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ABSTRACT

OPTIMAL BATTERY SIZING FOR ELECTRIC VEHICLES
CONSIDERING BATTERY AGEING TO MINIMIZE THE TOTAL COST
OF THE POWER TRAIN COMPONENTS AND CONSUMED ENERGY

Gezer Ali
MS, Department of Electrical and Electronics Engineering
Supervisor: Prof. DBa ki Zafer | nver

August2021, 143 pages

Due to environmental issues such as emission of carbon gases, massive energy
consumption, depleting natural resources regarding the internal combustion engine
(ICE) based vehicles, electric vehicles (EVS) have lshaogre and more attention.

To make EVs feasible and commathe batteries' high cost and performance
degradation problemhave to be overcoméhedegradation of the battery regarding
both energy capacity and power capability is highly dependent on icorsdibf
utilization. Inspired by the literature, an electric vehicle model and an energy
utilization and battery ageing (both calendar ageing and cycle ageing) model are
proposed Then, these models are validated consideritogteery electric vehicle
(BEV) in the marketThemodels are used to optimize the battery size to decttease
total cost of the power traiand consumed energyver the battery's lifespan
considering Worldwide Harmonized Light Vehicles Test Procedure (WLTP).
Finally, the effects opossible future improvements in the technologwlterations

in user preferencesegarding ageing mechanisms, annual distance, price of
electricity, specific cost athe battery pack, specific mass of battery pack, specific
cost ofelectric motor EM) andinverter, specific mass of EM and inverter, dest

procedurs on the battery size optimization are investigated.

Keywords: Electric Vehicles,Li-ion Battery, Battery Ageing, Battery Size
Optimization
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CHAPTER 1

INTRODUCTION

Environmental issues such as emission of carbon gases, massive energy consumption,
anddepleting natural resourcase public concerrAlthough factories and industries
seemto bethe main cause of these issues, thternal combustion enginthat
generates power by burning a mix of fuel and gases based vehicles are sigoiicant

[1]. Consequentlyelectric vehicles (EVs) hawsaught more and more attention due

to environmental concerns, because they use electrical energy that can be generated
by renewable sources. Moreover, EVs use energy more efficiently as compared to
internal combustion engiAgased vehicles (ICEVs). For ewple, EVs are so
designed that the energy flows bidirectionally at the time of running and braking. By
regenerative braking, some of the energy typically lost in ICEVs during braking is

used to charge the internal battery.

EVs date back tthe 1890s.In those days, they were powered by leaid batteries

and were gaining popularity and holding a substantial share in the market. However,
in the 1910s, EVs lost the share and popularity after the invention of electric starter
which eliminated the need for hdwrank used in ICEVs. Also, the initiation of mass
production of ICEVs made them more affordable. After a long break, EVs have
started to come into prominence in the 1970s due to growing environmental concerns,
high oil prices resulting from the oil crisén 1973 and 1979, and improvements in
semiconductor switch and battery technologies. In the 1990s, 1mekal hydride
(NiMH) batteries which have higher energy and power density than the formerly used
leadacid batteries have been used in EVs. Soar,dithiunmion (Li-ion) batteries

have appeared in EVs in the 2000sday, EVs are getting growing market share

with further improvements on these technologies day by day.



EVs are basically classified infive types: hybrid electric vehiclg$iEVS), plug-in
hybrid electric vehicle@PHEVS), Liel cell electric vehicles(FCEVs), latteryelectric
vehicles (BEVs) and angeextendedelectric vehicles (REEVs). In addition to the
above types, there ateicks, autobuses and even flyiogrs[2] using electricity as
the energysource.

Unlike ICEVs that use only fossil fuel, some EVs have a secondary energy source.
HEVs and PHEVs operate using both internal combustion engines and electric
motors (EMs). While fossil fuel is their primary energy source, thbaard battery

is thar secondary energy source. The main difference of PHEVs and standard HEVs
is that PHEVs have greater batteries and can be charged from an electrical grid.
Resourcing the HEVs (refueling) and PHEVs (refueling and-piugre similar to
ICEVs (refueling) so these types of EVs have gotten significant share in the market

faster than the othéypes

FCEVsoperateusingEMs andare powered by hydrogdprimary source) and en
board batteries (secondary source). Taayt no harmful gases, only warm air and
water vapa, butit is very problematic to store hydrogen in acceptable volumed. Th
requires using very higpressure storage techniques ardeptiomal and expasive
tubes Besidesthe chemical reaction between the stored hydrageroxygen in the
air is stronglydepenént on ambient conditions. Thereforéye electrcal energy
generation from such @éhemical reaction can be quitastable Although there are
someFCEVs[3] in the marketbecause of the above mentioned probletingy
cannot take a substantial pladdore improvementare needed to be achieved by

chemists anéFCEV developers to makihemmore common.

BEVs operataising EMs, and the otboard batteries are their only energy source.
BEVs mainly suffer fronmthe high costof power train EM, inverter, and battery)
limited stored energyandlong times for rechargindgdue torecent improvemenis

Li-ion battery production and battery utilization techniques, BEVs are taking more



and more place in the market nowadays. However, some more sitelieseded to

be conducted to make thanore fasible andommon.

Operation of REEVs is similar to BEVs, but they also include small gasoline tanks
and generators to charge the main batteries thereby extending the range of the

vehicles

In the market, there exish variety of EVs with different speddations [4].
Commorty, the total mass of EVs range from 1300 kg to 2500 kg, acceleration from
2.6 sec to 16 sec, top speed from 130 km/h to 260 km/h, and energy consumption
from 15kWh/100km to 25 kWh/100 km.

Batteries in EVs are formed by parallel and series connection-iohLgells. The
standard nominal voltage of a-ldn cell varies from 2 V to 3.65 V depending on the
type ofchemistry{5], andeach chemistry type shines out in terms of different aspects
such as specific energy, specific power, safety, cost, and lifespan. The expected
energy capacity of a tion cell ised in EVs varies from a few Wh to higher values.

It is highly dependent on the size and type of the package such as cylindrical,
prismatic angouch[6]. Li-ion cells are connected in series depending on the desired
nominal battery voltage and in parallel depending on the desired nominal battery
capacity, so the number of cells included in the battery may range fromharened

to a few thousand. Common nominal battery voltages range from 100 V to 200 V for
hybrid vehicles and from 300 V to 800 V for BEVs. Higher voltages offer more power
to be transferred with less loss over the same copper cable while requiring higher
voltage rated components in the entire system. Typical battery capacities range from
0.5 kWh to 2 kWh for standard HEVs, from 4 kwWh to 20 kwWh for PHEVs, and from
30 kWh to 100 kWh foBEVs[7]. The travel range of EVs varies from 90 km to 570

km according to th&VorldwideHarmonized LightVehicles Test Procedure (WLTP).

The detailed explaationof this procedure is given in Secti@r.



Someessentiaproblemsregarding BEVs arBmited battery energy storage because
of thelimited energy density of thehemistry battery ageing, ankigh battery cost
Even thougHtLi-ion batteries come tthe forefront with the high energy and power
densitiesas compared to othdyattery types such desadacid, nickel cadmium
(NiCd), and NiMH batteries the both densities ofLi-ion batteriesneedto be
improved for mobile applicationsespecially forBEVs. Also, batteries degrade in
terms of energy and power capacitiestime which are highly dependent on the
conditions they aretilized. In battery terminologya battery health is expressed in
terms ofits state of health (SOH). Basicaltiie SOH isthe ratio of the current energy
capacity to thenominal energycapacity andneasured in percentage poinihe
lifespan of a battery for mobile applications is generally defined as the time passed
until the SOH of the batterypecomesless than 70% or 80%epending on the
application There exisbusesthat usesupercapacitor packs insteadLofion packs

in urban transportatiof8]; because, even thoughpercapacitors have less energy
densty thanLi-ion batteriesand suitable only within short ranges, their lifespan is
longer.The list price of a BEV is too high to make it competitive againdCa&V .
The battery cost causes the high ¢@stid as a matter of fathe battery price ratio
may reach up to 45% of the BEV list price. Since the dependency of BEW® to
battery is crucial, the research on the battery becomes more anctnitiogs In
particular, theoptimization with the objectivef prolongingthe working lifewhile
decreasinghe high cost of the batteper km over the lifespan of the battery is of

primary importance.

BEVs are charged bglectric vehicle supplgquipmentwhich communicate with
vehicles underthe standards (IEC, ISO) arglipply the electrical energyn a
contrdled way. The ACtype of equipmentuses standard busehold cables and
sockets. Then-board chargeconverts AC to DC. fie power rating varies from a
few kW to 22 kW depending otne number of phases and the line capabilitge
DC charging requiregfrastructure investmenbutthe power rating is quite large

(up to 100kW). TheDC charging stations are not common and are shared among



hundreds of users. Dependingtba supply equipment type atigetype and capacity
of BEV battery the charging tires varies for AC types from ~4 h to ~20 h dod
DC types from ~1 h to ~4 nother type of charging, which ot on the market
yet, is inductive (wireless) chargingvhere theenergy transfer occurs through
magnetic couplingHalf of atransformeris placed orthe BEV while the other half

is putin the station.

Charging is a critical problem for BEV4. ik longer to charge BEV compared to
refuel anICEV, and the fast charging DC stations BEVs are quite rare compared
to gasoline stations fdCEVs. In this work, the problems regarding recharging of
BEVs are not considered

1.1 Problem Definition

In order to increasthe working life and decrease the high cost of the baterkm
over the lifespanageing oLi-ion batteresshould bewvell understoodA battery has
two main performance parameters: energy cépaaid power capability. e energy
capacity describes the total available charge/digehacapacity subject to
degradationand the power capabilitys a measure of the deliverability pbwer
throughoutthe lifetime. The degradation occurs both during operation and during
stationary pends (no current flow). Hencé¢here are two types dfattery ageing
cycle ageng regarding operation and calendar ageing regarding fepthof-
Discharge(DOD), Middle Stateof-Charge (MidSOC), cumulative release pere
hours, and chargend discharge current ratare the main stress factors for the battery
cycleageing. On the other hand, storage temperature, storagefSGiarge (SOC)
(the ratio of he charge leveto the current energy capacimhich is measured in
percentage pointsgnd time are the main stress factors for thettery calendar
ageing.These factorsand how thg affect ageing will be explained in detail in
Chapter2 and Appendix AConsidering some factors tie calendar and/ocycle
ageing,many studies have been conducted to imprinebattery usage inEVs

[9],[10]. In this work,it is aimed to studyhe effect of battery sizen@wycleageing of



an EV batteryBattery size alterations imply addition or subtraction of cells in parallel
keeping the series cell number constant. Therefore, chatiggrzpttery size will

make a diff er(errkWhgc amd o/i ti yno nuAETatéddattdrye e pi n g
voltage constantlt is important to notice that thieattery size alteration directly
affectsthe chargeand discharge current ratevhich are thanain factors forcycle

ageing

Regarding battery size optimization, some studies Hseen conducted inthe

literature In [11], minimizationof the total cost of ownership of the electric bus fleet

is investigated by choosing the optimal battery stkzenumber of charging stations,

and charging power for a given schedule, vehicle charaatsyistid environmental

conditions. However, the system is investigated as one and onltheméximum

battery utilization ovetthe years is not considered #&se primaryobjective. The
developmenmmainly arisesrom the reduced battery pack capacity amel thigher

utilization ratio of the charging infrastructure. Moreover, Ostadiazerani[12]

study the optimal sizing of battery to minimize the overall costthe electric

drivetrain,test proceduie and performance specifications, but theragof battery

is nottaken into accountn [13] the battery ageing is studiedhd work bases on a

specific case, &.5 t lightduty commercial electritruck and aparticular route

Besides an intelligentrechargingstrategy is worked depending on the SOC control

intheway of del ayed recharge. Al t hough author
segment, carmakers have to offer adaptive vehicle in accordatice u st o mer s 0
needand constraintso, it is the fact that it
into mass production for too many types of vehicles. Only a few types of \satacde

come into use such as lengnge type, shomange type, etc

Parallelingmore cells to the battery reduces the discharge rate, and consequently the
battery ageing slows down. Obviously, it is not feasible to increase the battery size
too much due to the high initial cost of the battery and some physical limits on the

board. Moeover, increase of the battery size will cause an enlargement of EM and



power converteros capability to overcome

EV performance. The energy consumption per km will also increase because of the
rise in the total mass. In conclusion, the battery sizing directly affeatgd¢heageing

(not the calendar ageing), and one should look for the optimum size which will reduce
the power train cost per km over the lifespan ofliatery. The BEV is utilzed to

reveal the maximum improvement by battery size optimization while maintain
practicalness of the work. The SOC is kept in favorable conditions in terms of
calendar ageing. Regardingcle ageing, cumulative release ampamrs is based

on WLTP.Thus a more general study than the on¢liB] based on aautomobile

and a standartkest procedurean be conductednd ths would be a contributive

study.

Unlike the specific studin [13], in this work, an electric car and a route based on the
WLTP are studied. In addition, a battery ageing model is reformele lfit¢rature,

most of the battery ageing models are not shared clearly; therefore, they cannot be
used directly. On the other hand, the battery ageing modéH] that discusses
optimal sizing and management of lithition batteries for photovoltaic plants

clear. Noting that the battery ageing model does not depend on the application, this
model is takeras reference in a BEV application in this work. Since the ageing of a
battery is slow in the model, the model parameters are updated using the real ageing
data. These issues aneplained in detail ilChapter2. Moreover,some scenarios for

the battery size optimization are run considetivgpossible future improvements in

the technology omlterations in user preferencesgardingageing mechanisms,
annual distance, price of electricity, specific cost of battery paekifspmass of
battery pack, specific cost of EM and inverter, specific mass of EM and inverter, and
test procedure While determining possible future improvements in the technology,
new targets in the technology roadmap reports that are published byprgewts and

agencies in order taccelerate the proliferation BVs are consider€d5],[16],[17].



