Final Drive Ratio 2.67 1 Designedralue
g Gravity 9.81 m/s? Assumedralue
G Drag Coefficient 3.1 1 Estimated frommodel
G Lift Coefficient 0.014 1 Estimated fronmodel
A Frontal Area 0.12 m? Estimated fronmodel
Tamb Ambient Temperature 300 K Assumedralue
" Air Air Density 1.225 | kg/m? Assumedralue
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Table A2 Numerical values definingrsight and corner sections tffie 2015~ormula SAE Michigan autocross track

Feature Number| Straight Length (m)| Corner Radius (m) Corner Angle (rad)
1 5.9 9.4 0.28
2 16.4 7.0 -0.61
3 10.5 8.2 0.61
4 9.4 3.5 -2.02
5 5.9 3.5 1.88
6 23.4 7.0 -0.47
7 14.0 4.1 0.73
8 21.1 4.7 -1.41
9 9.4 2.9 1.40
10 4.7 7.0 0.94
11 2.9 3.5 -0.54
12 2.3 2.9 -1.66
13 11.7 9.4 1.08
14 10.5 7.0 -0.72
15 17.0 6.4 0.45
16 2.3 8.2 -0.40
17 18.7 9.9 0.33
18 26.9 11.1 -0.33
19 8.2 3.5 0.70
20 5.3 3.5 -0.99
21 5.9 5.9 1.01
22 3.5 3.5 -1.08
23 16.4 10.5 0.87
24 5.9 9.4 -0.89
25 7.0 8.2 0.63
26 16.4 11.7 0.51
27 19.9 10.5 -0.52
28 8.2 7.0 0.65
29 4.7 7.0 1.52
30 4.7 11.1 1.27
31 3.5 9.4 -0.59
32 16.4 9.4 0.35
33 15.2 7.0 -0.73
34 18.7 9.9 0.94
35 18.7 5.9 -0.72
36 5.3 5.9 -0.77
37 2.3 4.7 1.10
38 8.8 8.2 0.44
39 4.7 5.9 -0.40
40 38.6 24.6 0.35
41 17.6 5.9 -0.84
42 4.1 5.9 1.13
43 13.5 7.0 -0.86
44 15.2 6.4 0.84
45 16.4 5.3 -0.91
46 15.2 5.9 0.87
47 8.2 7.0 -0.51
48 21.1 292.6 0.00
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Table A3 Numerical values defining straight and corner sections of the 2014 Formula SAE Michigan autocross track

Feature Number| Straight Length (m)] Corner Radius (m) Corner Angle (rad)
1 16.3 8.0 0.64
2 4.0 4.7 -1.59
3 2.7 9.7 0.67
4 32.0 12.0 0.86
5 11.3 5.7 -0.85
6 2.6 8.3 0.40
7 10.7 8.0 0.51
8 17.7 12.7 -0.48
9 3.7 22.3 -0.38
10 4.7 22.0 -0.40
11 4.7 13.3 0.66
12 15.3 4.3 -0.87
13 4.0 6.7 0.72
14 4.7 8.3 0.65
15 5.0 8.0 -0.51
16 8.0 9.3 0.58
17 3.0 7.7 -0.48
18 12.0 10.0 0.61
19 7.0 7.0 -0.73
20 6.3 11.3 -0.54
21 17.3 7.3 0.84
22 26.6 9.3 1.26
23 2.7 5.3 -0.64
24 6.3 6.0 1.11
25 8.7 5.0 0.97
26 21.3 12.3 0.66
27 4.7 6.7 -0.72
28 1.0 3.0 0.61
29 25.3 11.3 -0.92
30 2.3 9.7 0.93
31 2.0 7.7 -0.48
32 1.3 5.7 0.41
33 2.7 7.7 -0.48
34 20.0 13.7 0.37
35 13.0 27.3 -0.58
36 30.6 5.7 0.91
37 3.0 3.7 -1.77
38 4.7 8.3 0.91
39 24.3 7.3 0.84
40 2.7 7.7 -0.76
41 3.7 6.7 0.77
42 2.3 8.0 0.68
43 3.0 12.0 -1.08
44 7.3 14.7 -1.00
45 7.3 22.6 0.57
46 4.3 8.3 -0.36
47 2.7 10.3 0.76
48 11.0 76.2 0.00
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Table A4 Motor torqueand poweras a function of angular velocity

