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Background

Vehicles need to be electrified to BEV  HEV  PHEV  FCEV  ICEV
address environmental issues 100%
<Problems of electrification vehicle> 80% f
v" Price = 60%
v Chgrgmg infrastructure, charging time ¢,
v |Efficiency, Range =
20%
0% —3 : . . .
. . . China us Japan STEPS2030 STEPS2050
< >
PrOblemS Of ImprO\“ng eff|C|ency (1) IEA, 2021, STEPS: Stated Policies Scenario, SDS: Sustainabl
v Heat source Change e Development Scenario
v’ Variety of temperature zones i i
v Increased complexity of thermal circuits Famimstion SugRs _Q
Thermal energy flow needs to be improved _‘m
throughout the vehicle using MBD \
Q Coolant Circuit Refrigerant Circuit
<Problems of battery modeling> Passenger Compartment
v" Third parties other than OEM and battery Power Electronics 48

HV Battery

@35%
/

Refrigerant Circuit

suppliers have difficulty obtaining battery data
v Increased number of tests due to a wide

range of tem pe ratures T Coclert Gireiit
LT-Coolant Circuit
(2) Jan Christoph Menken et al. , SAE international 2018

E Machlne
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Background

P2D (Pseudo-Two-Dimensional) model ECM(Equivalent Circuit Model)
«—— Cathode ——«Separator we—— Anode I i
Electrolyte _1> _i
§ e Gharge S § IO
ks il = = [
Q < é Rl RZ
: [©©@|O) To1 |30 ¢ . 4 ] Y
= i i j ' D 0
8 3 Discharge i } Q
c : g Vooy = C, C, V,
Cathode acti-\‘/e material Anode act.i';/e material
v" Model lithium-ion transport phenomena and |v° Model chemical phenomena with electric
electrode reactions based on potential and circuit elements
lithium-ion concentration gradients

Long <@==Computation timg=====p  Short

High <——————Predictability=——————) | ow

i gy
Fewer experiments are required
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L\
Antonio et al. ®atUniversidad Politécnica de Valencia have developed a method to
identify battery P2D models from cell tests simulating transient driving cycles

Database default values

Start
)

» Initial guess of parameters

Computation solver

] .
! 1
| 1
| — cal.,,—Exp. | £[ — cal. —Exp. [
Selecta new set of i % © !
parameters based |1 = g :
on crossoverand |1 > S |
. ! o I
mutation ! : = -
T ! Time Time |
Evaluate RMSE EF Evaluate RMSE E¥
Calculate objective function
o1 i £y, Ef
=— Wy — + Wy —
ov nk=1 |4 fy T fT
23
Q
g
No Is the history of =

1 Number of designs

E,y collapsed
in a limitvalue?

End

RMSE: Root Mean Square Error

Fitting parameters

Parameter Unit Location
. Cathode, Anode,
Thickness Mm
Separator
Particle size um
First charge capacity |[mAh/g
First discharge capacity [ mAh/g| Cathode, Anode
Constant resistance Q-m?2
Capacity Ah

4.2
40

36

344

Cell: LG Chem INR18650HG2(NMC 811)

_ Ambient temperature: 25 deg.C

3.21
3.04

2.84
2.6

i — Experimental results

'1“ ™ .‘. 'W,L..«’ M W ~— Model prediction

!"I" " Mm.#l i ’ﬁ
gl 'ph\
30
L 28
= ~ R H\W.\\ [ 26
B i e e e i . e 24
122
500 1000 1500 2000 2500 3000 3500  4008°
Time [s]

Temperature [ “ C]
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é

<Problems of previous research and improvement>

Problems:  Battery cell or experimental data of cell must be obtained
Improvement. Assuming model building from vehicle driving experiments

Modeling heat exchange between battery cells and cooling system

<Qbjective>
Battery P2D model construction based on vehicle driving tests
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Vehicle test

v Acquire battery and coolant data for parameter identification
v' Measure

Battery: voltage, current, SOC, temperature

Coolant: temperature, pressure and flow rate
during driving on the vehicle test bench

Parameter identification

v Construct P2D model by GT-AutoLion and identify model
parameters based on experimental data

. 2

Model analysis

v Calculate the constructed model and compare calculation
results and experimental results. Consider ways to improve

the model

«——Cathode —«Separator s¢«—— Anode—*|
Electrol

yte

Calculation

| d

harge T

Li*

clcle

Positive collector

bcha

O[©:0

10199100 aAnebapN

ge

Cathode active material

Anode active material
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L\
v Battery data was obtalned by runnlng tests on the University's vehicle test bench