In this work, according tthe desiredBEV specificationsuch agnaximumvehicle
speedmaximum time for acceleration from zeimtop speedmaximumtime for
acceleration from 0 to 100 km/and range in km fahe WLTP; thebattery size and
otherBEV design parameteesedeterminedThe SOCvalue during the operation is
limited usingthe batteryageing studies and modgisenin theliterature[18], andit

is assumed that the conditions are kept in theserdé® points.The ambient
temperature for calendar ageing calculatisndetermined considering the average
temperature values over a year for Istanbhén, using the resulting parametéhng,
energy onsumption per km, theattery life andthe power train initial cost are
calculated and recorded accordingtie utilization of BEV as explainedn Section
3.2. Finally the battery sizeis optimized. Theresulting changes in the energy
consumption per kpthebattery life prolongatiorand the initial cost consideririge
power train component updatae calculated and recded. Insummary, taking the
battery ageingand the WLTP into consideratipnhe optimumbattery size to
minimize the ratio of the su of theconsumed energy cost per km dhnelinitial cost
of power train EM, inverter andbattery) per km ovethe lifespan of the battery is
determined. The improvements are presented and the effectsmissible future

improvements in the technology alterations in user preferenca® given
1.2  Thesis Organization

In Chapter 1the importance of thbattery system antihe battery size optimization

for EVs in terms of usability and camte discussed. The studies regarding the battery
size optimizatio in the literature are presented. lhapter 2, the vehicle dynamic
modelandthe battery ageing model antroducedand the modification of the battery
ageing modein [14] is explained. Thevehicle dynamic and battery ageing madel
are validated at the end of the ChapterChapter 3, thédattery size optimization
algorithm, thephysical limitations othevehicle bodyandthe effecs of batterysize
optimizationare presentedn Chapter 4the effects opossible future improvements

in the technology oalterations in user preferences the battery size optimization



arepresented. In Rapter 5the benefits obattery size optimizatioare discussed.
Some details regarding the main structure laaitiery ageing phenomena iarion

batteriesare given in Appendix A.
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CHAPTER 2

VEHICLE DYNAMIC AND BATTERY AGEING MODEL S

2.1 The Worldwide Harmonized Light Vehicles Test Procedure (WLTP)

In the vehicle industry, there exist some test procedures that provide speed versus
time data for vehicles to measure the fuel consumption and the CO2 emissions as
well asthe pollutant emissions. While the results of CO2 and pollutant emission
measurements are checked by the authorities, the fuel consumption results are
beneficial for comparing the vehicles in the market by consumers. These procedures
introduce driving préiles which contain a variety of driving phases: stops,
acceleration and braking phases. In Europe, the New European Driving Cycle
(NEDC) had been in use from the 1980s to September 2018. Since the NEDC was
set by considering a theoretical driving profiteyas criticized in the middle of 2010s

for its practicableness and its impact on reducing the CO2 emissions. The WLTP is
a new, more realistic test procedure introduced by the European Commission. It is
developed considering the real driving data gatthérom all around the world.
Different CO2 values for individual vehicles, higher speeds, more dynamic and
realistic acceleration and deceleration phases are considered in the WLTP as
compared to the NEDC. The WLTP includes low, medium, high, and exgha hi
speed parts to simulate urban, suburban, rural and highway scenarios, respectively.
However, it still cannot account for driving behaviors, traffic conditions, weather
conditions, vehicle loads, vehicle maintenance conditions, road bends, and road
gradents[19]. Since September 2018, all new car registrations in Europe must use
the WLTP [20]. There ardlifferenttest procedures some countries, for example,
JCO08in Japan, SRC&SBC in USA and CUEDSRC?240 in Australidgut theWLTP

is widely admitted all over the worldAlthough fuel consumption and emission
considerations ofest procedures seetn be related only to ICEV£Vs also us

theseprocedures especially to express their driving range
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The WLTP classifies the vehicles accordingttear power to mass ratoo(PMR):
Class 1, PMF 22 W/kg Class 222 W/kg PMR 34W/kg; Class 3, PMF 34
W/kg [21].

In this study, the PMRs @EVs under consideration arebetweeriv2 W/kgand80
W/kg as can be calculated by using Table Bldnce, they belong to Class The
speed versus time graglonsidered in this studg given in Figure 2.1, where the
rangeis 23.27 km, the duration 80 minutesand the average and maximum speeds
are46.5 km/hand131.3 km/h respectively

Worldwide Harmonised Light Vehicle Test Procedure (WLTP)
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Figure2.1. Speed vs time graph regardWj_-TP [21]
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2.2 The Vehicle Dynamic Model

The forces actingon a vehiclemust be known in order to understanddigamic
characteristicsBasically, there are four typef forces affecting a vehicle: vertical,
lateral yaw (change of direction)and longitudinal force$18]. In this study, the
vehicle dynamic model is usewt onlyto define the specifications of the vehicle
components but alst calculatethe power flow during the given test proceduse
TheWLTP does not account for vehicle Igahd road bend3he bngitudinal forces
have the main effect aime power flov characteristicsThereforejn this study, for
simplicity, the vehicle is assumed to be a rigidip@nd onlythelongitudinal forces
are consideredshen developinghe vehicle dynamic model

There are five types of longitudinal forces: aerodynamic drag, rolling friction,
grading resistance, tractive, and brakiogceg22]. The motive force generateby
the engine (for ICEVS) or theM (for EVs) must surpass all the other forces resisting
the motion of the vehicle. Consequently, the longitudinal vehicle movement can be
expressed by Equation 2.1 whekeHr, U, M, standfa thelt\ctive foce,
the resistive force, the mass factor, the vehicle mass and the linear acceleration
respectively
Qw

& & 1 by (2.1)
In the above equatio®, - & is the net force on the vehicle. dVv/dt is limited by the
adhesion capabilitpf the vehicle to the ground surface. This limitation should be
investigated considering the adhesive coefficient of tires to the ground surface,
whether the vehicle is front/all/rearheel drive and the load distribution durinoth
braking and acceleran.

Frt is the sum of the rolling resistance force,the aerodynamic drag forcey,Fand

the grading resistance fordey
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& & & & 2.2)

Sinceclimbing is not considered in this stydy is set to zero when developing the

vehicle dynamic model

Fr can be expressed as in Equation 2.3 wikEil, g, andistand for the coefficient
of rolling resistance, the vehicle masise gravitational acceleratigrand the road

angle respectively:
& A QO &N (2.3)
Notethato € @ equas 1 since there is no climbing

Fw can be expressed as in Equation 2.4 where , # , 6, and6 stand for the air
density the frontal area, the coefficient of aerodynamic drag, the vehicle speed, and
the wind speedgspectively:

& P I # o 6 (2.4)

C

A vehicle is modelled according to the assumed set of requirements given in Table
2.1. The requirements on the maximum vehicle speed, the maximum time for
acceleration from @ 100 km/h and themaximum time for acceleration fromto
the maximum vehiclepeedaredeterminativedor the rated power and torque values

of the power train components. The requirement on the minimum range for the WLTP
is determinative for the rated energy capacity ofoidugery.

Table2.1. Vehicle Performance &juirements

Parameters Required Values
Max. vehicle speed 180 km/h
Max. time foracceleratiorfrom 0 to max. vehicle speed 40sec
Max. time foracceleratiorirom 0 to 100 km/h 7.6 sec
Min. range fothe WLTP 300 km
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When moddling, more assumptions regarding the vehicle and component

characteristics are required as giveable2.2.

Table2.2. Vehicle and Component Characteristics

Parameters Assumed
Values
Body massvithout powertrain 1500 kg
Initial value for naximum acceleration at top speed 0.49m/seé
Driver mass 75 kg
Mass factor (massicrease due to acceleration of rotating mgss 1.05
Gravitational acceleration 9.8 m/ec
Frontal area 3.15n7?
Aerodynamic drag coefficient 0.29
Air density 1.25 kg/ni
Friction coefficient of tires 0.006
Radius of wheels 0.3 m
Gear ratio EM to wheels 9.0478
Accessories consumption (fixed) 750 W
Adhesive coefficient of tires to ground surface 0.9
Load distribution durin@ccelerationWfront/Wtotal 0.5
Load distribution during braking, Wfront/Wtotal 0.65
Efficiency of EM & inverter 92%
Efficiency of gearbox differential 97%
Efficiency of battery pack 95%

The model giveshe specifications on the power train components, i.e., the torque
and power capability of the electric machine, the power capability of the inverter and
the energy capacity and the power capability oftthttery as outputs according to

the given requirements. By using the specifications on the power train components,
the mass, volume and cost of these components are obtained according to the
expressions given iable 2.3 [23]. Following most of the reference sourcélse

costs are presented in dollars
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Table2.3. Expression®kegarding Powertrain Components

Parameters Expressions
Specific cost of $30/kW
EM + inverter
Specific mass of 1.1 kW/kg
EM + inverter
Battery pack specific cost $250/kWh

Battery pack specifimass

(200- 3 x PbattEbatf) Wh/kg +120 kg

Thebattery pack specific cost can be se$t®00 + 13 X Bat/Evar)/kWh [23]. Since

Poat{ Enat, IS generallyin between 3.5 and 4 for BEVs, it can be approximately taken

as $250/kWh not only for simplicity but also for compatibility with the scenarios

explainedn Chapte 4.

In the light of the above information regarding the longitudinal behavior of a vehicle
and the aforementioned assumptions, a BEV with fvdmgel drive is modelled
considering the given requirements. The flowchart of modelling is provided in Figure

2.2, and the explanations regarding the main blocks in the flowchart are given in

Sectiors 2.2.1, 2.2.22.2.3,2.2.4 and 2.2.5.
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2.2.1 Maximum Vehicle Speed andAccelerationat Top Speed

It is desired to reach the top spewdiftly, i.e., in secondsin BEVs Thus, the
requiremenbf maximum time for acceleration from 0 to maximum vehicle speed is
defined in this work as in Table 2:This requirementan be satisfiednly by having
acceleration capability at top speédbte thatthe top speed of BEVs is limited by
software due to some rotation limitations E¥1 and connection pieces although
power and torque capabilities of power train componentshdecta acceleratéhe

BEV further.In this sense, a virtuglarameteracceleration at top spead defined

to meet the requirement of maximum time for acceleration from 0 to maximum

vehicle speed although there isaxiwal acceleration at top speedthis work

Using theinitial valueor updated valutr maximumacceleration abp speed given

in Table 22, the minimum net forcen the wheelss calculatedy consideringnot
only total mass but alsnass factor given in Table 2. Potal mass is itially assumed

as summation of body mass and driver miawsaddition,the resistive forces, i.@he
rolling friction force and the aerodynamic drag foraee calculated as explained in
Equatiors 2.3 and 2.4, respectivelyhen, the required tractive force on the wheels
is calculated using Equatisn2.1 and 2.2.Finally, rated torque and power
requirements foEM are calculated using maximum speeduirementn Table 2.1,
wheel radius, gear ratio, efficienof gearbox& differential assumptions in Table
2.2.The values are eedup aspower ofEM-1 and torque OEM-1.

2.2.2  Acceleration Time (0 to 200km/h)

Firstly, the limit values for maximurforce and torque on the wheels are calculated
using adhesive coefficiemtf tires toground surfacén Table 2.2 The limitation is
reflected to define maximum rated torque valu&MIfusing gear ratio, efficiency of
gearbox& differential assumptions in Table 2Phen,an initial torque value of 150
Nm for EM is assumednd increased steby step withasize, 1 Nmuntil the torque
value forEM is enough to meet thmaximum timerequirementor 0 to 100 km/h
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accelerationn Table 2.1 If the increasean torque continues up to the maximum
torque limit forEM and the torque value &M is not enough to meet tmeaximum

time requirement fob to 100 km/h acceleratigthe maximum time requirement for

0 to 100 km/h acceleratiocannotmet. For every step of torque &M, acceleration
profile of the vehicle is calculated in an inner lodpis acceleration loop runs with

a timestep of 0.08econds andontinues up to the maximum time requirementOfor

to 100 km/h acceleratiorThe value ofpower of EM-1 is used as initial valutr
ratedpower calculations oEM. In anEM, the base speed @efined as the speed
where the torque justartsto decrease arttie power justeachests maximum.The
base speed dEM is calculated usingated power andratedtorque valueof EM.
Compared to base speéae operation region of tHeM (constant poweor constant
torqug is determinediepending on theurrentspeedIf the current speed is less than
the base speed, tlieM operates in constant (maximum) torque reglanconstant
torque region, the torque &M is reflected to wheels and the tractionrci® is
calculated.The acceleration is calculatddr the given time intervaWith using
Equations 2.12.2, 2.3 and 2.40n the other hand, if the current speed is greater than
or equal to the base speed, HM operates in constant (maximum) power region
constant power region, the powerEi¥ and currenspeedare used to calculate the
torque ofEM. Then, the torque &M is reflected to wheels and the traction force is
calculated. The acceleration is calculated for the given time interval with using
Equations 2.1, 2.2, 2.3 and 2.4. After getting acceleration for the given time interval
for the operation regions, the currspeeds increased as the multiplication of time
step size and acceleratidrhe torque oEM is increasedh theouter loopf thefinal
speedvalue at the end aheinner loop does not reach 100 km¥ithen the final
speedeached. 00km/h in the time requirement for 0 to 100 km/h acceleration for the
first time, the torque and power of EM in thater loop are eredl up as power of
EM-2 and torque oEM-2.
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2.2.3 TheWLTP Range

After selecting the maximum of the values regarding power and torqE& s
rated the energy and power of the battargcalculated considering the requirement
of minimum range for WLTh Table 2.1For this purpose, power flow of the battery

is calculated fom single WLTP while the current BESpeedollows thereference
speed data ahe WLTP in Figure 2.1 At every time step, 1 second, of the WLTP
the difference betweethe currentspeedof the BEV and the referencspeedis
calculatedThat is, the required acceleration for the given time interval is calculated.
Then, the movement (acceleration, deceleration or constant speed) until the next time
step is determinedLike in Section2.1.2, the bse speed, thEM operation region,
maximum torque limitation regarding adhesive coefficiehtires tothe ground
surface efficiency of the battery packand dficiency of EM & inverter and the
required acceleration amouare used to calculate how much potter batterysinks
(regeneration)or sourcs. At the end ofa single WLTP, the total net power
consumptions divided by the distance afsingle WLTR That is, the average power
consumption per km based on WLTPgstten. Multiplying this average power
consumption and the requirement of minimum range for WLTP in Table 2.1, the
minimum energy capacity of the battery is calculat@d.the other handhe rated
power of the battery is determined considering the rptader of EM, power of
accessorieseficiency of the battery paclkand dficiency of EM & inverter.

2.2.4 Determination of the Components inthe BEV

As shown in Figure 2.2,the masses of components are calculated after the
specifications of components are determined. Then, the masses of compoeents
summed with body mass and driver massd the new total mass is obtaingdhe
difference between the new total mass amrdpitevious total mass is greater than the
tolerance of 5 kg, the loop updates the total mass and continues its opétion.
the difference stayyin tolerance,a BEV model that mestthe requirements of
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maximum vehicle speed, maximum time &arceleration from 0 to 100 km/h and

minimum range for the WLTP is obtained

2.2.5 Acceleration Time (0 to Top Speed)

Using the same logic explained $ection2.2.2, the BEV is accelerated up to top
speed. UnlikeSection2.2.2, the torque or power rating of pawkain components

are not modified to meet the requirement of maximum time for acceleration from O
to maximum vehicle speed. Only the time passed for this acceleration period is
calculated As can be seeat the end of the flowcham Figure 2.2, the vak for
acceleration at top speed is increased ifdhleulated acceleration tingoes not
satisfythe requirement of maximum time for acceleration from 0 to maximum vehicle
speed. Themprevious steps are repeatwdh updated value for acceleration ap to
speed in a loopAfter the requirement of maximum time for acceleration from O to
maximum vehicle speed is satisfiethe BEV model ends up with the outputs
presented in Table 2. 4. That i s, t he
meetall requiranents in Table 2.1 are given in Table 2.4.

