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ABSTRACT

In the modern era of electric vehicles battery design and management is of a significant
importance for electric vehicles performance and development. Specifically, thermal
management of battery pack since overheating is a main issue for cooling systgmlides
this thesis, a modddased design approach is used to design a battery pack as well as the cooling
systemregardless of cell typen addition, model accuracy has been proved through an
experiment performed using a module composed of 10 Samsunly &dIs in series.
MATLAB Simulink has been useds a tool for performinganalysis and calculations.
Comparison was held between two different cells and the one with better thermal behaviour is
selected.Furthermore, a battery management strategy implementingra complicated
control algorithm based on prediction of the future battery temperature is afiplecid
battery overheating in extreme situasdby applying necessary changethe inverter.



1. INTRODUCTION

Electric vehicles (EVs) have emerged as a meamising meansof transportation
which is clean and emissidree[1]. Conventional vehicles using internal combustion engines
are major source of Gemissiong2]. With generating higher amounts of electricity from
renewable energlyVVsare being promoted by many countries to replace conventional vehicles
that caused pollution and energy proble®g [4]. In 2019,the number oEVs in market
reached 7.2 million vehicle withO%6 increase with respetd pastyearand Europe was the
biggest market after ChinAccording to countries policigewards EVst is expected in 2030
that EVs sales will reach 140 milliorehicles thais about 7% of total markeThis in turn
could save about 2million oil barrels per day?2]. Yet some chilenges face EVespecially
pure electric vehicles mainlthey arecovered range by one charge, battery charging time and
battery managemernitience, battery is an extreméfyportant parthat heavily impact vehicle
performance antlas a big influence on EVs developmadhlike conventional vehicles, an
electric vehicle draws energy continuously from the battery as the main power source so there
is the need of high capacityge high specific energy and high specific pawgr[6]. Many
types of batteries have been introdueed lithiumion batteries are the best to meet the
requirements oEVs as they have high energy density and high specific energylaswgcle

life [2], [7]i [9].
1.1 Scope and objectives

In this thesisywork is focused on the battery design and managemengjor problem
that faces EVs is battery overheating. This issue affects vehicle performance signjficgimtly
temperature variations decreases battery[ li¢ also,if batterytemperature rises close to its
maximum safety threshold the inverter limits maximum motor torque to low value, which in
turn limits vehicle ability. Thus, an efficient thermal management system is of crucial
importance along with a battery cell with good thermal characteristidsloawn internal
resistance. The amn goalof this thesis projeas using modebased design apprdato design
a 10kWh batterypackchoosing from different alternatives of Lithiuion cellsbased on their
thermal behavior then developing a thermal management system depending on battery
temperature predictiorFirstly, a Simulink electrdhermal models developed regardless of
cell type. Using Simulink moded, comparison is held between cédisnvestigate theithermal
behavior without any cooling or contrdh parallel to the modelling, results of an experiment
have been utilized for model valida to show that the model has a high accuradter that,
the selected cell is used forakingthe required battergis well asa cooling system utilizing
ambient air or cooled air is designed and agaplFinally,a derate strategymplementing a
control algorithm dependingidhe prediction of future temperatwkthe battery based dhe
current circumstanceas appliedto avoid battery overheatin@pelow 55C for chosen cell)
Unlike conventional deate strategy that is already present inraeiterthatdepends on the
currenttemperaturef the battery and it limits the maximum torque of the motor which limits
the vehicle ability in some situations. Therd¢ée strategy developed in this thesis takes action
based on future state predictiorfdre it actually happens and this strategy limits the rate of
motor torque increass the vehicle could still keep its ability but at a slower rate of response
in extreme situations.
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1.2 Thesis structure

Chapter 1: Introduction, scope and objectives.

Chapter 2: Battery electrethermal model is developed on MATLAB Simulink and model
validation is presented.

Chapter 3: Battery pack design along with cooling system design and analysis are described.

Chapter 4: Contains snulation and experiment desighome realistic situatiorsf road slope
and temperaturehat the vehicle might face are reported. Also, the comparison between the
two proposed cells (LG cylindrical cells Vs. Samsung prismatic cells) is performed.

Chapter 5: Prediction algorithm of futwr battery temperatures is described and theatde
strategy based on that prediction.

Chapter 6: Conclusion.
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2. BATTERY MODELLING

In literature,numerous battery models have been reported. Modeysivderms of
complexity, accuracyand needed computational pow&he choice is made based tre
required information that to be reported from the model amd a-tfdetween complexity
and accuracyStudied models are:

Electro-chemical model[11]1[13]:

Electrochemical model is a very accurate model capable of capturing aldyedmics.
Whereas this model is represented by a complicated partial differential algebraic equations and
it needs a huge computational power. Also, it depends on enormous number of parameters,
which depend on cell chemistry and geometry. Therefore, thgdehs not suitable for real

time applications from a practical point of view.

Reduced order electrochemical moddl14]:

Some simplification have been made to the previous model to make it easier for
implementation but with sacrificing some accuracy. Parameters required for this model can be
obtained by measung battery signals.

Equivalent circuit model [15]T[18]:

A simplified model contains simple electric elements e.g. resistors and capacitors. A circuit
compased of tlese components models thattery behaviourAdvantages of this model are:
Simplicity, easiness of parametrizatijotow number of parameters neededhd less
computational timeln addition, this model has a relatively high accuracy besides its simplicity.
These advantages make it more suitable fortreed applications. The simplest form of this
model is simple circuit model with zero time constant shown in figuteThis last model is

to be used when battery dynamic behaviour is not of interest

2.1 Electro-thermal model

2.1.1 Electric model:

Simple circuit model witlzeratime constanis the chosen model in this thesiie accuracy

of this model has been proved experimentally as reportdte walidation sectiorat the end

of this chapterThis modelcan be parametrized easily with different battery cells so, it can be
called modular. Also, it is often coupled with a thermal model to prediabvtbeall battery
activity. In this modelOpen Circuit Voltage@CV) is directly related t&tateof CharggSOQ.
Battery terminals voltage is givday the followingequation:

w U0 wOoY
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Figure2.1: Battery equivalent circuit model.
Where:
RiBattery internal resistance [ q]
OCV'1 Open circuit voltage [V].
V711 Battery terminals voltage [V].
Ip T Battery current [A].