Hub-mounted 4-wheel vehicle test bench

N

Test vehicle
‘ I High voltage battery bl
_1

-il

Blower

B
@ Power analyzer 2 CAN logger @ Data logger
PN T
Compressor Main measurement items
Test vehicle specification®) Low battery Voltage
! Front —
Curb mass . 2003 kg ! rotor Auxiliaries Current
Battery pack capacity 74 kWh 6 ! b Battery SOC
Coolant Ethylene glycol 50 % (State of Charge)
Front motor AC Induction motor ‘on High battery Temperature
Rear motor AC Permanent magnet ‘offll  Rear motor Torque
synchronous motor @ Power analyzer current Motor
Range 450 km © Power analyzer voltage Speed
@ CAN voltage current Accelerator
- High voltage Driver .
— Low voltage position
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—\

-~

L] g/ — e

v' Measured tempratre distribution between cells in the dir

&

S

ection of cooling water flow

—~Module:23 bricks

Module:25 bricks

N
=

Module:23 bricks

28 flow channels
per 1 coolant line

Coolant flow

&

7/ coolant lines

i

Top of the cell
-

Side of the cell
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v Additional circuits including a chiller and heater were added to control the initial
cell temperature

High

¢ M @ Flowrate External circuit
©
g @ Temperature
1S
@ @ Pressure
Low Chiller
I >|:—
EXV ommomeee ’W I
| c—-—
| | Water pump
T :l_
iEvaporatori Accumulator

0 |

1 I
1 Condenser;
1 I

—>0 5 Water pump

tom oo mmnd 3-way Valve _ _
Reservoir Front Drive Unit Rear Drive Unit

Compressor :Mﬂmw @‘ e
Radiator T Octo-valve

2=

Electric Heater

&

| Driving cycle test condition

uquid-c?medcmer - Driving pattern Temperature | Initial SOC
Temperature condition case %
Case | INitial battery temperature | Ambient temperature Low 20, 50, 80
deq.C deq.C WLTC 2 cycles Middle 20, 40, 60, 80
Low 15 18 High 20, 50, 80
Middle 25 25 Pressure drop measurement condition
High 40 30 Battery temperature

Y \
Controlled by additional heat and chiller l

\ J

deq.C

Volume flow rate L/min

0, 10, 20, 25, 30, 40

4,6,8,10,12, 14, 15

Controlled by air conditioner (Min.=18deg.C, Max.= 30deg.C)
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€ QOverview of model

f Qn,conv

Qnconvy :Natural convection with ambient
Qf conv - FOrced convection with coolant

€ Model construction method

Cell thermal mass Cell P2D

3)

= ge i
-

o @I 15& @l
T ®
\ 4

d’[’ | \
cell
MeeriCeell dt - Qgen _ Qf,conv - Qn,conv

(1) Coolant circuit model construction
v Pressure drop identification
v' Heat transfer rate identification

2 P2D model construction
v' Obtain parameters for cathode, anode,
electrolyte, etc. from literature

Input heat transfer rate as
the boundary conditions

[
A

y

® P2D model identification

v Identify model parameters to
reproduce experimental results for cell
terminal voltage and temperature
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Model construction-Coolant circuit model-

L\
v Obtain heat transfer rate between cell and coolant for P2D model boundary
v' Identify coolant pressure drop and heat transfer coefficient with coolant circuit

model of the entire battery pack
|dentify pressure drop coefficient (steady-state) Steady-state test with additional

1 5 20 chiller and heater
= — K Ce
AP 2 ’Du S . Main operating point\O ;x ;M;OCC
\ 4 _2‘ x % ,:;. ;E) °Cfi‘
|dentify heat transfer coefficient (WLTC) 220 * g
) L S
Qf,conv — Chmhf,convarick (TBrick _ TCool) 8 10 . : % f xCal.
o } & e Exp.
v 0 ! ! :
0 5 10 15 20

Obtain heat transfer rate

Volume flow rate L/min

Driving cycle: WLTC % 2, Initial battery temp: 15deg.C, Initial SOC: 76.6 %
—Pressure loss Exp. ——Pressure loss Cal.
20 — —Flow rate — 8 30 — —Outlet temp. Exp. —Outlet temp. Cal. — 0.4

g ——Heat transfer rate E

® £ O ©
15 65 25 1038
Q. *‘E © @©
o -0 2
o10 | 43 220 102
> ° L
2 58 2
© 5 r 12¢ £15 101w
o BN -
S ;