Table2.4. BEV modeling aitputs

Parameters Outputs
EM (torquei power) 401Nm-168kW (225 HP)
Battery (energy power) 48 kWh - 193kW
Initial Cost for EM & Inv- Batt- Total 5042%-11941%- 16983%
Mass for EM & Inv- Batt- Total BEV 153 kg - 374kg - 2102kg

2.3  The Battery Ageing Model

In EVs, batteriesaffect total mass, acceleration capability and travel rafgese
features highlydependon the type obattery.Batteries are energy storage devices

and are classified into two types, primary and secondary. Primary batteries can be
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only dischargedFor exampleZinc-Carbon, alkalinananganese dioxide, Lithium
Iron Disulfideare the main primary batteri€econdary batteries can be charged and
discharged multiple times. Thus, secondary batteries are preferred in apitetion
require numerousycling, such as cellphones, smartwatclaslEVs. For example,
LeadAcid, Nickel Cadmium (NiCd), NicketMetal Hydride (NFMH) and Lithium

lon (Li-ion) are the main secondary batteries. Théon batteries dominate the EV
market because dlfieir higher specific power and higdr specific energyhan other

secondary battery family membef$us, his work is basedn Li-ion batteries

The main structure, typeandageing mechanisntf Li-ion batteriesare investigated

and presented in theppendtes It is essentiato emphasize thaine of themain
limitations regarding Li-ion batteriesis degradation.To overcomedegradation,
chemists and material engineers study the ageing mecharisntte other hand,
system designersho use Liion batteries should try to model ageing phenomena and
integrate this model to their systenmodel Thusthesystem designecsan opimize

the design and utilization of their systems considering the battery ageing. In other
words, they can uge battery irthe best way for their systems being aware of the

ageing effects.

Before going into details, note thaattery health iexpressed with its SOldnd
battery charge level is expressed with itstate of charge OO in battery
terminology Basically, SOH is the ratio of the current energy capacity tadh@nal
energycapacity and SOCis the ratio of the charge level the arrent energy

capacity.

2.3.1 An Ageing Model ofLi-ion Batterieg14]

Batteries have two main performance par@rs energy capacity and power
capability. Regarding these performance parameters, battery degrades depending on
the utilization of the battery and tim& he energy capacitg a measure dhe total

available charge/discharge capacipd degradation dfie energy capacity is stated
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ascapacity faded&C). The power capability can be considered as deliverability of

power, and degradation of th@ower capabilitys expressed ampedance ris¢ a&)R

Degradation on these performance paramatemmodelled to get the ability to
consider agei ng e.fTheeparanmeters af theunsodet shauld bey st er
appropriately assignedor utilization. Thus, ageing phenonwerare generally

modelled considering cycling and storage. That is, ageing is faddeto two parts,

cycle ageing and calendar ageimg.[14], energy capacity and power capability
degraddon are modelledconsidering cycleageing and calendar ageings in

Equations 2.5, 2.6, 2.7, 2.8 and 2.9.

Capacity fade and impedance rise occur regarding tineand the number of
equivalentcycles Q) as stated ifEquatiors 2.5 and2.6, whereU andb areageing
parameter$or calendar and cycleespectivelyt expresses the elapsed timalays
andQ represerg equivalent full cycledzor example, if a battery with SOC=1 (fully
charged) is discharged to SOC=0.5 and then changedSOC=10Q would be equal
to 0.5. If the cycle is repeatadntimes,Q would be equal t&.

Capacity Fade

ad o
— o 2 z | 2.
r: <1 (25)
Impedance Rise
Y Oh) o zat zi (2.6)
Y ¢ r

Calendar ageing occurs over time with a battery bstoged while there is no
charging or discharging. Calendar ageing mainly depentisedime (t), cell voltage
(Vcen) andtemperatue (T). vcen eXpresses the opeircuit voltage of a celatrest i.e.,
there is no external current flow throughout Hagteryand unit ofvcen is VOItS Veen

highly depends othe current SOCT expresses cell temperature in kelvin.
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Cycle ageing occurs while the cell is being charged or operates under load. Cycle
ageing mainly depends on the number of equivalent c{@gsverage cell voltage
(Veyo), depth of dischargeDOD) and C-rate. veyc €Xpresses the average voltage of a
cell during cyclingn volts. For exampleif a battery with 4V is discharged to 3V and
then charged up to 4V would be equal t&.5V. Discharged depth isxpressed

with its depth of dischargddOD) in battery terminologyBasically,DOD is the ratio

of thereleagd energyto the current energy capacityotice that sum obOD and

SOC of a battery is equal fo C-rate is the rate odischarge (or chargepmpared

to the battery's current energy capadior example, if a battery with 10Ah capacity

is discharged (or charged) with 18;rate would be equal t.1.

Capacity fade and impedance rise are investigated with calendar ageingycle
ageing.The termj, in Equatiors 2.7 and2.8 stands for capacity; or impedanceR..
The four parameterst, Uk, bc and bri, are not constanibecause calendar ageing
becomes fast with higheter and T, and cycle ageing becomes fast with highes
DOD andC-rate. These four parametechangeas stated in Equatisi2.7 and 2.8.

Calendar Ageing State of Charge (SOC) afi@mperaturéT)

. " . W h
0 WRZ OL_w. G A Q@ —_|-|— (2.7)
1

Cycle Ageing oy, 4DOD and Crate

[ Gp Gp? oopes @ & pipkp @azA@ @ g2 ‘*Wf‘ (2.8)
In Equation 2.7, the cell voltage affects calendar ageing lineamty the effect of
temperature is modelled by an Arrhenius expresfdih. In Equation 2.8, cycle
ageing has a quadratic dependencegin DOD affects cycle ageing linearl[24],
and C-rate affects cycle ageingxponentially{25]. In [14], these variables are used

for modelling the calendar and cycle agewith the parameters in Table 2.5.
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The ime and number of equivalent cycle dependencggeings linear in this model.
Therefore, this ageing model is only suitableddinear region of the battery ageing
when capacity fade and impedance rise is b&6% [26]. Both capacity fade and
impedance risprocesses accelerate aféé€Po, and battery life is usually considered
to be overThis model works well in this study betse SOH limit for working life is
considered(%. In this contextgeSOHis expressed as in Equation 2.9.

&Y) ™ G qu hﬂ (2.9)

o] Y

In this study, the battery ageing mode[1d] is used but not as xecause the ageing
is slow in the modelThe parametes of the battery ageing model jh4] aregiven in
Table2.5. Note that these parameters are usedalculation oftk, Uki, bc and bri
usingEquation2.7 and 2.8.

Table2.5. Ageing model parameteirs[14] for a&C andadR; calculation

% Par amet er[84] ( & Par amet @@[84] ( &
Q =
E |5
&
5 I8 - 271600 9486
g R Y; 3.1482 3.0960
S R K 6976 5986
o - 2.7100e05 2.2800e05
o vl 3.1400e04 3.2080e04
© o v 3.6830 3.7410
o) o - 1.6100e06 3.4040e06
o - 1.5600e05 1.5600€05
o h 1.8000 1.8000

The parameteris Table2.5 are updated according tieereal ageinglatagiven in the
first four subsectionsf Section2.3.2. The resulting parameters ateown in Section
23.2.5
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2.3.2 Updating the parameters in the Ageing ModdlL4] with using the real
ageing data

While trying to use the ageing model given in the wor14}, it is realized that
ageing of the battery is very slow and limited. Sitiemeageing model isital for this

work, it is desired to check the model in {tid] by some real ageing datéor that
purpose, some ageing data is asked from either industrial facilities or manufacturers.
After some negotiations, a small set of ageing datalathium NickelManganese
Cobalt (NMC)cell is gotten This specialdata set is presented in four main gart
capacity loss due to calendar ageing, resistance growth due to calendar ageing,
capacity loss due to cycle ageing and resistance growth due to cycle ageing. When
the conditions specified in the data set are applied to the ageing mode]ld]the

is observed thatgeing of the battery by the model is very slow compared to real data.
After this observation, the respective parameters of the ageing model[it4{rere
optimized using each of the data parts. In addition, a scaling factor multiplication is
includedin each formula part separately to get fast convergence while optimizing the

parameters. All the details, results and pansons are presented below.

2.3.2.1 Capacity Lossdue to Calendar Ageing

In the capacity loss formula given in thg4], only the calendar ageing part is
considered. Also, a scaling fac{@F) multiplicationnamed a$SF_C_cal is included

to get fastonvergence in optimization.
& OohaQ o i
OWHAQ ¢RI

Y(#AAZ (;L‘ﬁ z oJ,"-l.l(*\ﬁ ZA@ _=|I.|h_ z (210)

r

For each condition specified in the data sle¢ capacity loss is calculated by the
ageing model. Then, the absolute value of the differences between the calculation and
real ageing data is summed. In this widg total error is calculated. Pseudode of

total error calculation is given below:
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err_total = 0;
for i=1 to <(humberofdata)>
err_s (i) = <Capacity Loss(Calculate@)> - <Capacity Loss(byManufacture(i)>;
err_total = err_total + absolute of <(err_s(i))>;
end
This error calculation method is used during parameter optimizafio®.main
objective is to minimize the total error by updating the parameters one by one. In

Table2.6, theeffect of parameter optimization on error minimization can be seen:

Table2.6. Effect of parametepptimization incapacityloss due t@alendarageing

State info\ SF =+, + = Error
Parameters
All'is in the Not Initial Initial Initial 1.6706
initial state Included
Only SF is Included Initial Initial Initial 0.7776
included
SFisincluded | Included | Optimized Initial Initial 0.5977
and H, is
optimized
SFisincluded | Included | Optimized | Optimized Initial 0.5910
and'H & H
are optimized
SFisincluded | Included | Optimized | Optimized | Optimized | 0.5677
and HFH & 'H,
are optimized

The realcapacity loss for the specified conditions given by the manufactheer,
capacity loss calculated by the formula with parameters ifildjeandthe capacity
loss calculated by the formula with optimized parameiesgresented ihable2.7

andFigure 23.
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Tale 2.7. Comparison otapacitylosscalculationsdue tocalendarageing

o~

- @ S n
25 - ® O . . .
EE © o Q Capacity Loss | Capacity Loss| Capacity Loss
08 3 g @ | (byManufacturer) (by [14]) (in this work)
n R s E

O A =

1 364 24 0.35 0.018 0.001087492 0.005085705
2 3.83 24 0.35 0.021 0.001507629 0.006638546
3 4 24 0.35 0.04 0.001883542 0.00802793
4 4.1 24 0.35 0.039 0.002104667 0.008845214
5 42 24 0.35 0.033 0.002325792 0.00966249¢
6 3.64 24 0.71 0.027 0.002206056 0.010316716
7 3.83 24 0.71 0.03 0.003058334 0.013466764
8 4 24 0.71 0.052 0.003820899 0.01628522¢
9 4.1 24 0.71 0.052 0.004269467 0.01794314¢
10 4.2 24 0.71 0.041 0.004718034 0.01960107
11 3.64 40 0.35 0.033 0.003608777 0.01704416
12 3.83 40 0.35 0.04 0.005002977 0.02224832¢
13 4 40 0.35 0.064 0.006250419 0.026904691
14 41 40 0.35 0.056 0.006984209 0.029643728
15 42 40 0.35 0.046 0.007717998 0.032382764
16 3.64 40 0.71 0.05 0.007320662 0.034575296
17 3.83 40 0.71 0.056 0.010148896 0.045132325
18 4 40 0.71 0.08 0.012679422 0.05457808¢8
19 4.1 40 0.71 0.075 0.014167966 0.06013441¢
20 4.2 40 0.71 0.062 0.015656511 0.06569075
21 3.64 55 0.35 0.078 0.009990776 0.04758358¢
22 3.83 55 0.35 0.086 0.013850571 0.062112498
23 4 55 0.35 0.095 0.017304073 0.075112048
24 41 55 0.35 0.082 0.019335544 0.082758842
25 42 55 0.35 0.08 0.021367015 0.090405636
26 3.64 55 0.71 0.115 0.020267003 0.09652670¢
27 3.83 55 0.71 0.126 0.028096873 0.12599963¢
28 4 55 0.71 0.137 0.035102547 0.152370154
29 41 55 0.71 0.141 0.039223532 0.167882222
30 4.2 55 0.71 0.18 0.043344517 0.18339429
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Note that the value of ASF_C_Cal o , s

in Table 2.7. This condition is selected because it states the environmen at

intermediate level.

SF_C_Cal = Capacity Loss (byManufacturer)(19 / Capacity Loss (byj14]) (18")
=0.08/0.012679422= 6.3094

02 Parameters are updated considering Capacity Loss in Calendar Ageing

X by manufacturer . by [REF] in this work

o
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o
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Capacity Loss by Calendar Ageing (range:0-1)
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Figure2.3. Comparison of capacity loss calculations due to calendar ageing
The points named & thisworlkd a r e thd poitsenameibymanufacturen
compared tahe points named &% b [y R E Rn]Fagure 2.3 That is,the paraneter
optimization makes the model more realistihese optimized parameteese
presented iTable2.8,

29

c al

(



Table2.8. Updatingthe parameters foseC calculationregarding calendar ageing

% Parameters Par amet eirtis (| Par amet entlis (
% - ( &C)[14]@| work for Equation 2.10 work for Equation 2.7
5|5
@
o
w - 271600 SF_C Cal 1.9304e+05 6.30941.9304e+05 =
g = 6.3094 1.2180e+06
S| @ Vv 3.1482 3.0177 3.0177
O
N K 6976 7.0335e+03 7.0335e+03

2.3.2.2 Resistance Growth due to Calendar Ageing

In the resistance growth formula given in {iid], only the calendar ageing part is
considered. Also, a scaling factor multiplication (SF Qil) is induded to get fast

convergence in optimization.