Angular Velocity (RPM Torque (N*m) | Power (kW)
0 820 0
500 81.8 43
1000 81.5 8.5
1500 81.3 128
2000 810 17.0
2500 80.8 21.1
3000 80.5 253
3500 803 29.4
4000 80.0 335
4500 79.0 37.2
5000 74.0 38.7
5500 68.8 39.6
6000 63.0 396
6500 58.2 39.6
7000 54.0 396
7500 50.4 396
8000 47.2 396
8500 44.4 396
9000 42.0 396

9010 0 0
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Appendix B, Simscape Vehicle Model Parameters
Appendix B tabulates parameters used in the overall Simscape Vehicle model.

Table B1 Aerodynamic related parameters for Simscape Vehicle Model

Variable Parameter Value | Unit Source
G Drag Coefficient 3.1 1 Estimated from model
G Lift Coefficient 0.014 1 Estimated from model
" Air Air Density 1.225 | kg/m?® Assumed value
A Frontal Area 0.12 m? Estimated from model
Table B2 Brake related parameters for Simscape Vehicle Model
Variable Parameter Value Unit Source
Srarake Front Brake Coefficient of Frictio] 0.55 1 Tested value
>Rerake Rear Brake Coefficient of Frictio] 0.45 1 Tested value
IFBake Effective Radius of frorirakes | 0.081 m Designed value
I'Rerake Effective Radius of rear brakes| 0.056 m Designed value
FrmaxBrake Maximum FronCaliper~orce 5000 N Designed value
FrmaxBrake Maximum Rear Calipétorce 4100 N Designed value
MeRotor Front Rotor Mass 0.346 kg Designed value
MRRotor Rear Rotor Mass 0.217 kg Designed value
Gorotor Specific Heat of rotor material | 507 JIkg/K Appendix D
Arrotor Front Rotor Area 0.2 m? Designed value
ArRotor Rear Rotor Area 0.2 m? Designed value
Nerake Brake Convectiofoefficient 80 W/m”"2/K | Estimated value
Table B3 Chassis related parameters for Simscape Vehicle model
Variable Parameter Value | Unit Source
Myvehicle Vehicle Mass 243 kg | Estimated from model
Moriver Driver Mass 72 kg Assumedralue
Mrotal Full Mass 315 kg Calculatedralue
CG Z location of CG 0.33 m Estimated from model
C& X location of CG ratio from fron| 0.52 1 Designedralue
L Wheelbase 1.54 Designed value
Table B4 Environment related parameters for Simscape Vehicle model
Variable Parameter Value | Unit Source
Tamb Ambient Temperature| 300 K Assumedralue
g Gravity 9.81 | m/s? | Assumedsalue

121




Table B5 Inverter and Motor related parameters for Simscape Vehicle model

Variable Parameter Value Unit Source

5 Inverter Inverter Efficiency 1 1 Assumedralue
linverteMax Maximum Inverter Current 550 A Data Sheet

Nimotor Motor Convection Coefficient 25 W/m?/K Assumedralue

SAvotor Surface Area of Motor 0.14 m? Estimated from model

K Motor Constant 0.15 | N*m/A,rad/s/V | Estimated from data shee

Ruviotor Motor Winding Resistance | 0.0063 M Manufacturer test data

Maopper Motor Mass of Copper 6 kg Estimatedvalue

Maeel Motor Mass of Steel 7 kg Estimatedvalue
Maluminum Motor Mass of Aluminum 2 kg Estimatedvalue

5 Motor Motor Efficiency 0.9 1 Appendix D

Goapper Specific Heat of Copper 390 J/kg/K [25]

Goseel Specific Heat of Steel 470 J/kg/K [25]
Goatuminum Specific Heat of Aluminum 910 J/kg/K [25]
Aunsulation Insulation Conduction Area 0.1 m? Estimatedvalue

Asteel Steel Conduction Area 0.1 m? Estimatedvalue
Aaiuminum AluminumConduction Area 0.1 m? Estimatedvalue
tinsulation Insulation thickness 0.001 m Estimatedvalue

tsteel Steel Conduction Area 0.0034 m Estimatedvalue
tAluminum Aluminumthickness 0.0032 m Estimatedvalue
Kinsuiation | Insulation Conductio€oefficient| 0.072 Wim/K Estimated value