0 } { 1 1 0 10 1 1 1 1 O e

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time s Time s
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€ Estimation of heat capacity and natural convection heat transfer coefficient

Using test results of battery cooling test with chiller(40deg.C—20deg.C)

= ]

Heater

dTbat . Chiller
Cpat pra Qf.conv T Qnconv (NO heat generation)
= mcoolcp,cool(Tin - Tout) + hn,convAsurf (Tbat _ Tamb) % m
Battery
i 1 hn convAsurf
l — . ’ 0
Tbat - C Z(mcoolcp,cool(Tin — Tout)At) + C Z((Tbat — Tamb)At) + Tbat
bat = bat
1 h A ] ] 40 —— —Tin Tout —Q — 20
Calculate —, 22U by multiple regression o _
Chat Chat % 30 {1 15 £
analysis ] 3
Calculation results of Cp,,, and h A 20 20T 110 8
at n,conviisurf g > ;
27T 10 15
Cpat hn,convAsurs Chat R conv = %
kJ/K WI/K Ji(kg-K) W/m2-K S 0 {o E
351 33.2 967* 4.80** e 9
-10 -5
40 2
* Estimate considering materials other than cells ——Tbat_exp. —Thbat_call.
** Estimate based on battery pack size 95 mm X 1450 mm X 2150 mm % 35 Error 10
Qcoot W :Heat dissipation to coolant ﬁ 30 0_' | o
Mepor KIS :Coolant mass flowrate = )
Cpcool JI(kg+K) :Coolant specific heat capacity g 2° N 1 -4u
T, K :Battery pack inlet coolant temperature £ 20 | f’ _ — | 6
T,u: K :Battery pack outlet coolant temperature =
T, K :Battery pack average temperature at time i 15 ' ' -8
T K :Battery pack initial t t ° o 100 150
bt : y pack initial average temperature Time min
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[\
€ Chemical reaction at electrode

v" From the literature, it was inferred that the anode was graphite mixed with SiOx
v The capacity is increased by mixing SiOx

Battery cell specification®)® O Cathode (Positive electrode)
Battery model 21700 LiNi,Co,Al,0, 2 Li;_,Ni,Co,Al, + mLi* + me~
Diameter x Height mm | 20.9 x 70.1
Weight g 68.6 O Anode (Negative electrode)
Nominal Capacity Ah 4.60 Co + yLit +ye™ 2 Liy,Ce
Energy Wh 16.6
Cathode Material NCA Si0O + Li - iLl4Sl04 + ZSl (IrreverSible)
: . 1 3 45 45 1 3 .
Anode Material SiOx-C ZLl4SLO4 + ZSl + ELLJ’ + EeJ’ pd ZLL4SLO4 + ZLL3_755L

(Reversible)

v" Mixing SiOx changes the approximate shape of OCV (Open Circuit Voltage) and capacity
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€ P2D model®)7?)

O Governing equation

— tg Tt v' Species conservation equation
Electrolyte 0
. Z —
-8 A/ Charge‘ 8 i[EC ] zi(Deffai)_l_l—t"']Ll "'Li U|d
g | 2 gt T ax\ ¢ ox F .
< ()

|3[®|0) T2 L0 10 00
— ] ! y 2 LI B | I
E u’. Oikchalgo | § ot r2or or Solid

| . v' Charge conservation equation

:‘-:Cathode Separator,;"{

“:“‘\:TNCA ::TSiO g - graph i keff a(pe + a keff alnce _|_ LI H H
' (G p . )tJ 7 =0---Liquid
= / ox 0x 0x ox
€ Porosity . o . 0 ff 5‘(,05 _
mol/m  Molar concentration of lithium ions in the - O'e _'° _le =0 .. 'SOlld
e 3 electrolyte Ox \ € 0x
DT mz/s Electrolyte effective diffusion coefficient
s
F Faraday’s constant .
A/mol v Butler-Volmer equation
t9 - Transference number a-F a-F
. —a__ —C__
A Reaction current of lithium jIC = a,i, (eRuTn _ eRuTn)
c mol/m Concentration of lithium in the radial direction a
3 . . . : .
s of the particles in the active materials iy = k(CC)a" (Cc» max — Cs; Surf)an(Cc surf) p
r m Radius of the particle '
D m2/s Diffusion coefficient of lithium in the solid aeeff S/m Effective solid-phase conductivity
’ phase Vs Solid phase potential
Q. V Liquid phase potential o .
, o . 2/m3 Volume specific reaction surface
ke’T Sim Electrolyte’s effective ionic conductivity as m=/m area

k7 S/m lonic diffusional conductivity k A-m25/mol'5  Reaction rate constant
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€ P2D model®)7?)