Forbuildingt hi s mod el i n Simulink enuvsiusediguma@2t ADat
This block requireshe definition of battery cell parametavkich are:

Nominal capacity [Ah].

Opencircuit voltages [V].

- I nternal resi stances [ q]
Battery temperature break points.

Number of cells in parallel and number of cells in series.

These parameters are obtained from batterydeg¢disheet
These are the implemented equations by datasheetyldatiek:
@ YOBY 006 Y06 "OY YUY

YO 8 Gp 0Q6

Where:

Qnom’ Battery nominal capacity [Ah].
SOG Battery state of charge.

To T Uniform battery temperature [K].

13



[%&] Block Parameters: Datasheet Battery x
Datasheet Battery (mask) (link)
Implements a model for a lithium ion, lithium polymer, or lead acid battery based off of
discharge characteristics taken at different temperatures. The maodel can be
parameterized using a typical battery datasheet or through experimental measurement.
Block Options
Initial battery capacity: |Parameter '\
) BattCurr ||‘|f0|> Output battery voltage: Unfiltered 2
Parameters
Rated capacity at nominal temperature, BattChargeMax [Ah]: |:|E|
Open circuit voltage table data, Em [V]: \ \E|
QOpen circuit voltage breakpoints 1, CapLUTBp []: | @
) BaﬂTemp Batt\/oltl} Internal resistance table data, RInt [Ohms]: | B
Battery temperature breakpoints 1, BattTempBp [K]: | \E|
Battery capacity breakpoints 2, CapSOCBp [: | [H
Datasheet Baﬂery Number of cells in series, Ns []: | [
Number of cells in parallel, Np []: ‘ @
Initial battery capacity, BattCaplnit [Ah]: | E
[ ok ]| Cancel | Help || Apply

Figure2.2: Datasheet battery block

1 Parameters definition for the electrical model:

Battery datasheeontaingplotsrepresenting discharge characteristics at different currents
and different temperaturean examplshownin figure 2.3 These plots can be used after some
manipulations t@xtractanddefine the parameters odtbery cell needed for Datasheet battery
block

4,2
4,1
4,018
39 1 - ! i

3,5 | s £ IR N e S e Se e
3,7 [ - S
CES)

34 { H 1 1 - I . . H ]
3'3 ....... I - : | IO i - J o i — AT ) - _. T Sp—
3,2 | | . _

2,9 : T e T — oo oo

28 . . _ _ ‘ . _ . .

000 02 050 075 100 125 150 1,75 200 225 250 275 300 325
Ah

- A0.2A = B0.2A =— A05A = B:0SA = A!1.0A = B:1.0A — A2.0A — B:2.0A ~— A3.0A — B:3.0A — A5.0A — B:S.0A
— A7.0A — B:7.0A — A:10.0A — B:10.0A

Figure2.3: capacity at various discharge currentsliGrcell.
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These curves are imported and storetMRTLAB in the form of matricesNext step is to
divide eachcurve into segments from its meum pointto its mirimum point. Then record
battery voltage and state of charge (SO@a&h point, to have the levels of SOC and voltage
values at each curreritgure 2.4

4.4 | 1|

ag - T 7 _ 0.2|

3.6

volt

3.4

3.2 -

2.8 —

I I I I I I I
0 2 4 6 8 10 12
current

Figure 2.4 SOC and voltage level at differesdrrentsfor LG cell.

A mathematical relation was found betwemitageand currentt different SOGralues By
extrapolating each curve figure 2.4to zero currenthe open circuit voltaggOCV) as a
function of SOC was found, figure 2.5

4.2 —

ocv

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1-SOC

Figure 2.5 OCV as a function of SOfr LG cell.
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9 Internal resistance:

Battery internal resistance accounts for the voltage drop inside the battery when connected
to a load compared to floadcondition Internal resistancdepends on the SOC, temperature,
chemical properties of the battery and aging. Inttieésisit is considered as a function of SOC
andbatterytemperature according to the following equation:

06 Y66 ® YO BY
!IO
For everytest temperature the internal resistance was calculated for every SOC breakpoint then

the internal resistance is obtained and tabulated as a function of temperature afith&OC.
parameters reported above are impontéd the datasheet battery block im@iink.

2.1.2Thermal model:

During battery charging and discharging battery temperature increases so, it is necessary to
have a proper thermal model coupled with the electrical model to simulate the whole behaviour
of the battery especially battery temperature parameter is reqaisediaput to th®atasheet
battery block.

Y YO [BY

Heat generation inside battery Iced due to &ctrical heang called Joule heating effect.
Voltage drop during discharge in cell inter resistance (Or increase during charge) corresponds
to an irreversible trafgrmation of electrical energy into heat.

The amount of heat generation rate is given by:

6 0208w
Or

0 OY YO IBY
Energy balance of a battery cell is as follows:
0 OY YOBY & 6p-— U

Where:
Qv: Generated thermal power inside the battery [W].
mp: Battery mass [kq]

Cp - Battery Specific hedt/kg.K].

Quoss Heat transfer rate tihhe surrounding\w].