Ksteel Steel Conduction Coefficient 40 wW/m/k [25]
Kauminim Alumlgg;nﬁi%nnc:uctlon 205 Wim/k [25]

Table B6 Battery thermal related parameters for Simscape Vehicle model
Variable Parameter Value Unit Source
tattery Battery Thickness 0.018 m Measuredvalue
Haattery Battery Height 0.30 m Measuredvalue
Wagattery Battery Width 0.22 m Measuredvalue
Agattery Battery Surface Area 0.152 m? Calculatedvalue
Meattery Battery Mass 1.9 kg Measuredvalue
Gogattery Battery Heat Capacity 747 J/kg/K [18]
hsatery | Battery Convection Coefficien 5 W/m?/K | Estimatedvalue
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Table B7 Tire related parameters for Simscape Vehicle model

Variable Parameter Value Unit Source
Iire Tire Radius 0.22225 m Measuredvalue
B Pacejka B coefficient 11.0947 1 Estimated from model
C Pacejka C coefficient 1.5221 1 Estimated from model
D Pacejka D coefficient 15 1 Estimated alue
E Pacejka E coefficient -0.0511 1 Estimated from model
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Appendix @ 24 Cell Analysis

Appendix C shows the comparison of the Simscape vehicle model with 24 cells and & jetify the
approximation of 1 representative cell, representing all 24 cells, a model with 24 cells was created. The
battery subsystem was broken down into two battery boxes withlsdrceach as seen Figure C1 and
Figure C2, respectively

>
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Ambient : i L1 >

i +
Curmrent_In s S PS Right Battery Box
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Figure C1 Overall battery model with two battery boxes regaating the system on the prototype vehicle.
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Figure C2 Battery box subsystem with 12 battery cells modeled.

The model was run with 24 individual cells to compare to the model with ordlf. The voltage over
the entire endance run of 24 and 1 cell representation is shoviigare C3. From the naked eye there
is no discernable difference between the two voltages. A zoomed in véfigjore C4, shows srall

error between the two in some transition sections.
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Figure C3 Voltage over time of 24 and 1 cell models.
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Figure C4 Voltage over time zoomed in to see error in some ®ahsiections between 24 and 1 cell models.

When the error over time is plottegigure C5, spikes in error can be seen from this difference. The
mean error is2.7e4 V andSNR of the data is 708 he error may be due to numerical error in the solver.
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Figure C5 Voltage error spikes between 24 and 1 cell models.

Battery parameter values vary with SOC, and many conclusions are madedr8@®&igure C6

shows the error between the SOC in the two models. The SOC error negatively increases throughout the
simulation, but the maximum error seenb#1e5 at the end of the simulation is 0.0045% of the SOC

and is not significant.
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Figure C6 SOC error over time between 24 and 1 cell models.
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AppendiD ¢ Data Sheets
Appendix D shows datsheets used throughout the development of this thesis. A data sheet was not
available for the thermistors used in battery testing, therefor an ice bath test was conducted to determine
accuracy of the thermistors.

Table D1 Rewlts of thermistor ice bath test.

Thermistorl | Thermistor2 | Thermistor3 | Thermistor 4 Ambient
Test | Temperature| Temperature | Temperature | Temperature | Temperature
() () () () ()
1 1 1 0 1 19
2 0 0 0 0 19
3 1 0 0 0 20

Data sheets attachedAppendix D are as follows

Page 187 BMS datashedB0]

Pages 12-1317 Current sensor datash¢@i ]

Page 132 Motor Datashedi32]

Page 133 Durabar 8055-06 ductile iron brake rotor material datasheet
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Cell Voltage Monitoring Specs

e Cell voltage resolution of about 1.5mV

e Maximum individual cell voltage rating: 0.5v to 5v per cell tap.

e Cell voltage measurement total error <0.25% across full tem-
perature range.

e Total pack voltages from 13v up to 850v (max.)

e Supports from 4 to 180 cells per BMS (more if units in series.)