@ A

&Y ooaQ ool o, .
Y'Q B A @f 2 op u.Cr 2AQ T (2.11)
1

Y OOhaQ c2wni

For each condition specified in the data set, resistance growth is calculated by the

ageing model. Then, the absolute value of the differences between the calculation and
real ageing data is summed. In this wigtotal error is calculated. Pseudode of

total error calculation is givebelow:

err_total = 0;
for i=1 to <(numberofdata)>

err_s (i) = < Resistive Growth(Calculate)> - < Resistive
Growth(byManufacturer)i)>;

err_total = err_total + absolute of <(err_s(i))>;
end
This error calculation method is used during parameter optimizalio®.main
objective is to minimize the total error by updating the parameters one by one. In
Table2.9, theeffect of parameter optimization on error minimization can be:seen
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Table2.9. Effect of parameter optimization in resistance growth due to calendar ageing

State info\ SF + + =+ Error
Parameters
Allis in the Not Initial Initial Initial 2.9680
initial state Included
Only SFis Included Initial Initial Initial 0.4739
included
SFisincluded | Included | Optimized Initial Initial 0.3067
and'His
optimized
SFisincluded | Included | Optimized | Optimized Initial 0.3068
and'H & H are
optimized
SFisincluded | Included | Optimized | Optimized | Optimized | 0.3068
and HFH & K,
are optimized

The real resistance growth for the specified conditions given by the manufacturer, the
resistance growtltalculated by the formula with parameters in [hé] and the
resistance growthalculated by the formula with optimized parameters are presented

in Table2.10andFigure2.4.
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Table2.10. Comparison of resistance growth calculations due to calendar ageing

- £ % Q
25 = ® & . Resistance | Resistance
2 © o L | Resistance Growth
§8 S 2 T | (byManufacturer) Growth _ Growth
o g c (by [14]) (in this work)
O — =]
1 3.64 24 0.35 0.027 0.001175729 0.01256915
2 3.83 24 0.35 0.027 0.00158637 0.016958817
3 4 24 0.35 0.02 0.001953786 0.020886414
4 41 24 0.35 0.023 0.002169912 0.023196764
5 42 24 0.35 0.037 0.002386039 0.025507115
6 3.64 24 0.71 0.033 0.002385051 0.02549741¢
7 3.83 24 0.71 0.031 0.003218065 0.034402171
8 4 24 0.71 0.029 0.003963394 0.042369587
9 41 24 0.71 0.041 0.004401822 0.047056294
10 42 24 071 0.057 0.004840251 0.051743006€
11 3.64 40 0.35 0.038 0.003290886 0.03518146
12 3.83 40 0.35 0.049 0.004440277  0.047468281
13 4 40 0.35 0.061 0.005468679 0.058461752
14 4.1 40 0.35 0.083 0.006073621 0.06492849¢
15 42 40 0.35 0.102 0.006678563 0.071395247
16 364 40 0.71 0.063 0.006675798 0.071368105
17 3.83 40 0.71 0.082 0.009007418 0.09629279¢
18 4 40 0.71 0.106 0.011093609 0.11859383¢
19 41 40 0.71 0.133 0.012320774 0.13171209¢
20 42 40 071 0.16 0.013547943 0.14483035¢
21 3.64 55 0.35 0.089 0.007884817  0.08429361¢
22 3.83 55 0.35 0.12 0.010638709 0.113732435
23 4 55 0.35 0.138 0.013102711 0.14007242¢
24 41 55 0.35 0.157 0.014552125 0.155566543
25 42 55 0.35 0.196 0.01600154f (0.171060657
26 364 55 0.71 0.171 0.015994914 0.170995627
27 3.83 55 0.71 0.227 0.021581373 0.23071436C
28 4 55 0.71 0.257 0.026579784 0.284146928
29 41 55 071 0.309 0.029520026 0.315577845
30 42 55 0.71 0.397 0.032460267  0.347008762
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Notet hat the value of ASF_Ri _Cal o is cal cul

in Table 2.10 This condition is selected because it states the environmemt at

intermediatdevel.

SF_Ri_Cal = Resistive GrowthifyManufacturer) (18") Resistive Growth (by[14]) (18")
=0.106/0.011093605 9.5551
04 Parameters are updated considering Resistance Growth in Calendar Ageing
4 r X
I X by manufacturer . by [REF] in this work
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Figure2.4. Comparison of resistance growth calculations due to calendar ageing
oints named as Ain thi bymawfaducdr ar e c |
compared to the poi nEFigure 2ATha &, the parafdtey

optimization makes the model more realistic. These optimized parameters are

The

Y

presented iTable2.11
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Table2.11. Updating the parameters f&Ri calculation regarding calendar ageing

%) Parameters | Par a met ginthiswodeR| Par ametdmr s
% - ( =k [14] for Equation 2.11 this work for
% g Equation 2.7
&
w - 9486 SF_Ri_Cal 1.0614e+04 9.555¥%1.0614e+04=
‘15 =9.5551 1.0142e+05
| @ \Y 3.0960 3.0960 3.0960
© N K 5986 5986 5986

2.3.2.3 Capacity Loss due to Cycle Ageing

In the capacity loss formula given in tfiel], only the cycle ageing part is considered.
Also, a scaling facr multiplication (SF_C_cycle) is included to get fast convergence

in optimization.

x0 i
5

For each condition specified in the data gbg capacity loss is calculated by the

Y@AUAS &y Gpzoop . &5 6 pripkp GpZAB @ ﬁz‘%f‘zw (2.12)

ageing model. Then, the absolute value of the differences between the calculation and
real ageing data is summed. In this wiagtotal error is calculated. Pseudode of
total error calculation is given below
err_total = 0;
for i=1 to <(numberofdata)>

err_s (i) = <Capacity Loss(Calculate@)> - <Capacity Loss(byManufacture(i)>;

err_total = err_total + absolute of <(err_s(i))>;
end
This error calculation method igsed during parameter optimizatidrhatthe main
objective is to minimize the total error by updating the parameters one by one. In
Table2.12 the effect of parameter optimization on error minimization carsdsn

~

Al 06 stands f ogt d&iddisd tfi ad oA @mtdi MiODe d o .
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Table2.12. Effect of parameter optimization in capacity loss due to cycle ageing

State info\ SF o w w W w W Error
Parameters
All is in the initial Not I I I | | I 1.1377
state Included
Only SF is included Included I I I I I I 0.3694
SF is included and Included 0] I I I I I 0.3364
4 is optimized

SF is included andft Included O| o [ I [ I 0.3364

& 4. are optimized

SF is included and Included 0] @) (0] | | I 0.3358

# A&

4. are optimized

SFVis included and Included o @) o O | | 0.3358

A sty

are optimized
SF is included and Included (0] (0] (0] (0] (0] I 0.3358
it 4o &
- are optimized

SF is included and Included 0] @] (0] @] (0] @] 0.3358
LR S ¥

1, . are optimized

The real capacity loss for the specified conditions given by the manufacheer,
capacity loss calculated by the formula with parameters ifildjeandthe capacity
loss calculated by the formula with optimized parametsrpresented ihable2.13

andFigure2.5.
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Table2.13. Comparison of capacity loss calculations due to cycle ageing

(]
o 2 _% _ )
S2 05 8 8 S| coyios | Oy | Copacy
(97.,;_ S > &) @) =3 (by Manufacturer) (by [14]) (in this work)
© o
1 3.7 1 0.3 100 0.035 0.005557045| 0.014910195
2 3.7 1 0.3 200 0.055 0.011114091| 0.02982039
3 3.7 1 0.3 300 0.07 0.016671136| 0.044730584
4 3.7 1 0.3 400 0.075 0.022228181| 0.059640779
5 3.7 1 0.3 500 0.09 0.027785227| 0.074550974
6 3.7 1 0.3 600 0.1 0.033342272| 0.089461169
7 3.7 1 0.3 700 0.105 0.038899317| 0.104371363
8 3.7 1 0.3 800 0.11 0.044456362| 0.119281558
9 3.7 1 0.3 900 0.115 0.050013408 | 0.134191753
10 3.7 1 0.3 1000 0.12 0.055570453| 0.149101948
11 365 09 04 90 0.045 0.005484609| 0.014281754
12 365 09 04 180 0.06 0.010969219| 0.028563509
13 365 09 04 270 0.07 0.016453828 | 0.042845263
14 365 09 04 360 0.075 0.021938437| 0.057127018
15 365 09 04 450 0.08 0.027423047| 0.071408772
16 365 09 04 540 0.095 0.032907656 | 0.085690527
17 365 09 04 630 0.1 0.038392266 | 0.099972281
18 365 09 04 720 0.11 0.043876875| 0.114254036
19 365 09 04 810 0.115 0.049361484 | 0.12853579
20 365 09 04 900 0.12 0.054846094 | 0.142817545
Notet hat the value of ASF_C_cycl eo i

16th, inTable 2.13This condition is selected because it states the environnmmmt at

intermediatdevel.

SF_C_cycle = Capacity Loss (byManufacturer)16th)/ Capacity Loss (by14]) (16™)
=0.095/ 0.032907656 = 2.8869
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X by manufacturer * by [REF] in this work

Parameters are updated considering Capacity Loss in Cycle Ageing

0.1 X x

Capacity Loss by Cycle Ageing (range:0-1)
X

0 2 4 6 8 10 12 14 16 18 20
Specified conditions

Figure2.5. Comparison of capacity loss calculations due to cycle ageing

The points named easc!|foisrert hioby tndrefadpoari nt s n
compared to the poi nEFEigure 8aTha &, the parafndiey [ REF
optimization makes the model more realistic. These optimized parameters are

presented iTable2.14

Table2.14. Updating the parameters f@C calculation regarding cycle ageing

* Parameters Par amet erthsworkeC Par amet eirths worksf@)
s ( @C)[14]@ for Equation 2.12 Equation 2.8
g | E
IS S
3]
o
o - 2.7100e05 SF_C_cycle 2.1148e05 2.8869*2.1148)5=6.1052€05
I e 3.1400e04 5 8:869 3.0992e04 2.8869*3.09926)4=8.9471e04
o | @ v 3.6830 ' 36171 36171
Q 3
S| e - 1.6100e06 1.6113e06 2.8869*1.611366=4.6517€06
@ - 1.5600e05 1.5596€05 2.8869*1.559605=4.5024€05
@ h 1.8000 1.7995 1.7995
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2.3.2.4 Resistance Growth due to Cyclégeing

In the resistance growth formula given in tiel], only the cycle aging part is
considered. Also, a scaling factor multiplication (SF_Ri_cycle) is included to get fast
convergence ioptimization.

&Y OO Q oMol s . . . . . i ise
7‘Y‘(I)(I)('XQ 3ol YQBUAZ ¢y &f 2 op, s @5 ¢ Ry |=I'I Cr 2R@ G o2 %: 2 |I|= (213)

For each condition specified in the data set, resistance growth is calculated by the
ageing model. Then, the absolute value of the differences between the calculation and
real ageing data is summed. In this wiag total error is calculated. Pseudode of
total error calculation is givebelow.
err_total = 0;
for i=1 to <(numberofdata)>

err_s (i) = < Resistive Growth(Calculated)> - < Resistive Growth(byManufacturefi)>;

err_total = err_total + absolute of <(err_s(i))>;
end
This error calculation rathod is used during parameter optimizatidhe main
objective is to minimize the total error by updating the parameters one by one. In

Table2.15 theeffect of parameter optimization on error minimization carsdsn

~
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Table2.15. Effect of parameter optimization in is&nce growth due to cyclgeaing

State info\ SF @ | @ | o ® ® | @ Error
Parameters
All is in the initial Not I I | | | I 0.8909
state Included
Only SF is included Included I I I I I I 0.3951
SF is included and Included 0] I I I I I 0.3556
4 is optimized

SF is included andft Included O| o [ I [ I 0.338

& 4. are optimized

SF is included and Included (0] 0] (@] I I I 0.333

# A&

4. are optimized

SF is included and Included 0] (@] (e} (@] I I 0.3333

A sty

are optimized
SF is included and Included (0] (0] (0] (0] (0] I 0.3145
ik +o.&
4 are optimized

SF is included and Included o @] (0] @] (0] @] 0.3110
LR S ¥

{, . are optimized

The real resistance growth for the specified conditions given by the manufatirer,
resistance growtltalculated by the formula with parameters in [ihé] and the
resistance growtbalculated by the formulaith optimized parameteese presented
in Table2.16andFigure2.6.
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Table2.16. Comparison of resistance growth calculations due to cycle ageing

fJ)

o 2 A - -

= .8 S a) Q = . Resistance Resistance
S § § 8 g = (Rt)i/SI:/T;%r:l(f;Zc?urrizvsth Growth Growth

& S gl (by [14]) (in this work)

(04

1 3.7 1 03 100 0.017 0.005351297 | 0.012393858
2 3.7 1 03 200 0.034 0.010702594 | 0.024787716
3 3.7 1 03 300 0.051 0.016053892 | 0.037181574
4 3.7 1 03 400 0.068 0.021405189 | 0.049575433
5 3.7 1 03 500 0.085 0.026756486 | 0.061969291
6 3.7 1 03 600 0.102 0.032107783 | 0.074363149
7 3.7 1 03 700 0.119 0.03745908 | 0.086757007
8 3.7 1 03 800 0.136 0.042810377 | 0.099150865
9 3.7 1 03 900 0.153 0.048161675 | 0.111544723
10 37 1 03 1000 0.17 0.053512972 | 0.123938581
11 365 09 04 90 0.01 0.005451237 | 0.011047758
12 365 09 04 180 0.02 0.010902475 | 0.022095516
13 365 09 04 270 0.03 0.016353712 | 0.033143274
14 365 09 04 360 0.04 0.021804949 | 0.044191032
15 365 09 04 450 0.05 0.027256186 | 0.055238789
16 365 09 04 540 0.06 0.032707424 | 0.066286547
17 365 09 04 630 0.07 0.038158661 | 0.077334305
18 365 09 04 720 0.08 0.043609898 | 0.088382063
19 365 09 04 810 0.09 0.049061135 | 0.099429821
20 365 09 04 900 0.1 0.054512373 | 0.110477579

Notet hat t he wval ube iosf cfla3Fc_ uRiatceydclceor respondi ng¢

16th, inTable 2.16 This condition is selected because it states the environnmemt at

intermediatdevel.

= Resistance Growth (byManufacture(lL6th)/ Resistance Growth (bj14]) (16"
=0.06/0.032707424 = 1.8344

SF_Ri_cycle
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X by manufacturer . by [REF] in this work

Parameters are updated considering Resistance Growth in Cycle Ageing

X

Resistance Growth by Cycle Ageing (range:0-1)
X

0 2 4 6 8 10 12 14 16 18 20
Specified conditions

Figure2.6. Comparison ofesistance growth calculations due to cycle ageing

The points named as fAin thibymaofacku@ ar e c
compared to the poiinFigure 2.&Tina id, tha paraifidiey [ RETF
optimization makes the model more realistic. These optimized parameters are
presented ifable 2.17
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Table2.17. Updating the parameters f@Ri calculation regarding cycle ageing

" Parameters Par amet gimteis ( g P ar a me tamrthEs(weslikfor
s ( =y [14] work for Equation 2.13 Equation 2.8
[©] =
§ |5
<
o
@ 2.2800e05 SF_Ri_cycle 6.1957e05 1.8344*6.1957€6)5=1.1365€04
o v 3.2080e04 1 8:344 3.2250e05 1.8344*3.2250605=5.9159e05
o | & Y 3.7410 ' 3.5707 3.5707
° -
5‘ o 3.4040e06 3.4042e06 1.8344*3.40426)6=6.2447e06
@ 1.5600e05 1.5734e06 1.8344*1.5734d6=2.8862e06
I h 1.8000 0.1815 0.1815

2.3.2.5 Resulting parameters

As stated above, ¢hparameter optimization makes the model more realistic. These

optimized parameters are presentedable 2.18

Table2.18. Updating the parameters fa&C andaRi calculation regarding calendar and

cycleageing
g Parameters Par amet er| Parameters | Par a me tarmr
@ = ( &C) in this work for ( =@ this work for
% 5 [14] Equations 2.7 ard [14] Equations 2.7 and
S 2.8 2.8
5 @ - 271600 1.2180e+06 9486 1.0142e+05
Sl e [V 3.1482 3.0177 3.0960 3.0960
S @ K 6976 7.0335e+03 5986 5986
I8 - 2.7100e05 6.1052e05 2.2800e05 1.1365e04
I8 V- 3.1400e04 8.9471e04 3.2080e04 5.9159e05
1
sl a [V 3.6830 3.6171 3.7410 3.5707
© o - 1.6100e06 4.6517e06 3.4040e06 6.2447e06
o - 1.5600e05 4.5024e05 1.5600e05 2.8862e06
o h 1.8000 1.7995 1.8000 0.1815
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2.4  Validation of the Vehicle Dynamicand Battery Ageing Models

A BEV is modelledwith the sameperformance a¥olkswageniD4. In Table 2.19,
the performance parameters ttkeg manufacturer of VW ID4 sharaszshown[27],

[28], [29]. The requirement thathe manufacturer of VW ID4 does not shase
assumed as in Tables 2.1.