16



The following equivalent circuit in figure 2.6an show this

Th
L

Qs G) G == Quoss

@
Tamb

Figure 26: Thermalmodel equivalent circuit

|
O 4 F-EHTTE Represents the part of heating power storeside the battery and causes
temperature increase, so it is a storage term. Shown by the capacitor.
Quoss Represents theart of heaing powertransfered out of thebattery and lost either
naturally to the surrounding or absorbed by a cooling sy#iésu, it can be zero if thedbtery

does not exchange hemaith another medium which means all generated pasdrcipated in
elevating battery temperatuigecausaet is a loss term it is shown by the resistor.

17



2.2 Model validation

In this section, the reliability of the aforementioned battery model is tested
experimentallyto verify its accuracy in representing the real behavior of the battery. The
following experiment is performeahdits results are represented below.

SamsungP4Ah cell is used to makebkatterymodule consists of 10 celt®nnectedn series,
table2.1, and its parameters were imported into MATLABmMulink model. A test bench is
constructed in a climatic chamber and all tests were performed inside the chamber at
temperature of 25C without cooling system except for the natural convection with the
surroundhg airthis is shown in figure Z.

Element Module
Nominal voltage v 3,7 37
Upper limit voltage v 4,15 41,5
Lower limit voltage Vv 2.7 27
Nominal capacity Ah 94 94
Specific capacity Ah/kg 46 3
Nominal energy kWh 0,35 3,48
Specific energy Whikg 168,83 126,01
Continuous discharge current A 188 188
Continuous discharge power kW 0,70 6,96
Specific discharge power Wikg 337,67 252,03
Max discharge current (5 s) A 282 282
Max discharge power kW 1,04 10,43
Continuous charge current A 47 a7
Continuous charge power kKW 0,17 1,74
Max charge current (5 s) A 188 188
Max charge power kKW 0,70 6,96
Life cycle # 4000
Curb weight kg 2,06 20,6
Structure weight kg 0 7
Total weight kg 2,06 27,6
Height mm 125 175
Width mm 173 201
Thickness mm 45 486
Volume ] 0,97 17,10
Series -— 90 10
Parallel — 1 1
[Note | — | An values @25 “c AND soc s0%

Table 21: Samsung4Ah cell and module characteristics.
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Experiment is performed several times charging and discharging the battery at different
currents values and battery temperature is measured. The same tests conditions were
reproduced virtually in MATLAB Simulink and battery temperature is obtained arellytas

well. Then the real curve and virtual curve are compared.

It is evident from theesultsbelow that thisnodel can represent the real behavior of the
Lithium-ion battery. This model hdmenused to design a battery pack and run various
simulatian tests to predict the behavior of the battery in different situations

Figure 27: Battery module inside climatic chamber.
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1sttest: full rated %2 C charge and 1C, 1.5C discharge
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Figure 28: 15'test batteryvoltage and current. 1: experimentsinulation.
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Figure 29: 1sttest: battery temperature. 1: experiment, 2: simulation.
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2" test: full rated %2 C charge animpulse train1C discharge
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Figure 2.10: ®'test: battery wltage and current. 1: experiment, 2: simulation.
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Figure 2.112"test: battery temperature. 1: experiment, 2: simulation.
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3. BATTERY PACK DESIGN

This chapter representbe design process difie battery packThe man goal is to
design &0 kWhbattery packThere ar@awo differentcellsavailable LG cylindrical cell and
Samsung prismatic cellhey differ in their characteristies reported bew. As stated earlier
battery overheating is a crucial issue so the choice is based on thermal characteristics of the
two cells. This comparison is easilgonducted using the developed modular MATLAB
Simulink model by only changing the parameters in the script file.

~BattCurr Infol
C‘)w - +

‘ BattVolt

Samsung

»BattCurr y
&
+BattTemp BattVolt

LG

Figure 3.1: Simulink modé&l Comparison between LG and Samsung cells.

After choosing the best battery cdifferentdesigns of cooling systeswill be studied to see
which one is better for the chosen battery pdgko proposed solutions are cooling by ambient
air forced by vehicle speed with auxiliary fan at very low speeds and cooling by cooled air in
avery hot weather.

3.1 Design of batterypack packaging box

Shapeand dimensions of the battery pack aleeady specified based on packaging
constrains under the vehicle, figure 3.2

Figure 3.2 The shape dbattery pack.
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9 Samsung (prismatic) vs. LG (cylindrical)cells

The followingtableshows the gecificationsof eachbatterycell and total number of cells to
form the required battery

Characteristics LG Samsung
Cell volume [] 0.02 0.375
Cell mass [kg] 44.5 875
Number of cells in parallel 30 2
Number of cells in series 28 28
Nominal capacity [Ah] 3.2 50
Overheat limit temperaturég] 40 55

Table 3.1 Specifications of LG and Samsung cells.

Thermal behavior is the main difference that is to be studiech depends mainly on
cell internal resistance. Discharging or charging the battery increases its tempéfigfure.
temperature increases reaction rate and generates even higher temperatures. Unless heat is
rejected from the battery faster that it imgeated a thermal run away will finally occur. Also,
there is a maximum safe limit of the temperature that the battery can reach for safe use
otherwise a safety shutdown is forcbg Battery Management System (BM3Even at
temperatures very close to thafety threshold motor torque is limit to low values to limit
discharge current, which in turn limits the rate of heat generation inside the battery.

Battery pack is enclosed in a box reinforced at the bottom by tubearying the
cooling fluid as showrn figure 3.3. This design allows using no cooling, ambient air cooling,
cooled air cooling oevenwater cooling by just modifying the parameters in Simulink model.

Figure3.3: Battery pack packaging box design
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3.2Thermal analysis

Batterycells are in direct contact withe base of the box and heat is transferred from
a cell base to box base then to the coolant through the following mechamésrtisned next
also shown in figure 3.48idewallsof the tubes in the bottom of the box base @nsidered
as fins figure 3.5 flows an illustrative drawing @ fin.