Reliability & EMI Immunity (Rev E)

e Operates through the highest class passenger vehicle load dump
ISO 7637 Class IV (87V, 400mS, 0.5 ohm source.)

e Operates through ISO 7637 “cold crank” brownouts down to 5v
on 12v supply rail and can operate > 100mS with no power
(with initial voltage of 12v.)

e Meets EN 50498: 2010 EMC Aftermarket Vehicle Directive

e Meets 2004 /104 /EC EMC Road Vehicle Directive last revised
as 2009/19/EC

Product Dimensions

e Standard Enclosure: 9.45 in (W) x 6.85in (L) x 3.23 in (H)
e Extended Enclosure: 15.98 in (W) x 6.85 (L) x 3.23 in (H)
e Weight (Standard Enclosure): 5.35 Ibs

e Weight (Extended Enclosure): 8.85 lbs

Isolation

e Cell taps isolated from 12v supply, chassis and 1/O

e 2.5kV isolation between each connector of cell taps

e Isolation allows for use of in-pack safety disconnects and fuses

e High voltage isolation fault detection circuit to monitor the
breakdown of wire insulation

1/O Interfaces

e 2 Digital signal outputs for enabling charge and discharge.

¢ 1 Digital signal output to control a battery charger

e 2 Digital programmable CANBUS (CAN2.0B) interfaces.

e 4 Analog 0-5v outputs that represent the following signals:
Charge Current Limit (CCL), Discharge Current Limit

e 1 PWM fan output and fan speed feedback monitor (external
switch and relay required.)

e 4 thermistor inputs (Can support up to 800 thermistors through
external thermistor expansion modules (expansion modules sold
separately)

¢ 1 Dual range current sensor input (measures pack current)

Power Supply

e 3 redundant 12V DC power supplies for reliability
e BMS retains data without power (rev D and newer)
e Low power sleep mode

Specification Item Min | Typ | Max | Units

Supply Voltage 8 16 Vdc

Supply Current—Active 250 mA

Supply Current—Sleep (Rev. D & E) UA

Operating Temperature -40 80 G

Sampling Rate for Current Sensor 8 m$S

Sampling Rate for Cell Voltages 30 50 m$S

Isolation Between Cell Taps and Chassis / 12v Supply 2.5 kVrms — .
Isolation Between Cells 36-37,72-73, 108-109, & 144-145| 2.5 kVrms é»’ﬁ‘:) _";" ';L :
Digital Output Voltage (Open Drain) 30 \% \ A\) \ / '/‘
Digital Output Sink Current (Rev. D & newer) 175 mA

Cell Voltage Measurement Range 0.5 5 \

Cell Voltage Measurement Error (over 1-5v range) 0.25 % - —
Cell Balancing Current 200 | mA Nl
Cell Current (Operating) 5 mA I

Cell Current (Sleep)

Thermistor Accuracy @ :

Cell Voltage Reporting Resolution 1.5 mV

Optional Specifications

CAN bus speed 125, 250, 500, or 1000 Kbps peeandioliot BAS wility

Current Sensor Values +/- 200A, 500A, 750A, 1000A Available

120 Easy Street, Suite 14

Carol Stream, IL 60188

Phone: (630) 868-3173
Fax: (866) 657-5667

www.orionbms.com
www.ewertenergy.com
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Absolute maximum ratings

DHAB S/33

Parametar Symbel Winit - Ll E_iﬁmtinn Conditions
Min | yp Max
Ebectrical Data
Supply voltags 8.5
Cwer voltage V. v 14 1 min
Reverss voliage -14 1min @ T, =25°C
Output voltage (Analog) v W 8.5
Cutput over voltage (Analog) w W 14 1min @ T, =25°C
Continucus output current L mA =10 10
Cuitpat shor=circuit duration T min 2
Ambient storags lamparature T, “C =40 125
Operating characteristics
Paramater Symbol Linit Specification Conditions
Mim Tvp Max
Ebkectrical Data
Supply voltage V. W 4.5 5 55
Output current {Analog) L. ma =1 1
Current consumplion 15 20
L méA
Power up inrush current -’ 40 & ‘.": <35V
Load resistance R KO 10
Capacitive boading [+ nF 1 100
=1 65 High accuracy
Ambient oparating temperatura T, "C - -
A1 125 Roduced acturacy
Channel 1
Parametar Symboel Unit Specification Conditions
Mim | Typ M
Electrical Data
Frimary current | S— A =75 75
Calibration currant L. &0 60 @T,=25C
Offset voltage v, W 2.5 @V =5V
Sensitivity " mia 26,7 @v, =5V
Resalition m 2.5 @V, =5V
Culput damping voltage min ™ v y 0.24 0.25 0.26 @V, =5V
Cutput damping voltage max " e 4.74 4.75 4.76 @V =5V
Ouiput internal resistance Rn-r ¥] 1 10
Freguency bandwidtn BwW Hz B0 =3 dB
Power up tima ms 25 10
Setting time after over [cad ms 25
Channel 2
Parameter Symbol |  Unit Spacification Conditions
Min | Typ Max
Electrical Data
Primary current L. S A =750 75O
Calibration currant L. =500 500 @T,=25C
Offaet veltage v, W 2.5 @v. =5V
Sonsitivity 1 G Wi a7 @V, =5V
Resolution my 2.5 @V, =5V
Cuitput damping voltage min ' 0.24 0,25 0.26 @V, =5V
Oulput dlamping veltage max " Var v 4.74 4756 4,76 @M. =5V
Culput intermal resistance R, 0 1 10
Fragquency bandwidth BwW Hz 8o @ -3d2
Power up time me 25 110
Setting time after over load ms 25