Table2.19. Vehicle PerformancRequirenentsby VW ID4

Parameters Required Values
Max. vehicle speed 160 km/h
Max. time foracceleratiorirom 0 to 100 km/h 8.5 sec
Min. range forthe WLTP 495 km

As statedn Section2.2, some more assumptions regarding vehicle and component
characteristics are necessdoy modelling. In Table 2.20, the parameters et

manufacturer of VW ID4 shareseshown. The parameters thhe manufacturer of
VW ID4 does not sharare assumed as Tables 2.2.

Table2.20. Vehicle and Component CharacteristigsVW 1D4

Parameters Assumed
Values
Body mass without powertrain 1458kg
Frontal area 3.0317m?
Aerodynamic drag coefficient 0.28
Radius of wheels 0.3815m
Gear ratio EM to wheels 12.9944

For the calculation aihassof comporents, theexpressions in Table 2&8e used.

Then,a BEV is formed using the vehicle dynamic model explaineSaction2.2.
The modelled BEV is utilized as will jgesentd inSection3.2, andthelife of the
batteryis calculatedusing the battery ageing model explainedSection2.3. In
Figures 2.7 and 2.8, the datgardingthe BEV that is modelled consideringW
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ID4 are pesented. In Figure 2.7, the SOC, status and SOH alterations of the battery
are visualized for the first few cycles. The SOC, SOH and temperature alterations of
the battery are visualized over the lifespan of the battery as in Figura Z.&8ble

2.21, reults of the models are given and are compared with the real VW ID4
parametersThe lifespan othebattery is defined as the time passed until SOH of the
batteryis less than 70%y VW ID4. That isthe end of life criteriaegarding SOH
(EOL) for thebattery of the model is assumed as 70%.

SOC
1 T T T T T
O
O 05 M B
(]
0 I 1 1 1 1
0 2 4 6 8 10 12
days

Status (charging:1 rest:0 discharging:-1)

Status of the battery
! o
T
1

0 2 4 6 8 10 12
days
SOH
1 T T T T T
T 0.9998 - b
O
9 0.9996 |- .
0.9994 L L L L L
0 2 4 6 8 10 12
days

Figure2.7. SOG Status and SOH alteratioregardinghe BEVthat is modelled
consideringW 1D4
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SOC changes over the lifespan

years
SOH changes over the lifespan
T T T

1.1 T T T T T
1 _
T
O 09 i
n
0.8 - _
0.7 1 - L L 1 I 1 1
0 1 2 3 4 5 6 7 8 9
years
Temperature alterations over the lifespan
o 30 T T T T T T T T
EES S T L I R L T L T L T L R L I L
Bolf L7 L oL/ LUJ Lo HIJJ LHJJ |
% - LLJ LLJ H\J I LLJ LLJ I L_r
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0 1 2 3 4 5 6 7 8 9

years

Figure2.8. SOC,SOH and Temperature alterations over lifesgayardinghe BEV that is
modelled consideringW 1D4

Table2.21. Comparison of VW ID4 and theodeled BEV

VW The modelled .
Parameters D4 BEV Difference
Torqueof EM, Nm 310 291 6 %
Power of EM, kW 150 141,54 6 %
Battery Energy Capacity, kWh 77 76,99 0%
Total Mass with driver, kg 2199 2179 1%
Life of Battery (EOL=70%), years 8 8,85 11%
Life of Battery (EOL=70%)km 160000 173200 8 %

As can be seen ihable 2.21, differenseareprettylow. Thus,it can beclaimedthat
the models argalid and suitable for this studiote thatdifferences may be caused

by the assumptiorare made fothe parametersinspecified by the manufacturer.
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CHAPTER 3

BATTERY SIZE OPTIMIZATION

In this study, Grate which causes faster cycle agessit gets higheiis focused on
minimizing the battery's ageingince it affects ageing exponentiallgs seen in
Equation2.8. Note thaitC-rate states the rate of discharge (or charge) compared to the
battery's energy capagitOne can reduce the-te by decreasing the discharge (or
charge)current and/or increasing thmattery's energy capagitSince the discharge
(or charge) currentighly affectsthe performanceof BEV and dependsn how the
BEV is utilized, we should natestrict currendrawn in orderto keep meetinghe
requirementsn Table 2.1 Thereforejncreasinghe energy capacity of the battery is
the only wayto reduce the @ate Energy capacity can lecreased by adding some
more parallel cells intblocks In that waytheamperehour (Ah) capacity is increased
while the nominal battery voltages kept constantHowever, irtreasing energy
capacity causemnincreasen total battery massrhus,otherpower train components
i.e.,EM and inverter, should also be improvied neutralizing the added mass by the
battery while continuing to meehe requiementsin Table 2.1 It is evidentthat
adding cells to the battery and improviB{yl and inverter raise the initial cost for
these power train components and BEWereforepptimization should be conducted
to decide how mucthe energy capaciwyill be increased\otice that, if theninimum
range requirement for the WLTg#ven in Table 2.1 is tobigh, i.e. the initial cost of
the power train components is too highmay not be necessary to increase the
battery's energy capagitor optimization. Besides, tHeattery's energy capagimay

be decreased for optimization in a case thanthemum range requirement for the
WLTP given in Table 2.1 is too higbutthe requiremens waivable.That is, battery
sizing for BEV should be optimized considering battery ageiaguirements and
restrictions for BEVIn this study, battery siazs optimized according to the algorithm
given in Figure 3.1Explanations regarding the main blocks of the algorithm are given
in Sectiors 3.1, 3.2, 3.3 and 3.4.
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-Maximum vehicle speed

-Maximum time forO to top speed acceleration

-Maximum time for0-100km/h acceleration
-Minimum range for WLTP drive cycle
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Figure3.1. The Battery Size Optimizatioklgorithm
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To be able to conductan optimization assumptions, objective function and
restrictions must be well definekh this studythefollowing assumptions ha been

madeto make the problem solvable while keeping this work realistipanabseful

1 TheBEV is utilized inthe WLTP. Although the WLTPhas beerriticizedas
mentioned in chapt&, the WLTP was developed regarding real driving data
gathered fromall around the worldandit is the mostsuitableand widely
acceptedest procedure

1 The anualdistancetravelledis considered a0000km. Many of the leading
brands in the industry state that the battery warranty is limited to 8 years or
160000km (1000@ miles) whichever comes fif80][31]. That is,travelling
20000(=160000/8km per year is a realistic way of utilization.

Cost of electricity is considered @sl1 $/kWh[32].

1 SOC limitsare introducedor both cycle ageing andalendarageing.lt is
desirableto keepthe SOC between 0.2 and 0.8 durirdparging and
dischargingandto sustain thesOCat 0.5 while the battery isat rest[18] to
reduce the ageing effects arLi-ion battery

1 In addition,the averagéemperature valied33] of the city, Istanbullurkey,
are considered for the calendar ageing calculatenmd itis assumed that the
BEV is started tdeusel at the beginning of January.

1 An AC standard32A, 3 phase sockehousehold charger of 22kW is used
and Crateis calculated considering energy capacity of the batkéaximum
C-rate during charging is limed to 0.7Gsincethe cell producer restricts in
the cases of low energy capacity, charging power is decreased accordingly.

1 The dficiency of the charger (EVSE) is considered as 90%.

In this study minimizingthe cost of ownership @BEYV is aimed byoptimizing the
size of the batteryThus the objective function is defined asHqguation3.1 It is
assumed that the maintenance cost per km and the initial cost of all the components

except power train ones of the BE3Uch as chassis, tires etire rot affected byan
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alterationin the energycapacity of the batteryOn the other handt is considered
that ncreasing the battery magsgjuires improvements aheEM and inverterThus,
theinitial coss of these power train componemit®also increased depending the
amount ofincreasein the energycapacity of the batterySince these power train
components are used ovkelifespan of the battery, their total initial cosdivided

by thetotal distancdravdled overthelifespan ofthe battery. Thus, the first term of
the objective function is formed. In addition, it is considered that consumed energy
per kmincreasesvith theincreasan thetotal mass of the BEVIhe BEV is utilized

in WLTP, and the energy consumptionnst consant over WLTP. Thereforehe

cost oftotal energy consumptioover one WLTP is divided by the total distance
travdled over one WLTPThe second term of the objective function that states the
averageenergy consumption per kim formed.lt is important teemphasize that the
objective function does naxpressthe total cosiof ownership of the BEV. The
objective functiordisplays only the sum of cosif items that changes depending on
thevariation of battery size.

0 0 QQ®O QL Q e - 31
"06 & &6 QF mraa  3.1)

Note that lody mass without powertragithe total mass of chassis, tires etc., is
assumed constant asliable 22. That is, there must be a restriction onttiial mass

of power train component$he restriction is definedonsideringsome of BEVSs in
the SUVmarket. he maximum ratio of gross vehicle weight to body mass without
power trainand average differentetween gross vehicle weight and unladen weight
of the SUV BEVs are used to define maximum allowable energy capacihe of
battery. A detailed explanation fothe restrictionis given in Section34. If it is
desired tancrease the battery capacity furtlad exceed the restrictionody mass
without power train should also be increabedausenaking some improvements
chassis, tires etcwould be required to carry the greater madsreover,all the
calculations regarding vehicle madlieg, energy utilization and battery ageing would

be needed to oalculate That is, the omtized point for battery energy capacity
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would change todf the body mass without powertrain is not assutodgeconstant

and the vehicle body is improved, the physical limitations would be overcome.
However,the EV segmentvould changedue to both improvements on the vehicle
body and powetrain componentsThis would be determining the optimum EV
segmentbut thatis out of the scope of this work.

To sum uptheabove assumptions, the objective function and restricimmsasedo

optimize the battery siza the algorithmgiven inFigure 3.1
3.1 BEV Modelling

At the beginning of the optimization algorithm, thieck of BEV modéling is used
to calculate initial specifications of the components in the veltiidé meet the

requirements in Table 2ds explained in Chapter 2
3.2  Utilization and Battery Ageing

Secondly, the BEV with initial components is utilized according to the given
assumptions and battery life, i.e., total time passed while SOH is greaterhisn 0.
calculated.The block of utilization andbatteryageingin the algorithm is explained

in detail in Figure 3.2Using annuablistancetravelled and distanaaformation in

the test proceduré3.15 km for WLTP), how many times the test procedure is
conducted in a year and how much time passes between eachotestupe are
calculated. Initially, SOC is assum#mlbe0.5, and theest procedure is performed

by theBEV once. Then, SO@ecreasés observed, and a projection is made for SOC
reduction for theollowing test procedure. Using this projection of SOCuetbn

and making the new projections at every st@piew more test procedures are
conductedn the BEVuntil SOC does not exceed the down limit, 0.2. Between test
procedure operations, the batteryeigposed tocalendar ageing at different SOC
values. Jst after the last operation of the test procedure, it is assumed that the battery
is immediately charged until SOC equals 0.5. Then, the calendar ageing is conducted

with SOC=0.5 during the time between test procedure operations. Just after this
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calendar geing duration, the battery is assumed to be charged from SOC=0.5 to up
limit, SOC=0.8. After this point, the battery is agaubjected taest procedures
(cycle ageing), rest intervals (calendar ageing) and chapgingdskeeping SOC in

limits (0.20.8). The ageing effects on the battery capacity (SOH alterations),
temperature alterations and SOC alterations at every step of utilization are reflected
to the calculation of battery parameters (current battery capacitgte€ during
discharging, projeadn of SOC reduction, current battery voltage, current internal
resistance and current temperatuB)ring the discharging periode., the BEV is
operated in test procedurésttery current is caltated for each time step, 1 second.
Considering theurentenergy capacity of the battery;r&te is calculated at each
time step.Then ageing of t Is ealclladet daned curyent (erseIgyO H)
capacity is updatedsing resulting Gate datalLikewise, usinghe given Grate for
charging, aatedanhd dursent ereerigyccaplacity is updated. During rest
intervals,aSOH is calculated, and current energy capacity is updated, too. That is,
all of the related parameters such ag@, SOC, SOH, etcare computed at every
appropriate step andattery Ifetime, i.e., the time passed while SOH >70are
calculated and recordednder these circumstances, the operation is conducted until
SOH exceed the EOL=D.