ﬂ Heat conduction from batteries Y

' Heat conduction through box Thottom

le, Vv i

e AN

Itube

K Heat transfer by convection

B | - - e —=amll

Wtube tfin

Figure 34: Vertical cross section in battepackagingoox.

tr

Figure 3.5: Fin illustrative drawing.
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Heat transfer mechanisms from battery pack to the coolant:

- By conduction from battery to the box base.

- By conduction through box base material.

- By conducion from box base to the tubes sigls (considered as fins)

- By convection to the coolant through the tubesitoer surfacerea.

- By convectim to the coolanthrough the tubes side walls (considered as.fins)

Figure 3.6belowshows the equivalent circuit:

Rbase
Rcontact Rcc—nd
Tp =W\~ AN~ * ° * Teo

Figure 36: Heat transfer equivalent circuit.
Analysis:

The thermal resistance of the box bade %:

v 0
Q 0o
For the portion of base exposed to telant, thermal resistance[is9):
'y _P
@

For a single fin, thermal resistancef:= (Tfin base- T0)/0

Total thermal resistance of all fins in parallel connecficj:

oy oy
Y - ﬁ
n U
Where fin heat transfer rate for adiabatic tip is givefll$y:
A MQ 06 OAlal Y Y
Hence,
Y R
Qo OA o Y



and

a 7
Q o
0O O0U
0 a
n ¢0 0O
Total thermal resistance from the battery base to the coolant:
e A € p p
Y Y Y :
Y Y
Heat transfer rate:
. Y Y
U :
Y

Where:

l+: Fin length[m].

ts: Fin thicknesgm].

Ws: Fin width [m].

Wiupe Tube width[m].

ltube Tube lengtHm].

toottoms BOX base thickness [m].

Abottom Totalbox bottom surface area fin

Atubes Inner surface area of tubes upper surfacg.[m

Rcontact Thermal ontact resistance between battery and box 9] .
Rcond Thermal onduction resistance through box bHéaV] .
Rbase Thermal onvection resistance from tubmertop aregdK/W].
Rs n: FinsthermalresistancgK/W] .

Or: Heat transfer ratthrough fin[W].

p: Fin perimetefm].

A¢: Fin crosssectional arefm?].
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N: Number of fins.
“Y : Coolant inlet temperatuf&] .
Koox: Box material conductive heat transfer coefficient [W/m.kK].

hi Convective heat transfer coefficighit/m? K].

Qcool: Heat transfer rate from battery pack to the cooling fluid [W].

9 Calculating Convective heat transfer coefficient (h]19]:
0 0Q
O

Where:

Kc: Thermal conductivity of theooling fluid [W/m.K],
Dy: Tubehydraulic diameteand equalg 8—)

NuU: Nusselt number.

To calculate the value of heat transfer convective coefficient h, it needs to calculate Nu value.
There are different formulas that give Nu value for each case.

First Reynolds number is evaluated to know flow type:
vao 22

Where

Re: Reynolds number.

u: fluid inlet velocity [m/s].

3: Kinematic viscosityf cooling fluid[m?/s]

Nusselt number (Nu) depends on flow type, heat transfer condition and pjpefeh inner
flow, constant surface temperatutbgre are two case: for laminar flow Nu=3.66 and for
turbulent flow smooth pip8lu is given by19]:

06 MrceFE0ie Qépmn YQ pr
Where Pr is Prandtl number.

The above information can be used to find h value. Now everything is obtained to calculate
heat transfer rate from the battery pack to the cooling fluid.
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Energy balance equation of the system can be written as follows:
R O o~ YO Y
a O p m U U oY T
Rearranging, gives battery temperature change rate:
gy 0Oy Y Y
Qo O 0'Y

WhereCp = myChp,p iS battery thermal capacify/K].

The above equation can be ugectalculate uniform battery temperature deging on the
applied situation.
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4. DESIGN OF EXPERIMENTS AND SIMULATION

In order to study the choices introduced earlier it is important to design a set of virtual
experiments as well that best represent realistic situationshhatehicle might face. This
includes:

1 Driving cycle.
1 Ambient temperature.
1 Road slope

The first comparison to prm is the choice between LG aBdmsung cellue to the crucial
importance of overheating problerhjgtestwill be based on thermal digpationof each cell

to see which cell will reach higheerperatures in these situations. In this simulatien,
cooling is assumed. After choosing the best battery cell, the overall performance of the
designed battery pack with the cooling system eitisang ambient air or cooled air will be
studied

Driving cycle:

It is important to define the velocity ranges and variations that the vehicle should
perform. Since the vehicle is intended to be usadhly as an urban electric car, lower velocity
ranges are more of interest. For this reason, the-Medium (first 1000 seconds) part of
WLTP Class 3 is chosen to be put into the simulations as the reference driving cycle and it is
repeated for 3200 seads. The choice of 3200 seconds is because in extreme conditions the
SOC of the battery reaches very low values. Therefore, it was chosen for all the set of
conditions to have comparable results.

Experiment: WLTP3 Low-Medium
Duration = 53.3333 [min] - Distance = 24721.9436 [m] - Avg. velocity = 28.2587 [kmph]

80
Ref

60 - Sim.
<
=
= 40
)
>

. MH ﬂ MH li MH I

0 500 1000 1500 2000 2500 3000 3500

Figure 4.1: Driving cycle.
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Ambient temperature:

Variatiors of atmospheric temperature during the yearlzgtdreen different regions affect
the rate of heat rejection from battery to atmosphere, which #ffeebility of battery cooling
especiallywhen it comes to ambient air cooling. Hertbe, maximum teperature battery can
reach during a driving cycl&o it is important to evaluate the efficiency of each cooling system
in all conditions.

