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Pouch Cell with Bottom Plate Cooling

battery cells
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Pouch Cell with Bottom Plate Cooling
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Temperature and Thermal Gradients in Battery Cells

Effects Requirements

Heterogeneous resistance
Uneven aging

Localized heating
Uncertain T monitoring

Performance — Life — Safety

10°C < T < 35°C
AT < 6°C
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Modeling and Simulation

Requirements Effects

= High fidelity
= Large model size

103 x 103 ~ 10° x 10°

Slow




= Find Temperature Distribution

Agenda

MathWorks AUTOMOTIVE CONFERENCE 2023

« Reduced Order Model of Battery Thermal Behavior

- FEAto System Level

olve in Simulink
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Temperature contours at time t = 10min
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Qtabrysey solveThermalModelROM

Tnodes

3D_ThermalModel
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Battery Thermal Gradients - Research
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Yu et al., Distributed internal thermal monitoring of lithium ion batteries with
fibre sensors - ScienceDirect

Enabling Fast Charging - Battery Thermal Considerations (osti.qov)

Temperature contour lines across face of cell

t=667s/end

Surface temperature evolution of a pouch cell during 5C constant current discharge obtained by a) simulation and b} measurement at t %

250 s; ¢) simulation and d) measurement at the end of discharge/t ¥ 667 s

S. Goutam et al. 10.1016/). APPLTHERMALENG.2017.07.206
https://www.sciencedirect.com/science/article/pii/S1359431117325565?via{%}3Dihub

Position Corresponding
Left Side of Cell to IR image Right Side of Cell

NMC/graphite, End of a 2C constant current discharge. SOC 100% to 0% '


https://mediatum.ub.tum.de/doc/1388435/1388435.pdf
https://www.sciencedirect.com/science/article/pii/S2352152X22003188?via%3Dihub
https://doi.org/10.1016/J.APPLTHERMALENG.2017.07.206
https://www.sciencedirect.com/science/article/pii/S1359431117325565?via%7b%25%7d3Dihub
https://www.osti.gov/pages/servlets/purl/1408689
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Solution

Finite Element Analysis + System Level Simulation

- Thermal Domain - Reduced Order Model T\
from FEA - PDE Toolbox

LR

= Electrical Domain - Battery Cell -
Simscape Battery o



Model Reduction
PDE Toolbox
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Thermal Problem Model Reduction -

Mode shapes of decay rate 0.017441

Modes P,

Mode shapes of decay rate 0.026088

0.015
0.01

0.005
-0.005

-0.01

-0.015

M, = ®TMd,

oT
pcpa—v-kVT=q

Reduction

MrTr + K. T = Q;

K
1 1 1
2 2 2
3 0.04 3 3
4 4 4
5 5 5
6 0.03 6 6
7 7 7
8 8 8
9 0.02 9 9
10 10 10
1 1 11
13 ul B 13
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https://www.osti.gov/servlets/purl/991534
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Thermal Model Reduction - Workflow

1- Create geometry

P ;/éfahm“wah
2- Create thermal problem as ‘modal’ Co |

0.2

\@
3- Assign material properties
pm \

0.1 .15

model = createpde('thermal', "'modal');

11
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Thermal Model Reduction - Workflow
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model .generateMesh ('Hface’,
{model.Geometry.cellFaces(1),0.03}

o

12



| MathWorks AUTOMOTIVE CONFERENCE 2023

Thermal MOdeI REdUCtIOn _ WOrkfIOW Mode shapes of decay rate 0.0011937 S-1

5- Solve modal problem (no loads) . :
Rm = solve (model, 'DecayRange', [-inf,0.05]); :;

Mode shapes of decay rate 0.017441 S-1

0.015

Mode shapes of decay rate 0.026088 S1
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0.005
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0.1 0 -0.015
0.05 -0.005
0
-0.01
-0.15
-0.015
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Thermal Model Reduction - Workflow

6- Reduce rom = reduce (model, "ModalResults',Rm);

Rm € 15,684 X 15
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System-Level Model
Simscape
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'Reduced Order Model in Simscape Language

=0 e e = 1 1 Tp
{
w—p] t ¢ 1 3 Cell
[l Simscape
{ ||, | p— Ao I
ksoy_sobveThermalModelROM
T BT pde  Tnodes _F(I_) Tn
Qeool {2
3D Thermalode
D e o Teell ———»(_3 ) Teel
'\.C\_.