O Heat generation
Qgen = er + Qrev + Qohm + Qc
v' Redox reaction heat generation

. 1 L_.
er:Zf ]Ll((ps_(pe_U)dx
0

v" Ohmic heat generation

Qohm 5
j eff aQDS keff (a(pe>
d0x
dinc,\ (0@
eff e e
ko (c')x )(6x>]dx
v' Reversible heat generation

: 1 (b (. 0U
Qrev:_j ] ( )dx
0

L oT
v' Contact resistance heat generation
: R,
= I
QC AS‘/C

O Temperature dependence of parameter
v Diffusion coefficient of solid phase

ED 1 1
Dy —Dsrefexp R T f_T
re

v Reaction rate constant

Q:gen
QT.X
QTE“U

Qohm

<3=z=z=s:==

2

3

m2/s
J/mol

m2/s
J/mol

E.( 1 1
k = kyexp At f—7—,
re

. Battery heat generation rate

: Redox reaction heat generation rate

: Reversible heat generation rate

: Ohmic heat generation rate

: Contact resistance heat generation rate
. Total layer longitudinal thickness

: Open circuit potential of the solid

: Area of contact between solid phase and current
collector

Cell volume
: Diffusion coefficient of at reference temperature

: Activation energy for Li diffusion coefficient in solid
phase

: Exchange current density at reference temperature
: Activation energy for exchange current density
: Reference temperature
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Model calculation

€ Cell balancing

v' OCV is defined by cathode and anode OCP(open circuit potential) balance
v" OCP vs Stoichiometry curve is obtained from the literature
v' Parameters that define cell balance were identified before transient calculation

A
e OCV Exp. —OCYV (SiO-C anode)
-« q}?ﬁ/q?f{t > ——OCV (Graphite anode) =~ —— Cathode OCP
peatl __ Tme —— q]gglg /qEst —— ——Anode OCP
max 5

— 4 i - M‘—‘—A—.ﬂ_ﬁ__‘
S -t
t= ' T 3
§ OCV@100%S0C 52 _
! . Cell Operational ] &
: Capacity 1 J
: 0 i I | 1
ano ! 1 0.8 0.6 04 0.2 0
min ! Cell SOC
! SN
0 Yiow Stoichiometry Yup |1
) ' Anode Cycling Range 1 ! v OCV is closer to experimental values
1 Xyp Cell SOC X100 than for graphite-only anode

I

1 0
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[\
€ Parameter identification flow

O Calculation conditions

Experimental data used for parameter

Start . e
T identification
Generate initial population Case Experimental | Temperature Initial
> data Case SOC %
 Computation solver E 1 Low 76.6
! — Cal.,, — Exp. | €| — Cal. — Exp. | )
Selecta new set of E % % ! 2 WLTC Middle 36.4
parameters based = 3 | 3 2 cycles Middle 61.3
on crossoverand |! > g |
tati ] [ X :
mu i ion E - T | 4 High 21.4
{ { O Objective functions
Evaluate RMSE E, Evaluate RMSE E
A Y t d
EX Ek t in t(V(t) V(t)target) dt
Calculate objective function f = E—‘{ + E—TI EV= ar
A (tend - tstart)
No Repeated max tend T(t T(t dt
generations — tstart( () —T( )target)
number of times T (tend — tstart)
k k
End f= Ey  Er

__l__
Ey  Er
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€ |dentified parameters

Each parameter was set within the range of the minimum and maximum values obtained in the

literature.
|dentified parameters
: Cathode | Separator Anode
Parameter Symbol Unit NCA P C. SO
Thickness teatr Lsepr Lano Mm 94 13 96
Particle size Tncas Yoy Tsio - 3.6 - 18 9.7
Reaction rate constant konca kKocr kosio | m23/(mol®5s) | 9.6 X 108 - 1.3%x10° | 1.4 x10-12
Diffusion coefficient of solid | Ds nca, Ds c) Ds sio m2/s 2.1x1014 - 1.1x1013 | 8.9%x10-12
iftusion cooficent | FBCLEEESC | kmol | 18 : 4 17
caction rate constant | P MEEE | kumol | 20 : 86 | 13
Contact Resistance R.at» Rano Q - m?2 8.6 X104 - 8.6 X104
Porosity Ecatr Esepr Eano - 0.20 - 0.21
First charge capacity q}VC%A, qjgcc, CI?@? mAh/g 225 - 372 2592
First discharge capacity q}vdcéq ) qjgdc» q;ﬁ{é mAh/g 206 - 329 1842
SiO mass fraction Mg;io - - - - 0.040
Maximum potential Ugat, V 4.2 - - -
OCV at SOC 100 % Useel Y, 4.2
OCV at SOC 0 % uget \Y 2.3
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€ Parameter identification results(Case1: Low temperature)

Model calculation
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Initial cell temperature: 14.8deg.C, Initial SOC: 76.6%

12

8

4

Current A
o

=
_\[\)_h

w

Voltage V

w

Qo
\J

Heat transfer rate W
© ©o o o o o
SO SR R S o

o

o © N
| D L L)

Cal.