A set of ambient temperatures are chosen to be studied:

1 5°

15°C
25°C
35°C
40°C

= =4 -4 A

At values lower than 8C the battery needs to be heated bydichted heater before driving.
Road slope:

Depending on road grade, higher torque could be required from the motor. Consequently,
higher current from the battery. This increases dissipation in both motdrastedythatin
turns increases their temperatures. A set of road slopes are considered:

1 -10%
1T 5%
1T 0%
T 5%
1 10%

Values over 10 % are over estimation form road construction point of view.
Battery thermal parameters:

LG: Cp=3.0078*1¢ J/K

SamsungCp = 4.0772*10 J/K

From the aforementioned casdfpassible combinations of ambient temperatures and
road slopes are simuéal and studied. No deratiavill be used in these simulations.
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4.1 Thermal dissipation of battery cells

A comparison is carried obetween thermalissipation of the two proposéattery cells.
In thisstudy,no cooling is assumed thus tistal generated thermal energy heats up the battery

and results in temperature increase. Hertogives an idea about thermal characteristics of
each cellwithout other effects

9 Average dissipated thermal energy:

Batteries heat generation

LG

600 -

500 —

W]

400 -

loss, battery

[X]
=1
=1

200 -

Average P

100 -

Road Slope [%]

Ambient Temperature [°C]

Figure 4.2 Average heat generation of LG and Samsbatgerycells.

9 Maximumbatterytemperature:

Max batteries temperature - no cooling

| Samsung
LG

120 —

100 —

=]
=]
!

Max Battery Temperature [*C]
B @
S 3

1%}
S
i1

-
[=Nw)
W
)
f
};
7\
I/
5
1

5 -10 Road Slope [%]

Ambient Temperature [*C]

Figure 4.3 Maximumtemperaturef LG and Samsung battery cells
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It is obvious that LGcell produces more heat. Moreover, the difference increases with road
slope.Since LG produces more heat, it reaches hitgraperaturg whichincreasewith road
slope and ambient temperature increabe. addition LG reaches dangerously high
temperatureat extreme condivins. Whereas Samsung maintdmser temperatuie On the
other hand each cell has its own threshold temperature limit and should be compared to that
limit.

It is useful to know as well how much time of the driving cycle each battdrgxaseds
the maximum safe temperatumait.

i Battery overheat duration:

Batteries over heat - no cooling

100 —

90 -

80 —

70 —

60 —|

=
‘s
=]
T
= /
g | o e
g \ ¢ o e

2 =0 ) i oy, /<
[ \ \ 7 kN e ™~
o 40 | L \ / \, % B /
8 b} | // i - 5, o y
> 30+ # i L A yé 4
T \\ | 7 Ly b i / Vi

20 - \ | / S / N vl /
m N\, . X, / AN A /!

1 > < ; . / /
10 - b \ b d
. . / e ¥
0 sl o f\\ W sl s i T
40 e \ e s B )/ T
35 g \ W s T T 10
30 e T B S W i 5
25 e P . e
20 R i R 0
15 ) e 5
10 -
5 -10 Road Slope [%]

Ambient Temperature [°C]

Figure 4.4 Battery overheat duration.

LG becomes overheated for almost half of the situations and it lasts for the whole tlgele in
cases where ambient temperaturegh. Whereas Samsung passes temperatueshold only

in cases otiphill road slopgyreater than 5%nd it lasts much less than equivalent LG cases.
This shows the superior performance of Samsung cells over LG cells.

Final decision Samsung Prismatic cells.

From now on, any further analysis will be carried out assuming Samsung prismatic cells
are usedAfter making the choice, it is time to study the effect of cooling system. Finally, the
derate strategy in extreme situation will be studied.
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4.2 Cooling system

After the previous experiments of no cooling ¢&amsung celis chosen for the battery
pack.However, in reality a cooling effect is present eitftgced convectiorby ambient air
forced by car speed or by cooled air from an air conditioning sydtenhis section,the
behavior of Samsungrigmatic cells will be studied in maximum performance condition
without any derationrad results are represented

4.2.1Ambient air cooling:

In this system forced convectiorooling is performed by ambient air forced by car speed
through the tubes the bottom of the battery pack boembinedwith a dedicated fan at a
speed lower than 10 km/ISimulation is performd assuming th@reviously mentioned

conditionsof road slope and ambient temperature

1 Evaluation of air properties[19]:
Air properties are taken at an average temperatuf€:27
Density:y = 1. 1% 14 kg/ m
1. 589 *

Specific heatCp = 1007 J/kg.K

Kinemdic viscosity:3 = 10

Thermal conductivityk = 0.0263 W/m.K
Prandtl numberPr = 0.707

9 Average cooling power achieved and average battery heat generation:

Heat generation and cooling power achieved

" 'Heat generation

Coaling power

600 —

500 —

W1

400 —

cooling,bat

P

300 |

loss,bat’

200 —

Average P

100 —| i

Road Slope [%]

Ambient Temperature [°C]

Figure 4.5 Average cooling power and averaggtery heat generatiGnambient air.
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The difference between cooling power and heat generation is small in

conditions but it becomes largarextreme conditions e.g. high road slope.