MNote: " The cutput vokltage V

our

is fully ratiometric (concerning offset, sensitivity and clamping) and is dependent on the supply
voltage Vc relative to the following formula:

rs
|,_| W —

with Gin (V/A)
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DHAB S/33
ACCURACY
Channel 1
Parameter Symbol Unit Specifisation Conditions
Min | Typ | Max
Electrical Data
Electrical offset current | Fp— ma, + 100 @T,=25°C
Magnetc offset current | — mi, + 100 @T,=25C
- 350 350 @ T,=25°C
Global offsat current | F— m#a =550 550 @=10"C < T" < 85°C
=850 B850 @ =40°C = T° = 125°C
0.5 @T,=25C
Sensitivity arror £, By +2 @=-10°C = T° =65°C
+ 3.5 @ =40°C < T" = 125°C
Linearity error £ % +0.5 off full range

Global Absolute Error (A)

Channel 1 Global Absolute Error (A)

Temperature =40 =20 0 25 65 125
Global Offset Error + 068 + 0.58 + 048 +0.35 + 055 + 0,85
Global Error @204 1 2.40 1 1.9 +1.42 + 0280 + 1.56 £2.70
Global Error @+ 754 + 4.50 + 3.45 + 241 +1.10 + 266 + 5,00

DHAB S33 Channel 1 : Global Absolute Error
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Global absolute error (A)
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Temperature (°C)
e (Global Offset Error = (Global Error @+40A m—— Global Error @+75A
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DHAB S/33
ACCURACY
Channel 2
Specification
Paramater Symbol Unit Conditions
Ml | Typ | Max
Elactrical Data
Electrical offset current | A 1 @T,=25°C
Magnatic offset current | F— A +28 @ T, =25C
=562 5.2 @T,=25"C
Glabal offset current 1, J— A =57 5.7 @ =-10°C = T° < B5°C
=6.5 6.5 @ =40°C <« T = 125°C
+ 0.5 @T,=25"C
Sensitivity errar £, %, +2 @=10°C « T* < B5°C
£3.5 @ -40°C = T* € 125°C
+ 0.5 Ip = £ 6GOOA, % of full range
Linearity error £ k0
’ +2 Ip = £ 7504, % of full range
Global Absolute Error (A)
Channel 2 Global Absolute Error (A)
Temperature =40 =20 0 25 65 126
Global Offset Error +B.05 + 5,79 + 5,53 + 5,70 + 5,77 + B.50
Global Error @+5004 + 24,0 + 20,6 +17.2 +13.0 + 20.8 + 32,5
Global Error @+7504A +42.0 + 36.5 + 30.9 + 24,0 + 33.6 + 48,0
DHAB S$33 Channel 2 : Global Absolute Error
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BHEMMO 300 West Valley View Road, Talent, OR 97540, USA
v “ +1 541) 4940823 T / +1 (G41) 535-3916 F

OIGITAL DRNVETRAIN ™ www.brammo.com

GVM Traction Motor

» Internally cooled IPMAC motor system

« High performance cooling system with
low pumping requirements

» Light weight system meets APEEM 2015
performance targets

Performance Specification® Cooling
Peak Power/Torque 42 kW / 90Nm Cooling Working Fluid 50% Aqueous Ethylene
col
Continuous Power 29 kW &
Rated Flowrate/Pressure 10 lom @ 0.05 bar
Voltage Range 48-450 Vdc
= Min/Max Inlet Temperature 10°C/90°C
Maximum Input Current 600 Arms
Maximum Gage Fluid Pressure 1.6 bar
Base Speed 4,200 RPM
= Coolant Fittings 3/4" Barbed Hose,
Maximum Speed 9,000 RPM 90" & 10" Positions
Peak Efficiency >95%
Pole Pairs 6
Weight 16 kg [complete motor)
Volume 4.5L {complete motor) T
(3
Protection Rating IPS5 {25 per DIN 40050-9) 3
-
3
e