CellTemp

sscv_solveThermalModelROM
% Reduced Order Model matrices and operations for battery cell thermal analysis

% Copyright 2022 The Mathworks, Inc.

pdeTemp == T;|

romTemp == probeTransformMat®T;
s romMassMatrix * T. + romCondMatrix * T == {romQmodalTranstorm’¥|(
MT' TT' -I— KT' TT' — QT' romQheatGenunitFull*value(cellHeatSrc, "' )/jellyVolume +

romQheatGenunitPosTabFull*value(tabHeatSrcPos, W' )/posTabvolume +
romQheatGenunitNegTabFull*value(tabHeatSrcNeg, 1" )/negTabvolume +
romQboundarylLoadFull*value(heatlLossToCoolant, "W )/coolingSurfArea

) W'}
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%i sscv_BatteryCellSpatialTempYanation_2_battBlocks - Simulink MathWorkS AUTOMOTIVE CONFERENCE 2023

SIMULATION DEBUG MODELING FORMAT APPS S -0 8 @ (+)
(3 [ 3o - | g8
% Save - EE“ET'}’ BE“EW
Project | New Library .
- ~ = Frint - Browser Thermal Electrical
PROJECT FILE LIBRARY
- i i +
L= ssov_BatteryCell Spatial TempVariat: .‘ N_GF_TC H_TDP H TDF"
= sscv_Battery‘CeIISpatiaITemp\'hriation_Z_batt {ﬂﬂde_TC} - + { “| >
@ Coolant =Coolant Wperk>=
oolan ( —
€ =Caolant T> Tecell H_BOT H_BOT
enable =
= <Coolant_on_off= 9
2
1 Qcool '§ o
= a
= [
O
\ 4 Tnodes
— Tprobes
= —» Thm 2
@ = W
©
8H — P Tcool
Power Loss [B]
Tlherrrtml Amb K |pde_rom.prop.initialTemperature — Amb flowON flowON [A] [B]
nputs -
CoolantControl
U — s —emion s e 25
(D] Off On
2l _
f(x)=0 p—9
— 3]y 1
Analyze Battery Temperature Spatial Variation During Fast Charging ir ]
Model needs parameters from Live Script the first time it is run. The charging profile is determined solely by temperature.
The assumption is that the source is always powerful enough to give me the current | demand and there is no power 05 | i
electronics controlling current. The temperature information passed from the ROM to the electrical model can be an average '
s over the FEA nodes or a direct signal from a thermocouple.
The electrical behavior is modeled with two Simscape Battery blocks representing the top and bottom halves of the cell.
0 . . . . . . . . .
? 260 270 280 290 300 310 320 330 340 350 360 18