Besides, the SOC, status and SOH alterations of the battery are visualized for the first
few cydes as in Figure 3.3. The SOC, SOH and temperature alterations of the battery
are visualized over the lifespan of the battery as in Figure 3.4. Figures 3.3 and 3.4
shows the data regarding the BEdgethemith initial power train components. That

is, theoptimization is not run yet
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3.3 BEV Modelling for variable battery energy capacity

Not i c @8EMtnmodellingii b | driguke 2.2 i;1usedonly once at the beginning

of the algorithm. The block used for mdliteg the BEV in the onglimensional search

| oop i s BE\Amodetling&osvariable battery energy capagi#lthough the

new blockis basé on the same logic as the former one given in Figure 2.2, the new
one given in Figure 3.5 catceptchangingenergy capacity of the battery as input

while ensuringgiven requirementaremet
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3.4  Battery Energy Capacity Update Using One Dimensional Search

The energy capacity of the battdoy the BEV that meet the requirements in Table
2.1 isgiven as 8 kWh in Table 2.4.Since slowing the battery ageing down is aimed
by decreasing €ate, theenergy capacity of the batteshould be increasedo
minimize the objective function, a search must be conducted on energy capacity of
the battery. That is, uggra onedimensional search method is proper to calculate the
energy capacity of the battery that minimizes the objective function. The golden
section metho34] is preferred because of its simplicifjhe seach is conducted in
between the initial energy capacity of thegtery, 4 kwh, anda maximumnallowable
energy capacity restricted by the physical limitations of the body of the vehicle. The
maximum allowablenergy capacity is definednsidering some BEM#1azda MXx

30, Lexus UX 300eVW ID4, Volvo XC40, Polestar 2Jaguar {Pace EV400BMW

iIX3, Audi etron 50 Mercedes EQCAudi etron 55 in the SUV market. The
maximum ratio of gross vehicle weight to body mass without powerarairaverage
difference letween gross vehicle weight and unladen wedjttieinvestigatedlSUV
BEVs[4] areusedto definethe maximum allowable energy capacity of the battery.
Body masswithout powertraingiven in Table 2.2 is multiplied with the maximum
valueof theratio of gross vehicle weight to body ssawithout power traifior the
investigated SUV BEV,s1.95, and gross vehicle weight is obtained for this study.
Then,theaveragevalue of thedifference between gross vehicle weight and unladen
weight for the investigated SUV BEV<71 kg, is subtractefiiom the calculated
gross vehicle weighaind the sum of the body mass without power train, mass of EM
and inverter, and mass of battasyobtained Then, maximum allowable energy
capacity of the battery is calculated iterativetysidering mass of EM dninverter
depending on battery maskhe calculateanaximum allowable energy capacity of
the battery and the initial energy capacity of thatery, 48 kWh,are used as
boundaries of the one dimensional seafAkhcan be seen in Figure 3.6, the golden
secion method finds the minimum of the objective function inside the intefved.

onedimensionakearch errofor convergencés definedas1l Wh. Then, theenergy

57



capacityof the battery that minimizes the objective function is calculated8a61
KWh.

0.22 Battery Size Optimization (Min. range for the WLTP = 300 km)

0.2 -

Total Cost of Power Train and Consumed Energy per km ($/km)
o
3
T

0.12 I I 1 I 1 I I 1 ]
40 50 60 70 80 90 100 110 120 130

Battery Energy Capacity (kWh)

Figure3.6. Battery Size OptimizatioMin. Range for the WLTP = 300 km)

3.5 Determining the Parameters of BEV Assuming the Range Requirement

is Waivable

As can be seen in Figure 3.6, the optimization ends up laitest battery energy
capacity for the given interval. Thuanother point that minimizes the objective
function may extinct for a different, probably lower, energy capacity valat is,
the minimum range requirement for the WLT800 km,given in Table 2.1 is too
highto minimize the objective function. If the requiremenrdtisctfor anapplication,

it is impossibleto minimize theobjectivefunctionlowerthan the case given in Figure
3.6. On the other hand, it is possible to mininitzeobjectivefunction further than

the case given in Figure 3.6tife requirement is waivabfer anapplication. In this
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sensethe requirement of minimum range of 300 km for the WLTP is changéz as
minimum range requirement for the WLTB a shorterdistance such that the
minimum energy capacity valdlkat meet the requirement of minimum range of 300

km for the WLTPIis halvedfor the low side boundary of the search inter¥éen,

the optimization is rerumior wider interval of battery energy capacitincluding

lower values) s can be seen in Figure 3The energy capacityf the battery that
minimizes the objective function is calculated3s49kWh. Naming the original

case given in Figure 3.6 as Scenaria Band the new case given in Figur@ as

scenario nol, the resulting BEV parameters are given in TablelB.this table, the
BEVOs paramet er s ar @rsgnarkonolbut adsgoascahario g n ot

no. 0. Therefore, improvements can easily be seen.
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Figure3.7. Battery Size Optimizatio(Shorter Range
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Table3.1. Outputs regardingcenarios no0 and 1

Scenario No

Parameters Unit 0 1
Maximum allowable battery energy kWh 126.8 1268
Optimum battery energy kWh 486 333
Power of battery kKW 1935 186.3
Mass of battery kg 3785 3019
Initial cost of battery $ 12152 8331
Torque of EM Nm 402 387
Power of EM kW 1684 1621
Mass of EM kg 1531 1474
Initial cost of EM andnverter $ 5053 4863
Total mass of BEV kg 21066 | 20242
Battery lifetime years 7.75 6.66
Total distance traveled in lifetime km 155097| 133216
Range for given test procedure km 305 212
Time for acceleration from O to top speed sec 24 24.3
Consumedknergy in one cycle for given test KWh

procedure 3.71 3.65
Cost of consumed energy per km $/km 0.0195| 0.0192
Initial cost of power train per km $/km 0.1109 0.099
Objective Function $/km 0.1304| 0.1182

The optimum battery ener@ppears to bwer whenthe requirement of minimum
range for the WLTP is waable. Thus, therangefor the WLTP is 212kmandthe

lifetime of the batterys 6.66 yearsn scenariono: 1 Althoughthe range for WLTP
is reduced by0.5% and lifetime of the battery is reduceg 14.1%, the objective

function is reduced by9.3% becausenitial cost of power train components and

consumed energy per km are decreased in scenario. @ptiinal battery size is

determined by combined considerationathl cost of power train componentsdan

consumed energy per krandphysical limitations of the vehicle body.

60




CHAPTER 4

RESULTS

The algorithmpresented in the previous chapter is implememeRATLAB to
obtain the simulation resultdn addition, some scenarios for thmattery size
optimization are run considering possible future improvemientise technologyr
alterations in user preferencegjardingageingmechanismsannual distance, price

of electricity, specific cost of battery pack, specific mass of battery pack, specific cos

of EM and inverter, gecific mass of EM and inverter, atebt procedure
4.1 The Parametersthat Define Scenarios

fiScaling factor forcalendar ageiny, Scafing factor forcycle ageing , Ageing

model in [14]0 , Annual distance , Codii of electricitp , Maximum charging
poweb , Speftific cost obattery pack , Scafing factor fosspecific mass obattery

paclo fiSpecific cost oEM and inverted , Scafing factor folspecific mass oEM

and inverteb a TedtPrdteduré ar e t he parameters that

parameters explained in the followingectiors.

4.1.1 ScalingFactor for Calendar Ageing

Note tha calendar geingpart of themodelin [14] is given in Equation 2.7. Then,

the parameters in the equation are updated using real data as exp|Sieetbin?.3.
Considering possible future improvements in calendar ageing mechanisms, it is
desired to investigate the effects of calendar ageinbattery size optimization.
Thus, a scaling factor multiplicatiammed asSkca is added to Equation 2.7 and
Equation 4.1 is obtaine&Fca equals 1 originally, bubFca takes values of 0.8 and

0.6 toslowdown the calendar ageing linearlysamescenaios.

('k\v
G YN EGRE op Gy PAB 4.1
1
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4.1.2 ScalingFactor for Cycle Ageing

Note that cycle geingpart of themodelin [14] is given in Equation 2.8. Then, the
parameters in the equation are updated using real data as explaBextiom2.3.
Considering possible future improvements in cycle ageing mechanisms, it is desired
to investigate the effects of cycle ageing on the battery size optimization. Thus, a
scaling factor multiplication named &$cyc is added to Equation 2.8 and Equation
4.2 isobtained Skcyc equals 1 originally, busFcyc takes values of 0.8 and 0.6 to slow
down the cycle ageing linearly in some scenarios.

T .‘Yv‘m z d\ﬁ d‘ﬁ z OJ|I|=| J|;- d\ F] d\ F]Z l.l_ F n d\ﬁ

(4.2)

4.1.3 Ageing modelin [14]

Note that geing parameter of thenodelin [14] is given in Table 2.5. Then, the
parameters are updated using real data as explairgstion2.3. In order to show

the effects of theupdating the ageing model parameters on the battery size
optimization, a parameter namedfashA g e i n gin [i¥dod eils  dAgéingn e d .
modelin [14]0 equals O originally i.e. the updated parameggesused for battery
ageing. On the other hanihgeing modein [14]0takes value of 1 in a scenario i.e.

the parameters given in Table 2.5 are used for battery ageing.

4.1.4 Annual Distance

As explained in Chapter 3naual distancetravelled is considered as 200R6n.
However,someof the usersvho drive for short ranges does not travel as much as
20000 kmannually. Considering user preferences, it is desired to investigate the
effects of annual distance travelled on the battery size optimization. Thus, annual

distance travelled takes values of 15000 km and 10000 km in some scenarios.
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4.1.5 Cost ofElectricity

As explained in Chapter 3,0st of electricity is considered as 0.1k\WWh [32].
Considering possible future improvemestgch as spreading of renewable energy
sourcesin electricity generation, it is desired to investigate the effects of cost of
electricity on the battery size optimization. Thosst ofelectricity takes values of
0.088%/kWh and 0.0665/kWh in some scenarios.

4.1.6 Maximum Charging Power

As explained in Chapter an AC standard household charger of 22ie\sedand
maximum Crate during charging is limited to 0.78Bowever, some of the users who
want to charge his/her BEV fast and may use a DC fast charger of up to 100kW
Considering user preferences, it is desired to investigate the effegtaxahum
charging powepn the battery size optimization. Thmsaximumcharging power is
considered ad00kW in some scenariodNote that, assuming charger and battery
management system is able to communicate and maximrate@uring charging is
limited to 0.7C by the battery. That is, full power may not be drawn from &bt
charger by the battery if the energy capacity of the battery is not big enough.

4.1.7 SpecificCost of Battery Pack

Note thatthe battery pack specific cost is given $250/kWh n Table 2.3
Considering possible future improvemeatsit is projected thdahe average battery
pack price will be equal to 101$/kWh B§23 in[35], it is desiredo investigate the
effects of specific cost of battery pack on the battery size optimization. Thus, specific

cost of battery pack takes values of $175/kWh and $100/kWh in some scenarios.
4.1.8 ScalingFactor for Specific Mass ofBattery Pack

Note thatthe battery pack specific mass is given230- 3 x PbattEbat) Wh/kg

+120 kgin Table 2.3. Considering possible future improvements, it is desired to
investigate the effects of specific mass of battery pack on the battery size
optimization. Thus, a stiag factor multiplication named &FvasssatS added to the
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expression given in Table 2.3 and the expres§iBhyasseaix ((200- 3 x PbattEbatf)
Wh/kg +120ky 0, i s Skudssa@guals & atriginally, bubFuasseatakes values

of 0.8 and 0.6 talecrease the battery mass in some scenarios.

4.1.9 SpecificCost of EM and I nverter

Note thatthe specific cost oEM and inverter is given a$30/kW in Table 2.3.
Considering possible future improvements, it is desired to investigate the effects of
specific cost oEM and inverteon the battery size optimization. Thgpecific cost

of EM and invertetakes values dp24/kW and$18kW in some scenarios.

4.1.10 ScalingFactor for Specific Mass ofEM and I nverter

Note thatthe specific mass &M and inverte is given asl.1 kW/kgin Table 2.3.
Considering possible future improvements, it is desired to investigate the effects of
specific mass oEM and inverteron the battery size optimization. Thus, a scaling
factor multiplication named &Fvassemiis addedo the expression given in Table 2.3
and the expressiomfjSFvassemi X 1.1 kKW/Kk® s Ghudssaviequalsl 1
originally, butSFkvassemitakes values of 0.8 and 0.6 to decreasd&tleand inverter

mass in some scenarios.

4.1.11 Test procedure

As stated inSection2.1, the test procedure that used for utilization of the BEV is
considered athe WLTP given in Figure 2.1Note that, he WLTP includedow,
medium, high and extra higépeed partso simulateurban, suburban, rural and
highway scenariggsespectiely. However, some of the users may drive more often
in urbanareas or highwayg.o consider user preferencésyr more test proceduse
areformedusing thelow, medium, high and extra higipeed partsf the WLTP. a
modified WLTP that includes only thiew speedpart, a modified WLTP that
includes predominantly the logpeedpart, a modified WLTP that includes only the
extra highspeed part and a modified WLTP that includes predominantly the extra

high speedpart as given irFigures 4.1, 4.2, 4.3 and 4rdspectively.These test
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procedures are used investigate the effects of test procedure on the battery size

optimizationin some scenarios

WLTP givenin Figure 2.lrange 23.27 km, lead 30 minutes, has 46.5 km/h average
speed and 131.3 km/h maximum spe€lde modifiedWLTP givenin Figure 4.1
range 3.09 km, lead 9.8 minutes, hasl89 km/h average speed arb.5 km/h
maximum speedlhe modifiedWLTP givenin Figure 42 range29.45km, lead49.7
minutes, ha85.6km/h average speed and 131.3 km/h maximum sjéesnodified
WLTP givenin Figure 4.3range8.25km, lead5.4 minutes, ha®91.4 km/h average
speed and 131.3 km/h maximum spe€lde modifiedWLTP givenin Figure 4.4
range39.77 km, lead40.8 minutes, ha$8.4 km/h average speed and 131.3 km/h

maximum speed.

. Modified WLTP (Only LOW)
70

60 - Low

50 -

20 -

1 1 1 1
0 100 200 300 400 500
Time (s)

Figure4.1. A modified WLTP that includes only the low speed part
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Modified WLTP (Predominantly LOW)
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Figure4.2. A modified WLTP that includes predominantly the low speed part

o Modified WLTP (Only EXTRA HIGH)
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Figure4.3. A modified WLTP that includes only the extra high speed part
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Modified WLTP (Predominantly EXTRA HIGH)
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Figure4.4. A modified WLTP that includes predominantly the extra high speed part
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4.1.12 The Original Values in ScenariosNo: 0 and 1

In Table 4.1yvalues of the parametetisat definescenaris no: 0 and 1 are given.
Changing some of thesalues, the following scenarios are formed and effects of the

parameters on battery size optimization are investigated.