——Heat transfer rate

Heatlng

MWW}@)T

Tlme min

O

100
< O Experimental results
S0 % (D Water pump never stopped
o & after turning on the vehicle
w
0 (2 Battery cells were heated
C throughout the test.
-100
110
60 O P2D model results
0 & @ Temperature calculation
50 9 accuracy deteriorated after 20
@ minutes.
70
28 Model calculation results
o5 % Voltage | Temperature
207 RMSE 0.019V 1.2deg.C
L E Max. error rate 1.5% 9.8%
10 ©
5 e Max error
0 i @ battery pack 6.1V -
Cell voltage X 96
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€ Parameter identification results(Case3: Middle temperature)

Ini’gizal cell temperature: 25.3deg.C, Initial 81(800: 61.3%

£ O Experimental results

< ¥ 1 | *® = @ The battery was heated with
5 4 ; o & coolant until it reached
3, y | 50 © around 30deg.C (around 35

4 : 1oo§ min)

p 00 @ After heating cell

25 | i T | = temperature was maintained
i Lo m 1 80 i around30 deg-C
(@)
237 ¢ 1 70 $ O P2D model results
>

3.6 S A 1680 ® Voltage and temperature were

3.5 ' - : : - 50 calculated with high accuracy.
= U0 = i@l —Exp. ——Heajtransfer rate 82 O Model calculation results
- o @ m = 128 Voltage | Temperature
S04 P 42570
go_z ) Heatings | E RMSE 0.0072V | 0.28deg.C
g0 1158  Max. error rate 0.16% 2.1%
-o-_ | ' i E
% 8.421, Cooling ;O 2 Max error

0 10 20 30 40 50 60 @ battery pack 16V )

. , Cell voltage X 96
Time min
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€ Parameter identification results(Case4: High temperature)

Initial cell temperature: 40.3deg.C, Initial SOC: 21.4%

12

Current A
S

U, [—

15 r T

[ 1

/

Heating

Cooling

0 10 20 30 40 50 60
Time min

100

50

0

Vehicle speed km/h

O Experimental results

(D Battery cell temperature
maintained at 37~39deg.C

O P2D model results

@ Low accuracy of temperature
calculations throughout the
calculation
—Heat generation is largely

calculated at low SOC

Model calculation results

Voltage | Temperature

RMSE 0.022V 2.5deg.C
Max. error rate 2.7% 9.1%
Max error

@ battery pack 8.4V -
Cell voltage X 96
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Model calculation analysis
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€ Problem of heat generation at low SOC

200

. . . . . - - -Case3d Case4
Qgen = Qrx + +Qonm + Q¢ + Qe ® - 150
l ) <9
| o @©
= <100
: dVocy 85
Qgen = (Vocy = VOI+IT a7 28 50
38 o
Total heat generation due to overvoltage <
. . . _50 1
matches if terminal voltage calculations 0 10 20 30 40 50 60
match D Time s
. 0.6
Reversible heat generation Q,..,, is the 3 | Case4
cause of the temperature error. x k
= 02 \
E
~ 3 0 v
One of the following improvements is needed 02 | N
v' SiO-C anode dU/dT map B4 | | —
v" Cell balancing of anode and cathode 0 02 04 06 08 1

Stoichometry
(8) Kieran O’Regan et al., Elsevier, 2022
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Conclusion

In this study, we tried to construct a battery P2D model based on vehicle driving
tests. As a result, the following findings were obtained.

O By adding a heater and chiller circuit outside the vehicle, it was possible to
measure the pressure drop and identify the model under steady-state conditions.
It was also possible to estimate the heat capacity and natural convection heat
transfer coefficient.

O P2D model identification of battery cells using vehicle driving test results is
possible by modeling heat dissipation from battery cells to cooling water and to
the atmosphere.

O The model can be calculated with an error of up to 2.7 % for voltage and 9.8 %
for temperature.
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