Ready 215% daessc



Battery Battery
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- N_or_TC H_TOP H_TOP
<node_TC> - - - ‘4®
D — — Teell H_BOT H_BOT
H <Coolant_T> 1| B N
Coolant_on_off _bqoué é A R % % i :
v Toovss| st Stte [*&| Black Parameters: 30_ThermalModel *
Thm g wh ‘ StateBOT @
feoel oue oss -+ A Reduced Order Model matrices and operations for battery cell thermal analysis Auto Apply i@
Flow Aux
Amb_K |pde_rom.prop \mlle\TempereLure'—»Amb ""WDN (8] D‘—@ Elett“'lgs E rip‘ti{:-l'l
CoolantControl
fix)=0 =P T
+ P “ Parameters
<signal2> . 15x15 doub
De— - Qcell H ToP Mass matrix pde_rom.rom.i < 15%15 dowble
Q . Qc Iprobe i T Conductivity matrix pde_romromk < 15x15 dowble>
<signal2> i S
—8 Qtabp imscape
Maodal transformation matrix for probes  pde_romthermocouples W <3x15 douwble=
H_BOT
<OhmicLoss> — P Qtabrgey_solveThermalModelROM Heat loss from boundary pde_romiQ.boundaryLoad full < 156841 double>
| T_pde Cell vol tric heat ti o QheatGenUnit_full 15684x1 double
] ell volumetric heat generation pde_rom.Q.heatGenl nit_ < 15684x1 double=
Qcool € 2 2 > Qcool Trodes
Positive tab volumetric heat generation  pde_romC.heatGenlUnitPosTab full < 15684x1 dowble=
3D _ThermalModel
Megative tab volumetric heat generation pde_romC.heatGenlnithegTab_full < 15584x1 dowble=
@ P N_or TC Tell PR
N_or_TC

sscv_solveThermalModelROM
The battery cell block and the custom ROM block exchange information via the sduced order Mode natrices and operations
port H (acausal) and the heat loss term Q (signal from battery block). The batterj Reduced Order Model matrices and operations
calculate Q and Q is used as a heat source for the thermal ROM.

athWorks, Inc.

pdeTemp == T;
romTemp == probeTransformMat®T;
s romMassMatrix * T. + romCondMatrix * T == {romQmodalTransform’*
MT'TT' -I— KT'TT' — QT' romQheatGenunitFull*value(cellHeatSrc, "' )/jellyVolume +
romQheatGenunitPosTabFull*value(tabHeatSrcPos, W' )/posTabvolume +
romQheatGenunitNegTabFull*value(tabHeatSrcNeg, 1" )/negTabvolume +

romQboundarylLoadFull*value(heatlLossToCoolant, "W )/coolingSurfArea

)J }; 19




<signal2>

=0OhmiclLoss>

Qcool € 2 >

Qt

f(x)= 0

Qcell

Tprobe
Qtabp Simscape

Qtabrgey solveThermalModelROM
Tnodes |

Qcool

3D_ThermalModel

@

N or TC

The battery cell block and the custom ROM block exchange information via the thermal
port H (acausal) and the heat loss term Q (signal from battery block). The battery blocks

calculate Q and Q is used as a heat source for the thermal ROM.

T_pde

Tnodes

N_or TC Toell

CellTemp

Temp_thermocouples
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The temperature distribution calculated
with the ROM is passed to Simscape in
either of two ways:

1- Thermocouple reading
2- Average over FEA nodes

N or TC 1

Transformation
Matrix

Here we recover the variable original

dimensionality

Temp_pde_nodes

Tvec g T
=
[ =]
i =
: (MY NI
—p—0n
Option
T T avg »—]
Ttop T
£- »lw Thot
T_all

H_TOP

> [ .
1 | - €
H_BOT
) Teell

SJma
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Thermal

Battery
Electrical

<node_TC>

()= <Codant wperic-
" <Coolant_T>

<Coolant_on_off>

N_or_TC

Teell

Amb_K |pde_rom.prop.initialTemperature I—b

Thm
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Tcool
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Flow

Amb flowON

g
cool
£
Tnodes
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cell_temperature

A T_TOP
l power dissipatoa«:!I Loe
- i

StateTOP

stateOfChamge Kod Toe
Probe B y

QroP | atoP
HeatLossTOP

cell_temperature

QA i (1) StateBOT
@ power_dissipated —‘

stateOfCharge

od BoT
ProbeBOT

P Qcell W
QBOT QBoT

HeatLossBOT

The electrical behavior is modeled with two Simscape Battery blocks in parallel, representing the top
and bottom half of the battery cell. Parameterization for each of them is modified to represent half a cell
each: 2 x Resistance, 0.5 x Capacity, 0.5 x Thermal Mass. Their thermal ports are connected to the
ROM model which receives the heat Q as input and uses it as a source. Q is the sum of the heat
dissipated in the battery cell (both blocks) and the ohmic losses in the bus bars (top half).