Table4.1. Values of the parametersgardingscenarios no0 and 1

Scenario No
Parameters Unit 0 1
Scaling factor focalendar ageing 1 1
Scaling factor focycle ageing 1 1
Ageing modein [14] 0 0
Annual distance km 20000 20000
Cost of electricity $/kWh 0.11 0.11
Maximum chargingpower kw 22 22
Specific cost obattery pack $/KWh 250 250
Scaling factor fospecific mass dbattery
pack 1 1
Specific cost oEM andinverter $/KW 30 30
Scaling factor fospecific mass cEM
and inverter 1 1
Test procedure WLTP WLTP
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4.2  Investigation of the Effects bythe Ageing Mechanisms on Battery Size

Optimization

In Table 4.2yalues of the parametdisatdefinescenarisno: 1, 2, 3 and 4 are given.
Th e
agein@ are changedimultaneouslyin scenarig no: 2 and 3, and the value of

v a | 8caling fawtbr foftalendar ageingand fiScaling factor forcycle

fAgeingmodein[14]0 i s changed in scenario

Table4.2. Values of the parametersgardingscenarios nol, 2, 3 and 4

no:

Scenario No
Parameters Unit 1 2 3 4
Scaling factor focalendar
ageing 1 0.8 0.6 1
Scaling factor focycle ageing 1 0.8 0.6 1
Ageing modein [14] 0 0 0 1
Annual distance km 20000 20000 | 20000 | 20000
Cost of electricity $/kWh | 0.11 0.11 0.11 0.11
Maximum chargingpower kW 22 22 22 22
Specific cost obattery pack | $/kWh | 250 250 250 250
Scaling factor fospecific
mass obattery pack 1 1 1 1
Specific cost oEM and
inverter $/kW | 30 30 30 30
Scaling factor fospecific
mass oEM and inverter 1 1 1 1
Testprocedure WLTP WLTP | WLTP | WLTP

In Figures 4.5 and 4.6, the data regardiognario nol are presented. In Figure 4.5,

the SOC, status and SOH alterations of the battery are visualized for the first few

cycles. The SOC, SOH and temperature alteratiottsedbattery are visualized over

the lifespan of the battery as in Figure 4t6Figures 4.7 and 4.8, the data regarding

scenario np2 are presented. In Figure 4.7, the SOC, status and SOH alterations of

the battery are visualized for the first few cygcldhe SOC, SOH and temperature

alterations of the battery are visualized over the lifespan of the battery as in Figure

4.8.In Figures 4.9 and 4.10, the data regardicgnario no3 are presented. In Figure
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4.9, the SOC, status and SOH alterations ob#teery are visualized for the first few
cycles. The SOC, SOH and temperature alterations of the battery are visualized over
the lifespan of the battery as in Figure 4.1®.Figures 4.11 and 4.12, the data
regardingscenario no4 are presented. In Figud.11, the SOC, status and SOH
alterations of the battery are visualized for the first few cycles. The SOC, SOH and
temperature alterations of the battery are visualized over the lifespan of the battery as
in Figure 4.12.

1 T T T

SOC
o
(o
E
|

days
Status (charging:1 rest:0 discharging:-1)
T T T T T

Status of the battery
o
1
1

days
Figure4.5. SOC, status and SCditerationsregardingscenariono: 1
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. SOC changes over the lifespan
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Figure4.6. SOC, SOH antemperaturelterationsover lifesparregardingscenariono: 1
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Figure4.7. SOC, status and SOH alteratiorgardingscenario no2
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SOC changes over the lifespan
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Figure4.8. SOC, SOH and temperature alterations over lifespgardingscenario np2
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Figure4.9. SOC, status and SOH alteratiomgardingscenario no3
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SOC changes over the lifespan
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Figure4.10. SOC, SOH and temperature alterations ¢ifespanregardingscenario no3
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Figure4.11. SOC, status and SOH alteratioegardingscenario no4
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Figure4.12. SOC, SOH and temperature alterations over lifespgardingscenario no4
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In Figure 4.13 and Table 4.3, the data regardiognarios nol, 2, 3 and 4 are
presented. In the figure, hadve battery size optimizatioands up foeach scenario

is visualized. Besides, the detailed results regarding the scenarios are given in the
table. Consideringcenarios no2 and 3, the optimum battery energy becomes a bit
higherwhenscaling factosfor calendar ageing araycle ageingre deceasedSince

lifetime of the battery is increaselthe objective functioms reducedsignificantly in

these scenario€n the other handhe differences become greatesaenario no4.

In scenario no4, the optimum battery energy becomes more than double compared

to scenario nd. Besideslifetime of the battery is increased dramaticadindthe

objective functions reducedy 605%.

Table4.3. Outputs regrdingscenarios nol, 2, 3 and 4

Scenario No

Parameters Unit 1 2 3 4
Maximum allowable battery KWh

energy 1268 1268 1268 | 1268
Optimum battery energy kWh 333 333 338 732
Power of battery kw 1863 | 1863 | 1866| 2049
Mass of battery kg 3019 3019 3045| 5018
Initial cost of battery $ 8331 8331 8460, 18288
Torque of EM Nm 387 387 387 427
Power of EM kW 1621 | 1621| 1624| 1784
Mass of EM kg 1474 1474 | 1476 1622
Initial cost of EM and Inverter | $ 4863 4863 4872 5352
Total mass of BEV kg 20242 | 20242 | 20271 2239
Battery lifetime years 6.66 841| 1131| 4437
Totgl distance traveled in Kkm

lifetime 133216| 168229| 226242 887379
Range for given test procedure] km 212 212 215 449
Time for acceleration from O to sec

top speed 24.3 24.3 24.2 23.7
Con;umed energy in one cycle KWh

for given test procedure 3.65 3.65 3.65 3.79
Cost of consumed energy per k $/km 0.0192| 0.0192| 0.0192| 0.0199
Initial cost of power train per kn $/km 0.099| 0.0784| 0.0589| 0.0266
Objective Function $/km 0.1182| 0.0976| 0.0781| 0.0466
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4.3  Investigation of SeparateEffects bythe Calendar and CycleAgeing

Mechanisms on Battery Size Optimization

In Table 4.4 values of the parametettsat definescenarisno: 1, 5, 6, 7 and 8 are

gi ven. ThSealing fattar focalerfdargeingg i s changss@ i n scenali
5 and 6. On t he oScdlimgfactdr @eydeageindp ei v at han @é d i

in scenarigno: 7 and 8Notice thatthe parameters are changiorge by onen these

scenarios while they are changsigwultaneouslyn scenarigeno: 2 and 3.

Table4.4. Values of the parametersgardingscenarios nol, 5, 6, 7 and 8

Scenario No
Parameters Unit 1 5 6 7 8
Scaling factor focalendar
ageing 1 0.8 0.6 1 1
Scalingfactor forcycle
ageing 1 1 1 0.8 0.6
Ageing modein [14] 0 0 0 0 0
Annual distance km 20000 | 20000 | 20000 | 20000 | 20000
Cost of electricity $/kwWh |0.11 011 |011 |011 |0.11
Maximum chargingpower | KW 22 22 22 22 22
Specific cost obattery
pack $/kWh | 250 250 250 250 250
Scaling factor fospecific
mass obattery pack 1 1 1 1 1
Specific cost oEM and
inverter $/kW | 30 30 30 30 30
Scaling factor fospecific
mass oEM and inverter 1 1 1 1 1
Test procedure WLTP | WLTP | WLTP | WLTP | WLTP

In Figures 4.14 and 4.15, the data regardiognario no5 are presented. In Figure
4.14, the SOC, status and SOH alterations of the battery are visualized for the first
few cycles. The SOC, SOH and temperature alterations of the battery are visualized

over the lifespan of the battery as in Figure 4.15. luféig 4.16 and 4.17, the data
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regardingscenario no6 are presented. In Figure 4.16, the SOC, status and SOH
alterations of the battery are visualized for the first few cycles. The SOC, SOH and
temperature alterations of the battery are visualized ovéifdbpan of the battery as

in Figure 4.17. In Figures 4.18 and 4.19, the data regatingario no7 are
presented. In Figure 4.18, the SOC, status and SOH alterations of the battery are
visualized for the first few cycles. The SOC, SOH and temperatignations of the
battery are visualized over the lifespan of the battery as in Figure 4.19. In Figures
4.20 and 4.21, the data regardsaenario nn8 are presented. In Figure 4.20, the
SOC, status and SOH alterations of the battery are visualizdueférgt few cycles.

The SOC, SOH and temperature alterations of the battery are visualized over the
lifespan of the battery as in Figure 4.21.
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Figure4.14. SOC, status and SOH alteratioegardingscenaio no: 5
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] SOC changes over the lifespan
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Figure4.15. SOC, SOH and temperature alterations over lifespgardingscenario no5
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Figure4.16. SOC, status and SOH alteratiorgardingscenario no6
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SOC changes over the lifespan
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Figure4.17. SOC, SOH and temperature alterations over lifespgardingscenario no6
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Figure4.18. SOC, status and SOH alteratiorgardingscenario no7

79



] SOC changes over the lifespan
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Figure4.19. SOC, SOH and temperature alterations over lifespgardingscenario no7
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SOC changes over the lifespan
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Figure4.21. SOC, SOH and temperature alterations over lifespgardingscenario no8
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In Figure 4.22 and Table 4.5, the data regardicenarios nol, 5, 6, 7 and 8 are
presented. In the figure, how the battery size optimization ends epdbrscenario

is visualized. Besides, the detailed results regarding the scenarios are given in the
table. Consideringcenarios ndb and 6, the optimum battery energy becomes greater
when scaling factos for calendar ageing are decreased. On the other hbed,
optimum battery energy becomes lower wrsealing factos for cycle ageing are
decreasedansideringscenarios no/ and 8Since lifetime of the battery is increased

for all of the scenar®no: 5, 6, 7 and &he objective functiors reducedignificantly

compared toscenario nol.
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Table4.5. Outputs regardingcenarios nol, 5, 6, 7 and 8

Scenario No
Parameters Unit 1 5 6 7 8
Maximum allowable KWh
battery energy 1268 126.8 1268 1268 | 1268
Optimum battery KWh
energy 333 352 387 325 289
Power of battery kW 1863| 1879| 1891| 1859| 1843
Mass of battery kg 3019| 3113 329| 2977 280
Initial cost of battery | $ 8331 8799 9685 8122 7236
Torque of EM Nm 387 389 393 386 382
Power of EM kW 1621| 1635| 1646| 1618| 1604
Mass of EM kg 1474 1487 1496 1471 | 1458
Initial cost of EM and $
Inverter 4863 4906 4937 4853| 4813
Total mass of BEV kg 20242 2035| 20536 | 20198 | 20008
Battery lifetime years 6.66 7.7 0.31 7.37 7.68
Total distanceraveled Kkm
in lifetime 133216/ 154070| 186237| 147306/ 153510
Range for given test Kkm
procedure 212 224 245 207 185
Time for acceleration sec
from O to top speed 24.3 24.1 24.1 24.3 24.3
Consumed energy in
one cycle for given tes| kWh
procedure 3.65 3.66 3.67 3.65 3.64
Cost of consumed $/km
energy per km 0.0192| 0.0192| 0.0193| 0.0192| 0.0191
Initial cost of power $/km
train per km 0.099| 0.089| 0.0785| 0.0881| 0.0785
Objective Function $/km | 0.1182| 0.1082| 0.0978| 0.1073| 0.0976
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4.4  Investigation of Effects by AnnualDistance on Battery Size

Optimization

In Table 4.6yalues of the parametettsatdefinescenarisno: 1, 9 and 10 are given.

The c hangseaa9anhl0scenari o

v aAnoual distdncen i s

Table4.6. Values of the parametersgardingscenarios nol, 9 and 10

Scenario No
Parameters Unit 1 9 10
Scaling factor focalendar ageing 1 1 1
Scaling factor focycle ageing 1 1 1
Ageing modein [14] 0 0 0
Annual distance km 20000 15000 | 10000
Cost of electricity $/kwh |0.11 0.11 0.11
Maximum chargingpower kKW 22 22 22
Specific cost obattery pack $/kWh | 250 250 250
Scaling factor fospecific mass of
battery pack 1 1 1
Specific cost oEM and inverter | $/kW 30 30 30
Scaling factor fospecific mass of
EM and inverter 1 1 1
Test procedure WLTP WLTP | WLTP

In Figures 4.23 and 4.24, the data regardiognario no9 are presented. In Figure
4.23, the SOC, status and SOH alterations of the battery are visualized for the first
few cycles. The SOC, SOH and temperature alterations of the battery are visualized
over the lifespan of the battery as in Figure 4.24. In Figures 4.25 and 4.26, the data
regardingscenario no10 are presented. In Figure 4.25, the SOC, status and SOH
alterations of the battery are visualized for the first few cycles. The SOC, SOH and
tempeature alterations of the battery are visualized over the lifespan of the battery as

in Figure 4.26.

84



SOC

1 T T T T T T T T T
O
O 05 4
w
0 | | 1 | | 1 | | 1
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
days
> Status (charging:1 rest:0 discharging:-1)
[0} C T T T T T T T T T 7]
g 1
o)
S0 .
©
© 1L ! ! I ! ! 1 ! ! 1 ]
? 9 0.5 1 1.5 2 25 3 3.5 4 4.5 5

1 —

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
days

Figure4.23. SOC, status and SOH alteratiorgardingscenario no9

. SOC changes over the lifespan
T T T T T

0 1 | | | 1 1 |
0 1 2 3 4 5 6 7 8
years
» SOH changes over the lifespan
. T T T T T T T
1 -
T
O 09 4
2]
08 b
07 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
years
Temperature alterations over the lifespan
%) 30 T T T T T T T
g ol I I I I I I 1 i
] 1 e I e Y e F A E e A A
5 oL [ 1] [ \\ [ \l [ 1‘ [ 1‘ [ l‘ l l‘ l |
g‘ J‘ \vr[ l.f[ \,J’ 1 r‘ lvr‘ ll’ 1 \’
ﬁ 0 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

years

Figure4.24. SOC, SOH and temperature alterations over lifespgardingscenario no9

85



SOC

0 1 1 | I I
0 1 2 3 4 5 6

days
Status (charging:1 rest:0 discharging:-1)
T T T

Status of the battery
. o N
T

0 1 2 3 4 5 6
days
SOH
1 T T T T T
T 0.9998 | .
O
9 0.9996 | -
0.9994 L L L L L
0 1 2 3 4 5 6
days

Figure4.25. SOC, status and SOH alteratiorgardingscenario nol0

SOC changes over the lifespan
T T T

9
years
» SOH changes over the lifespan
1 —
T
O 09 _
n
0.8 - —
07 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9
years
Temperature alterations over the lifespan
o 30 T T T T T T T T
g ool 11 m . ] M 1 M r _
22 ‘l 1‘ ‘J 1\ [J l1 H ll H \‘ H \\ Jl 1{ ‘[ 1l
S 40l : . i
2'10 JJ IIJ[ HJ[ 1l rl ll,r[ .'\,fj l\ r[ 11,1' 1\
Il) 0 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9

years

Figure4.26. SOC, SOH and temperature alterations over lifespgardingscenario no10

86



04 Effects of Annual Distance on Battery Size Optimization

Scenario No:1 (33.3243, 0.11824)
Scenario No:9 (31.1334 , 0.13331)
Scenario No:10 (28.1058 , 0.16435)
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Figure4.27. Effectsof annualdistancetravelled

In Figure 4.27 and Table 4.7, the data regardiognarios nol, 9 and 10 are
presented. In the figure, how the battery size optimization ends epdbrscenario

is visualized. Besides, the detailed results regarding the scenarios are given in the
table The optimum battery energy becomes lower wh@nannual distances
decreased. Althougthe lifetime of the battery is increased due to utilization of the
BEV less frequentlythe objective functions increasedsignificantly compared to

scenario nol.
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Table4.7. Outputs regardingcenarios nol, 9 and 10

Scenario No

Parameters Unit 1 9 10
Maximum allowable battery energy KWh 1268 1268 | 1268
Optimum battery energy KWh 333 311 281
Power ofbattery kW 1863 | 1855| 1841
Mass of battery kg 3019 | 2909 | 2758
Initial cost of battery $ 8331 7783 7026
Torque of EM Nm 387 384 381
Power of EM kW 1621 1615| 1602
Mass of EM kg 1474 | 1468| 1456
Initial cost of EM and Inverter $ 4863 4844| 4806
Total mass of BEV kg 20242 | 20127 | 19965
Battery lifetime years 6.66 7.37 8.15
Total distance traveled in lifetime km 133216| 110613| 81455
Range for given test procedure km 212 199 180
Time for acceleration from 0 to top spe¢ sec 24.3 24.2 24.3
Consumed energy in one cycle for give KWh

test procedure 3.65 3.65 3.63
Cost of consumed energy per km $/km 0.0192| 0.0192| 0.0191
Initial cost of power train per km $/km 0.099| 0.1142| 0.1453
Objective Function $/km 0.1182| 0.1333| 0.1644
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4.5 Investigation of Effects by Price of Electricity on Battery Size

Optimization

In Table 48, values of the parametetisat definescenarioso: 1,11, 12, 13, 14nd
15 are given. The vals® f Codi of eleciicityda n #Maxiimum charging powér ar e
changed in scenasmo: 11, 12, 13, 14 and 1Maximum charging power is constant
for scenarisno: 1, 11 and 12, armhly reduction of cost of electricity is investigated
in these scenarios. Likely, maximum charging power is constant for scemarit3,
14 and 15, and only reduction of cost of electricity is investigated in these scenarios.
In addtion, the effect of maximum charging power is investigated comparing
scenarioso: 1, 11 and 12, argtenarioso: 13, 14 and 15.