“Al performance spechcations are rated at coolant it of 60°C @ 10 L/min
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% Dura-Bar:

Carrrivows Sast oo Bar Slock

Dura-Bar Mechanical Property Comparisons

Material Property Ductile lron Gray Iron
65-45-12 80-55-06 100-70-03
Tensile Strength{psi) 65,000 80,000 100,000 40,000 20,000
Yield Strength{psi) 45,000 55,000 70,000 - -
Elongation %) 12 & 3 - -
Machinability Rating* 150% 125% T5% 125% 126%
Fatigue Strength{psi) 40,000 40,000 40,000 20,000 10,000
Endurance Ratio 06 0.5 04 04 0.5
Shear Strength(psi) 54,000 72,000 40,000 58,000 29,000
Compressive Strength (psi) 110,000 115,000 120,000 120,000 90,000
Torsion Strength{psi) 54,000 72,000 90,000 60,000 20,000
Impact Strength®* (ftdbs) (ftdbs) 10 15 20 - -
Density (Ibs/in’) 0255 0255 0.255 0.260 0.260
Hardness (EHN) [(AVG.) 180 229 279 241 160
Modulus of Elasticity (psi) 23,000,000 25,000,000 25,000,000 20,000,000 20,000,000
Relative Wear Resistance Fair Good Excellent Excellent Fair
Coeff of Thermal
Expansion {infin/F) 6.4 X 10 6.4 X 1074 6.0 X 107 55X 107 55X 10%Y
(Range - T0-212°F)
Themal
Conductivity[Biu/hrfti”F) 18.68 1868 1868 3084 3084
[Range - Room Temp -212°F)
Relative Damping Capacity*** 20 20 20 250 250
Heat-Treat Response(Rc) 6560 5560 5560 5560 5560
Electrical Resistivity 75 75 75 110 110
(Microhms x Cm)

" Based on 1212 = 100%
** W-notched Charpy room femp.
"**Natural log of rabe of successie ampliiude

[Fior maore Information contact Dura-Bar | 1800 W. Lake Shore Drive, Woodsinek, IL 60058 zaro
BO0-BAR-MILL{227-8455) | B15-338-TE00 | Fax: B15-338-1540 | www.dura-bar.com | sales@dura-bar.com | 1 ﬂgggg
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Appendix E Parameter Plots

Appendix E encompasses battery parameter surfaces and final reduced models.
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Figure E1 Openloop voltage, Em, versus SOC and Current fof@2
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Figure E2 Openloop voltage, Em, versus SOC and Current fofG0
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Figure E3 Openloop voltage, Em, versus SOC and Current fof@0
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Figure E4 Series resistance, RO, versus SOC and Current f6€22
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Figure E5 Series resistance, RO, versus SOC and Current f6€30
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Figure E6 Series resistance, RO, versus SOC and Current f6€40
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Figure E7 RC1 resistance, R1, versus SOC and Current fIC22
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Figure E8 RC1 resistance, Rversus SOC and Current for 3G.
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Figure E9 RC1 esistance, Rversus SOC and Current for 4Q.
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Figure E10 RC2resistance, Rversus SOC and Current for 2€.
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Figure E11RC2 resistance, fersus SOC and Current for 3G.
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Figure E12 RC2 resistance, fersus SOC and Current for 4Q.

139



Taul (s)

Taul (s)

0.4

06 200

) 100
soC 1.0

Current (A)

Figure E13RC1 time constantj,versus SOC and Current for 2.
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Figure E14RC1 time constantj,versus SOC and Current for 3G.
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Figure E15RC1 time constantj,versus SOC and Current for 4G.
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Figure E16 RC2 time constant},versus SOC and Current for 2€.
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Figure E17 RC2 time constant},versus SOC and Current for 3G.

Figure E18 RC2 time constant},versus SOC and Current for 4G.
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