T Maximum battery temperatures:

60 —

IS o
o o
/

Max Battery Temperature [*C]
8
/

Max batteries temperature - Ambient air cooling

5 -10 Road Slope [%]

Ambient Temperature [°C]

Figure 4.6 Maximum battery temperaturésambient air

9 Battery overheat duration:

12 —

10

Battery over-heat duration [%]

Battery over heat - Ambient air cooling

| !'samsung

5 -10 Road Slope [%]

Ambient Temperature [°C]

Figure 4.7 Battery overheat duration for every conditioambient air

As evident fromfigure 4.7 Samsung is always below tdanger temperature limit except for
anextremecase of ambient temperature @and road slope 10%.
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4.2.2Cooled air:

It is a closed cooling system with air cootedchn assumed temperatd®C by a dedicated
air conditioner and flowin@py a fan with a constant spegan/s

9 Average cooling poweaichieved and average battery heat generation:

Heat generation and cooling power achieved

Heat generation
Cooling power

450 -

400

W]

350 ~

300 ~

pccoling‘bat
N
1]
S

loss bat"
N
8

Average P,

15 -10 Road Slope [%]

Ambient Temperature [°C]

Figure 4.8 Average cooling power and aage battery heat generatibiCooled air.

I Maximumand averagbatterytemperatures

Max battery temperature - Cooled air

[ R |
& © & o
5 [ / /
/

Max Battery Temperature [*C]
g
/

15 -10 Road Slope [%]

Ambient Temperature [°C]

Figure 4.9 Maximumand averagbattery emperatures Cooled air

It is obvious that in this case battery does not overdtestand it only reachd50°C in a one
extreme case of road slope 10% and ambient temperattige 40
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5. PREDICTION AND DERATION

So farin the design phase the analysis and the choices regarding battery cell type and
cooling system have been made. As the next stepydlkis todeal with the overheating
problem in a more sophisticated waymalat her
characteristics or cooling capabilities.

BMS settings by default contain passive safety measures when the battery is
overheated. In this situation, the current passing through battery will be limited by the BMS
becoming eventually zero in extremely dweatedconditions, whichmeans the vehicle
becomes completely usele$he proposed solution in this thesigo tackle tis issue by acting
in anticipant waythrough predicting the battery temperature in the near future e.g. next 5
minutes and making pper changes in the inverter settings in advance such that the anticipated
overheating could be avoided.

Prediction

Assuming that the near future is also characterized almost by the same driving style that
was being used in thepecifiedpastwindow, it will be possible to make predictions of the
upcoming situations. The prediction system stores the dissipation values of the battery pack
and the electric motor. Next, by finding the moving average of these dissipations in the
specified past time windg the future temperatures are calculated according to the thermal
modellings of the battery pack and the molios assumed that in the prediction horizon motor
and battery will continuously give the mean of these valliesn this procedure is repeated
continuously according to the specified updating interval.

A MATLAB Simulink function is used for this procedure, figusel. The function pauses the
simulation at the end of every update interval to perform the computsitfbareas during
simulation runing the aforementioned values are stored.

L ftime
O Time i
¥ Final Bat Temjp
Thac
T_m_we T_m we -
Water Cooled Motor Temg] - Trug System Predictions
vifF—
Final Mot Temp
TG Te 27315
e y— g [273:15]
fen
P_th_b Pthbat
v2 .[
P_th_m Plossmot
y3 p_  dec_rate
[Tair_for_cooling Tair_for_cooling

Figure 5.1: MATLAB Simulink prediction function.
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5.1 Motor prediction

To know how motor temperature changes it is necessary to understand how much is the
thermaldissipation, whichdepends on the motor torque while the rest parameters are either
constants or are obtainable through iteration.

At each prediction instance:

1 Qm mean value is calculated for the history time length and is considered fixed for the
whole prediction horizon.

1 Actual motor, coolant and ambient temperatures are read.

1 Through mathematical iteration the final predicted temperature at the end of the horizon

iS obtained.
QY6 O 06 0 0 0O O YO Yo
Qo 0 o} 0 0'Y
QY YO YO O O6 YO YO Q6 . . |
Q0 5 5 5 5 Yo Y

Where:

Qm 1 Motor heat generatiorate[W] -> system input

Tm 1 Motor temperature [K}> state variable/system output

Tc 1T Motor coolant temperature [K} state variable

TambT ambient temperature [Kp system input (measured disturbance)
RmcT Thermal resistance between motor and coolant [K/\A4,
Cm T Motor thermal capacity [J/K]

Cc 1 Motor coolant thermatapacity [J/K] L System constants

ki Radiator thermal transfer coefficient [WAK]

A1 Radiator frontal area [fh

5.2 Battery prediction

Also, battery temperature depends on its dissipation which depends on the current
drawn from the battery. In order to perform the prediction similar to what was dometia,
the mean value of dissipation history is considered as the constant dissipat@thaabattery
will continuously give for the whole prediction horizon.

QY6 0 0 0 06 0 06 YO Y
QO 0 0 0 o'Y

Where:
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Qv 1 Battery heat generatioate[W] -> system input

To T Uniform battery temperature [K}p state variable/system output

Tamb1 ambient temperature [Kp system input (measured disturbance)

Reai Thermal resistance between battery and air [

Cp 1 Battery thermal capacity [J/K]

Example ofprediction:

System constants

WLTP3 Low-Medium - Duration = 53.3333 [min] - Distance = 25182.5933 [m] - Avg. velocity = 28.2587 [kmph]

|l', __ "I
=60 ' 1ﬁ /W —Ref
o o | i 1 Sim.
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ol || I || \< I V T !
I |
ﬁznﬂlw \ WHIJ‘ \1 ||N LW‘ ’h ' | M ‘ ” ||,_|
0 | | . |
0 1000 1500 2000 2500 3000 3500
—_ T T T T T T
£ 10 : - - R
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E | 4
X
& 0 1 Il 1 1 1 L
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40 ) %7K
E o -—"H:)’_:r__
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m 36 ; % Predicted before
—_— _|_)(>M XX - | 1 Il 1 L J
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o ; LA XX KX e | e XS R XX
Sl P ;.x_f,' T S S & ,":' Ca X o RV B -
£ Rt % X
o e
[ | -
5 40 f,_f Sim. - Waler Cooled
= Predicted before
30 1 | | L | 1 |
0 500 1000 1500 2000 2500 3000 3500
Battery Pack = Samsung Vel. error rms [kmph] = 2.1699
Ambient temp [°C] = 35 Bal. temp. eror rms [°C] = 0.40712
Slope [%] =0 Mot. temp. error rms [°C] = 2.2804
Prediction horizon [s] = 300 Max bat. temp [°C] = 39.471