Table4.8. Values of the parametersgardingscenarios nol, 11, 12, 13, 14 and 15

Scenario No
Parameters Unit 1 11 12 13 14 15
Scaling factor for
calendar ageing 1 1 1 1 1 1
Scaling factor for
cycle ageing 1 1 1 1 1 1
Ageing modein
[14] 0 0 0 0 0 0

Annual distance | km 20000 | 20000 | 20000 | 20000 | 20000 | 20000

Cost ofelectricity | $/kwWh | 0.11 0.088 | 0.066 |05 0.4 0.3
Maximum
chargingpower | KW 22 22 22 100 100 100
Specific cost of
battery pack $/kWh | 250 250 250 250 250 250
Scaling factor for
specific mass of
battery pack 1 1 1 1 1 1
Specific cost of
EM and inverter | $/kW | 30 30 30 30 30 30
Scaling factor for
specific mass of
EM and inverter 1 1 1 1 1 1

Test procedure WLTP |WLTP |WLTP |WLTP |WLTP | WLTP
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In Figures 4.28 and 4.29, the data regardicgnario noll are presented. In Figure
4.28, the SOC, status and S@lterations of the battery are visualized for the first
few cycles. The SOC, SOH and temperature alterations of the battery are visualized
over the lifespan of the battery as in Figure 418Figures 4.30 and 4.31, the data
regardingscenario no12 arepresented. In Figure 4.30, the SOC, status and SOH
alterations of the battery are visualized for the first few cycles. The SOC, SOH and
temperature alterations of the battery are visualized over the lifespan of the battery as
in Figure 4.31.In Figures 432 and 433, the data regardingcenario no13 are
presented. In Figure 32, the SOC, status and SOH alterations of the battery are
visualized for the first few cycles. The SOC, SOH and temperature alterations of the
battery are visualized over tliéespan of the battery as in Figure8d. In Figures

4.34 and 435, the data regardingcenario nol4 are presented. In Figured4. the

SOC, status and SOH alterations of the battery are visualized for the first few cycles.
The SOC, SOH and temperatuakerations of the battery are visualized over the
lifespan of the battery as in Figure38.In Figures 436 and 4.37the data regarding
scenario nol5 are presented. In Figure 4,8t SOC, status and SOH alterations of
the battery are visualized ftine first few cycles. The SOC, SOH and temperature
alterations of the battery are visualized over the lifeggahe battery as in Figure

4.37.
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Effects of Price of Electricity on Battery Size Optimization
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Figure4.38. Effectsof theprice of electricity

In Figure 4.38 and Table 4.9, the data regardrgnarios nol, 11, 12, 13, 14 and

15 are presented. In the figure, how the battery size optimization ends egatior
scenarids visualized. Besides, the detailed results regarding the scenarios are given
in the table. The optimum battery energy stays constant thieerost of electricity

is decreased and maximum charging power is increased. Meanwhile, objective
function is increasedcompared toscenario no1 sincethe cost of electricityis

increased.
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Table4.9. Outputs regardingcenarios nol, 11, 12, 13, 14 and 15

Scenario No
Parameters Unit 1 11 12 13 14 15
Maximum allowable KWh
battery energy 126.8| 126.8| 126.8| 126.8| 126.8] 126.8
Optimum battery energy KWh 33.3] 33.3] 33.3] 333] 333 333
Power of battery kKW 186.3| 186.3| 186.3| 186.3| 186.3| 186.3
Mass of battery kg 301.9/ 301.9| 301.9| 301.9/ 301.9| 301.9
Initial cost of battery $ 8331| 8331| 8331 8331| 8331| 8331
Torque of EM Nm 387 387 387 387 387 387
Power of EM KW 162.1| 162.1| 162.1| 162.1| 162.1| 162.1
Mass of EM kg 147.4| 147.4| 147.4| 147.4| 147.4| 1474
Initial cost of EM and $
Inverter 4863| 4863| 4863| 4863| 4863| 4863
Total mass of BEV kg 2024.2| 2024.2| 2024.2| 2024.2| 2024.2| 2024.2
Battery lifetime years 6.66 6.66 6.66 6.66 6.66 6.66
Total distance traveled Kkm
in lifetime 133216| 133216| 133216| 133216| 133216| 133216
Range for given test Kkm
procedure 212 212 212 212 212 212
Time for acceleration sec
from O to top speed 24.3 24.3 24.3 24.3 24.3 24.3
Consumed energy in or|
cycle for given test kwh
procedure 3.65 3.65 3.65 3.65 3.65 3.65
Cost of consumed $/km
energy per km 0.0192| 0.0154| 0.0115| 0.0872| 0.0698| 0.0523
Initial cost of power $/km
train per km 0.099| 0.099| 0.099| 0.099| 0.099| 0.099
Obijective Function $/km | 0.1182| 0.1144| 0.1106| 0.1863| 0.1688| 0.1514
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4.6

Optimization

In Table 410, values of the parametetisat define scenarsno: 1,16 and I/ are
T hSeecific @dsaf leatteoy pacli

gi ven.
17.

i s

Investigation of Effects by Specific Cost of Battery Pack on Battery Size

c h an gsaal6and

Table4.10. Values of the parametemsgardingscenarios nol, 16 and 17

Scenario No
Parameters Unit 1 16 17
Scaling factor focalendar ageing 1 1 1
Scaling factor focycle ageing 1 1 1
Ageing modein [14] 0 0 0
Annual distance km 20000 20000 | 20000
Cost of electricity $/kwh |0.11 0.11 0.11
Maximum chargingpower kKW 22 22 22
Specific cost obattery pack $/kWh | 250 175 100
Scaling factor fospecific mass of
battery pack 1 1 1
Specific cost oEM and inverter | $/kW 30 30 30
Scaling factor fospecific mass of
EM and inverter 1 1 1
Test procedure WLTP WLTP | WLTP

In Figures 4.9 and 440, the data regardingcenario nol6 are presented. In Figure

scenar.i

4.39, the SOC, status and SOH alterations of the battery are visualized for the first

few cycles. The SOC, SOH and temperature alterations of the battery are visualized

overthe lifespan of the battery as in Figurd@.In Figures 4.41 and 4.42, the data

regardingscenario no17 are presented. In Figure 4.41, the SOC, status and SOH

alterations of the battery are visualized for the first few cycles. The SOC, SOH and

temperéure alterations of the battery are visualized over the lifespan of the battery as

in Figure 4.42.
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03 Effects of Specific Cost of Battery Pack on Battery Size Optimization

Scenario No:1 (33.3243 , 0.11824)
Scenario No:16 (33.3243 , 0.099476)
Scenario No:17 (36.8691 , 0.08026)
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Figure4.43. Effects of specific cost of battery pack

In Figure 4.43 and Table 4.11, the data regardicgnarios nol, 16 and 17 are
presented. In the figure, how the battery size optimization ends epdbrscenario
is visualized. Besides, the detailed results regarding the scenarios are given in the
tabe. The optimum battery energy becomes a bit higher wpeaific cost of battery
pack is decreased. Since initial cost of the battery is decrehsaxhjective function

is reducedsignificantly compared tecenario nol.
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Table4.11. Outputs regardingcenarios nol, 16 and 17

Scenario No

Parameters Unit 1 16 17
Maximum allowable battery energy kWh 1268 1268 | 1268
Optimum battery energy kWh 333 333 36.9
Power of battery kW 1863 | 1863 | 1883
Mass of battery kg 3019 | 3019| 3196
Initial cost of battery $ 8331 5832| 3687
Torque of EM Nm 387 387 391
Power of EM kw 1621 1621 | 1639
Mass of EM kg 1474 | 1474 149
Initial cost of EM and Inverter $ 4863 4863 4917
Total mass of BEV kg 20242 | 20242 | 20436
Battery lifetime years 6.66 6.66 7.05
Total distance traveled in lifetime km 133216/ 133216| 141077
Range for given test procedure km 212 212 234
Time for acceleration from O to top spee( Sec 24.3 24.3 24.1
Consumed energy in one cycle fpven KWh

test procedure 3.65 3.65 3.67
Cost of consumed energy per km $/km 0.0192| 0.0192| 0.0193
Initial cost of power train per km $/km 0.099| 0.0803| 0.061
Objective Function $/km | 0.1182| 0.0995| 0.0803
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4.7

Optimization

Investigation of Effects by Specific Mas®f Battery Pack on Battery Size

In Table 4.12yvalues of the parametetisat define scenarsno: 1, B and D are

gi ven.

scenarisno: 18 and D.

T hSzaling &attar fospecific nfass dbattery pack

i s changed

Table4.12. Values of the parametemsgardingscenarios nol, 18 and 19

Scenario No
Parameters Unit 1 18 19
Scaling factor focalendar ageing 1 1 1
Scaling factor focycle ageing 1 1 1
Ageing modein [14] 0 0 0
Annual distance km 20000 20000 | 20000
Cost of electricity $/kwh |0.11 0.11 0.11
Maximum chargingpower kKW 22 22 22
Specific cost obattery pack $/kWh | 250 250 250
Scaling factor fospecific mass of
battery pack 1 0.8 0.6
Specific cost oEM and inverter | $/kW 30 30 30
Scaling factor fospecific mass of
EM and inverter 1 1 1
Testprocedure WLTP WLTP | WLTP

In Figures 4.44 and 4.45, the data regardicgnario nol8 are presented. In Figure
4.44, the SOC, status and SOH alterations of the battery are visualized for the first

few cycles. The SOC, SOH and temperature alteratiotieedbattery are visualized

over the lifespan of the battery as in Figure 4l45-igures 4.46 and 4.47, the data

regardingscenario no19 are presented. In Figure 4.46, the SOC, status and SOH

alterations of the battery are visualized for the first fgales. The SOC, SOH and

temperature alterations of the battery are visualized over the lifespan of the battery as

in Figure 4.47.
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Effects of Specific Mass of Battery Pack on Battery Size Optimization
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Figure4.48. Effects of specific mass of battery pack

In Figure 4.48 and Table 4.13, the data regardicgnarios nol, 18 and 19 are
presented. In the figure, how the battery size optimization ends epdbrscenario

is visualized. Besides, the detailed results regarding the scenarios are given in the
tabe. The optimum battery energy becomes a bit lower wdoating factor for
specific mass obattery packis decreased by 20%he optimum battery energy
becomes a bit higher whestaling factor forspecific mass obattery packis
decreased by 40%. Sincess of the battery pack is decreaset® mass of the BEV

and cost of consumed energy per km is reduced. Tthaspbjective functions

reducedslightly compared tacenario nol.
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Table4.13. Outputs regardingcenarios nol, 18 and 19

Scenario No

Parameters Unit 1 18 19
Maximum allowable battery energy KWh 1268 1603 | 2145
Optimum battery energy KWh 333 32 34.6
Power of battery kw 1863 | 1806| 1756
Mass of battery kg 3019 236| 1844
Initial cost of battery $ 8331 8012 8654
Torqgue of EM Nm 387 374 363
Power of EM kW 1621 1571 1527
Mass of EM kg 1474 | 1429 | 1389
Initial cost of EM and Inverter $ 4863 4714 4582
Total mass of BEV kg 20242 | 19539 | 18983
Battery lifetime years 6.66 6.55 7.01
Total distance traveled in lifetime km 133216 130907| 140261
Range for given test procedure km 212 207 225
Time for acceleration from 0O to top speeq sec 24.3 24.4 24.6
Consumed energy in one cycle for given KWh

test procedure 3.65 3.61 3.57
Cost of consumed energy per km $/km 0.0192| 0.019| 0.0188
Initial cost of power train per km $/km 0.099| 0.0972| 0.0944
Objective Function $/km | 0.1182| 0.1162| 0.1131
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4.8

SizeOptimization

In Table 4.14yvalues of the parametetisat definescenariomno: 1,20 and21 are
T hSpeciticacostuoEM anid inverted

gi ven.
20and21.

i s

c hs@enagoshd:

Investigation of Effects by Specific Cost oEM and Inverter on Battery

Table4.14. Values of the parametemsgardingscenarios nol, 20 and 21

Scenario No
Parameters Unit 1 20 21
Scaling factor focalendar ageing 1 1 1
Scaling factor focycle ageing 1 1 1
Ageing modein [14] 0 0 0
Annual distance km 20000 20000 | 20000
Cost of electricity $/kwh |0.11 0.11 0.11
Maximum chargingpower kKW 22 22 22
Specific cost obattery pack $/kWh | 250 250 250
Scaling factor fospecific mass of
battery pack 1 1 1
Specific cost oEM and inverter | $/kW 30 24 18
Scaling factor fospecific mass of
EM and inverter 1 1 1
Test procedure WLTP WLTP | WLTP

In Figures 4.49 and 4.50, the data regardicgnario nno20 are presented. In Figure

n

4.49, the SOC, status and SOH alterations of the battery are visualized for the first

few cycles. The SOC, SOH and temperature alterations of the battery are visualized

over the lifespan of the battery as in Figure 4180Figures 4.51 and 4.52, the data
regardingscenario no21 are presented. In Figure 4.51, the SOC, status and SOH

alterations of the battery are visualized for the first few cycles. The SOC, SOH and

temperature alterations of the battery are visualized over the lifespan of the battery as

in Figure 4.52.
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Figure4.50. SOC, SOH and temperature alterations over lifespgardingscenario no20
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Figure4.52. SOC, SOH and temperature alterations over lifespgardingscenario no21
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