History window [s] = 300
Update interval [s] = 60

Limit bat temp [*C] =

Battery Cooling = No cooling
Constant Sportive: 10 [N.m/s]

Max mot. temp [°C] = 54.1821

Spec. cons. w/ & wio reg. [Wh/km] =93.6199 - 113.884
Final SOC [%] = 78.9322

Bat. overheat duration [%] = 0

Figure 5.2 Example of prediction.
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5.3 Prediction accuracy

Before the implementation of prediction strategy, it is important to study the reliability of the
values coming from prediction by evaluating the error between the real values aathése
predicted before. Factor could affect prediction accuracy are:

1 Time history length.
1 Prediction horizon length.
1 Used statistical quantities:
0 Mean
0 RMS

5.3.1Prediction horizon length

Length of prediction horizon depends heavily on tgnamics of thesystem. Termal
dynamics of both battery and motor have been simplified in the form of LTI systeinis
possible to observe the step response of the systems as the following:

Battery

p 0 O
oYY Y

p
0'Y

Y O

vo 2
(0]

Parameters in battery prediction equation are obtained from the actual vehicle and ambient air
cooling system. Step response shows that the system has an extremely large time constant

(around 30000 seconds)

From: In(1) From: In(2)
T T T T T T T

/

o8| |
Step Response

06 |

=}
s

Amplitude

o
N
T

=

0 I I ! ! ! !
0 0.5 1 15 2 25 3 350 0.5 1 1.5 2 25 3 3.5

Time (seconds)qp® 10°

Figure5.3. Step response of battehermal dynamics.
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Motor

. s o p . p 0, e @ 0,

Y o (1 0°Y oY 5YoO 9 aL 0

YO 1) P P Q6 7 Yo U P Y
uody oY 6 U u Qo U

In case of motor it reaches stability much faster than the battezgn be seeifrom step
response of the motor thermal dynamiase constant of the system is abouf@&econds.
This is also justifiable by looking at thegenvalues of the dynamic matp0.0017,-0.0039)

From: In(1) From: In(2)
T T T T T T T T

1.8 1T /

/

-

Step Response

0.8

0.6

Amplitude

04

02

o L= I | L | I . . . . .
0 1000 2000 3000 4000 5000 60000 1000 2000 3000 4000 5000 6000
Time (seconds)

Figure5.4: Step response of motor therndghamics.

Comparison between different prediction horizon values

Considering system time constants discussed before, three values of prediction horizon are
compared together: 3 minutes, 5 minutes, and 10 minutes. Othesfa@dixed For every
simulationtime history window of 300 secondesad slope 10% and ambient temperatuf€25
Results and temperature prediction esare represented.
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1% Prediction horizon 3 minutes (180 seconds)
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Figure5.5 Temperature predictiogrror of 180 seconds prediction horizon.

2nd: Prediction horizon 5 minutes (300 seconds)
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Figure 5.6 Temperature prediction error for 300 seconds prediction horizon.
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3': Prediction horizon 10 minutes (600 seconds)
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Figure 5.7 Temperature prediction error for 600 seconds prediction horizon.

As observed from the graphs prediction error is relatively small and error percentages are close
to each other for 3 minutes and 5 minutes prediction horizon whereas it becomes larger for 10
minutes prediction horizon. In addition, error percentage becomes larger with increasing road

slope. Therefore, the best value to choose is 5 minutes (300 seconds) prediction horizon. This
value will be used for the introduced prediction/deration strategy.
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5.3.2 Time history length

Same as prediction horizon length, the length of time history window along which the average
values of driving behavior are evaluated affects the magnitude of temperature prediction error.
By fixing the other factorrad prediction horizon on 5 minutes (300 seconds) different values
of the time history window will be compared: 3 minutes (180 secamidh minutes (300
seconds). It is important to note that, the length of time history window depends also on another
factor which is the driving cycle. So, this value is cycle dependent variation of the driving cycle
can affect the best valushorter or longer one can be needed for different driving conditions.
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Figure 5.8 Temperature prediction error for 188conds time history length.

Result of time history 300 seconds is introduced before. The chosen value is 5 minute (300
seconds) time history as prediction accuracy is slightly higher.
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54 Deration

So farthe battery pack was selected and ambient air cooling is tested and showed an
improvement in terms of battery overheating yet overheating still occurs at an ambient
temperature 48C and road slope 10%. So a differentrdie strategy will be exploited order
to solve this overheating problemfter predicting battery and motor temperatures, this
information is used to limit temperature increase by deration.

Battery current is related to motor torque as follows:
DQ@ e¢0vQDéi i Qi 0
0O OME WO 0 QQ

Mainly motor torque defines how much current is required from the battery, so it is reasonable
to focus on deating motor torque to avoid battery overheating.

54.1 Studied derate strateqgies

1 Limiting maximum available motor torque:

In this strategy,motor torque is limit according to thermal characteristics of the battery
Thus,battery overheating will be avoided for granted mathematically. The main problem with
this strategy was the fact that maximunotor torque at high temperature situations has to be
limited to very low values. In this way, the driver will get extremely limited and the situation
will not be so much different from the passive safety feature of the BMS itself where vehicle
becomes seless.

1 Limiting maximum rate of change in motor torque:

By limiting the rate of change of the torque, the maximum available motor torque values
are the same but what differs is the rate of the variations in motor torque i.e. how fast motor
torqueincreases from the current valtethe one requested by the driviris like a filter
between drivers command and the value transmitted to the mo®disadvantage of this
strategy is the fact that it is not directly connected to the battery temmmertiirough
mathematical equations which brings along some uncertdihty.is the chosen strategy and
its performance will be studied in the results below.

In order tospecifymaximum rate limits, three driving modes are introduced:

1 Sportive: maximum r&e of change 10 N.m/s.
1 Standard: maximum rate of change 5 N.m/s.
1 Economy: maximum rate of change 1 N.m/s.
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Example of deration:
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Figure 59: Example of deratioi road slope 10%, ambient temperaturé@5

Variation of motor torque increase ratslhown. As stated, when prediction algorithm predicts

a high battery temperature in the future, it gives a command in the present to set motor torque
increase rate to lower value, this is more evident in the two instances when the pbadietgd
temperatre is bigger than 4%C.
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54.2 Implementation:

Battery temperature is predicted for the next 5 minutes according to its peréermahe
previous time lengtlandthe predicted values are updated every 60 sec@aied on the
difference betweepredicted temperature and the overheating thresfiakek batterya driving
mode is chosen as follows:

1 More than 15C difference Sportive mode.
1 Between 10 to 1% difference Standard mode.
1 Less than 10C differenceEconomymode.

Figures 5.10, 5.18how rate limiter in casef deration activated:
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Figure 5.11 Torque ate limiter.

54.3 No cooling:

It is a good measure tie deratestrategy effectiveness to test it with the no cooling
case to observe the amount of improvement in the results especially in terms of maximum
battery temperature and battery overheating duration.

The following simulations will be performed assuming nolicgpas before but with deration
to compare results.
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1 Average battery heat generation:

Battery heat generation
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Figure 512: Averagebattery heat generatiénno cooling.

There is a big reduction in heat generation inside the battery due to its internal losses. This will
reflecton battery maximum temperatuas well

9 Maximum battery temperatise

Max battery temperatures
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Figure 513: Maximum battery temperatigé no cooling.
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Here it canbe seen that the baty temperature with deration abways below théhreshold,
which solves the overheating problem even with no cooling.

i Battery overheating duration:

Battery over heat - no cooling
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Figure 514: Battery overheating duratianno cooling.
1 Consumption:
Specific consumption with regeneration
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Figure 5.5: Specific consumption with regeneratibmo cooling
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1 Battery final SOC:

Final battery SOC
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Figure 516: Battery final SOQ no cooling

It is noticed thaspecificconsumptiorincreases. Theeason for that is with dete strategy the
rate of motor torque increase is limited to lower valub@extreme conditions so the distance

covered is lesfNeverthelesghe final SOGn the ends higher.

I Maximum motor temperature:

Max motor temperatures - water cooled
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Figure 517: Maximum motor temperatuiewater cooled.
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Due to the limitation in motor torque increase rate withrate strategy an improvement in
maximum motor temperature car lachieved as wellThis change in motor maximum
temperature does not depend on battery type as motor draws the same current for each torque
in any case.

It is important to know the difference between the predicted temperature by the prediction
algorithm and the real temperature to know prediction accuracy. This is shown in the following
figure.

1 Prediction accuracy:

Battery temperature pridection error
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Figure 518: Error in battery temperateiprediction.

Figure 5.18hows the difference between actual battery temperature from simulation and the
temperature predicted before using prediction algorithm. Withatde strategy the error in
battery temperature prediction is much lower
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Disadvantages (deration cost):

1 Velocity profile error

Velocity profile error - no cooling
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Figure 5.8: Velocity profile errori no cooling.

There is a disadvantage of-tlge s$rategy it can be noticed in the speed of vehicle response to
velocity increase commands. Sometimes especialgxireme conditions when the battery
provides higher current and generates more heat there can be a delay in vehicle response to
velocity command due taotortorque increase rate limitation. In the end vehicle will reach

the commanded velocity but with lewrate to avoid battery overheatindni§ delay appars

in figure 5.19
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54.4 Ambient air cooling:

It was seen that the date strategy showed promising results in the absence of cooling.
In the followingsectionthe sme procedure iepeated witltooling by ambient air forced by
vehiclespeedit is expected thatedrate strategy will show even bettessults

9 Average battery heat generation:

Battery heat generation
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Figure 5.20 Average battery heat generatioambient air cooling.

There is a slight change in battery heat generation as this quantity dependsimoudng of
discharge current and this depends on motor torque.

9 Cooling power:

Cooling power - Ambient air cooling
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Figure 5.21 Cooling poweii ambient air cooling.
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9 Maximum battery temperature:

Max battery temperatures - Ambient air cooling
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Figure 5.22 Maximum battery temperatureambient air cooling.

Maximum battery temperature is lower with deration and overheating is completely avoided
with only ambient air cooling

i Battery overheating duration:

Battery over heat - Ambient air cooling
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Figure 5.23 Battery overheating duratiagnambient air cooling.
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9 Consumption:

Specific consumption with regeneration
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Figure 5.24 Specific consumption with regeneratibambient air cooling

9 Battery final SOC:

Final battery SOC
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Figure 5.25Battery final SOQ ambient air cooling

As stated before specific consumptiisna little higher with deration because the distance
covered by the vehicle is lower but the final SOC of the battery is higher.
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Battery Temperature error RMS [°C]

9 Prediction accuracy:

Battery temperature pridection error
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Figure 5.26 Battery temperature prediction erioambient air cooling.

9 Velocity profile error:

Figure 5.27 Velocity profile errori ambient air cooling
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