The predominantly vertical direction temperature gradient justifies the top and bottom half partition.
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results
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Temperature Distribution

Temperature contours at time t = 0.016667min
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MODELING

SIS IS0

-

Analyze Battery Temperature Spatial Variation During Fast Charging

”: over the FEA nodes or a direct signal from a thermocouple.

215%

- - TP U= A ©® b [
Project | New @l save ~ Library Signal M |—NCI"11a ll Step Run Step Data v
~ v = Print - Table H@ Fast Restart Back « - Forward Inspector
PROJECT LE LIBRARY PREPARE Sl 1l REVIEW RESUL..
<& ssov_BatteryCellSpatial TempVariation_2_battBlocks
® |["a|sscv_BatteryCellSpatialTempVariation_2_battBlocks »
| Coolant
e enable . EE., ’
= Aux
1 o
D>e /T Power scopes
— Losses
v T
+ () =) 1. Open Live Script to run the model
= 2. Run to generate ROM for battery
% thermal
o] | 3. Plot battery cell geometry (see code)
°H H Battery = 4. Explore simulation results using
Charger Simscape Results Explorer
% < 5. Learn more about this example
. n
Thermal J;, Copyright 2022 The MathWorks, Inc.
Inputs
(D Coolant enable:Value
[D] Off On
fx)=0 P o] P's

Model needs parameters from Live Script the first time it is run. The charging profile is determined solely by temperature.
The assumption is that the source is always powerful enough to give me the current | demand and there is no power
&8 electronics controlling current. The temperature information passed from the ROM to the electrical model can be an average

The electrical behavior is modeled with two Simscape Battery blocks representing the top and bottom halves of the cell.

daessc

4| Scope
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Simulation  Help
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4| Scope = a *
MODELING hEE‘i Se) (g AL .Z’ﬂ. W . O File Tools VWiew Simulation Help k]
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® |["a| sscv_BatteryCellSpatialTempVariation_2_battBlocks »
- Coolant *
£ enable R @E., 1
= Aux
0 —_— o |/
D>e /T Power scopes
&l Losses
v T
+ 0 =) 1. Open Live Script to run the model
= 2. Run to generate ROM for battery
g thermal
Q ) 3. Plot battery cell geometry (see code)
°H H Battery = 4. Explore simulation results using
Charger Simscape Results Explorer
% < 5. Learn more about this example
. n
Copyright 2022 The MathWorks, Inc.
Thermal
Inputs m
(D Coolant enable:Value
(D] Off On
L @

f(x)=0

Analyze Battery Temperature Spatial Variation During Fast Charging

Model needs parameters from Live Script the first time it is run. The charging profile is determined solely by temperature.
The assumption is that the source is always powerful enough to give me the current | demand and there is no power

@ electronics controlling current. The temperature information passed from the ROM to the electrical model can be an average
”: over the FEA nodes or a direct signal from a thermocouple.

The electrical behavior is modeled with two Simscape Battery blocks representing the top and bottom halves of the cell.
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Summary

« Reduced Order Model of Battery Thermal Behavior
« FEAto System Level
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Rm = solve (model, 'DecayRange', [-inf,0.05]); Qtabp Simscape
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Temperature contours at time t = 10min

= Find Temperature Distribution
= Solve in Simulink
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Outlook

= Experimental validation

= Improve geometrical description
= Electrochemical modeling

= Anything else?

27



’ MathWorks AUTOMOTIVE CONFERENCE 2023

Le arn I\/l O re 4\ MathWorks*‘ Products  Solutions Academia Support Community Events

MATLAB and Simulink Training

Training Overview  Find a Course  Get Certified =~ Why MathWorks Training? = Professional Education = More -

Battery Modeling and Algorithm Development with Simulink

4\MathWorks Products Solutions Academia Support Community Events

Simscape Battery _ View schedule and enroll

Get MATLAB ]

Simscape Battery ' [ Course Details

Leve
DeSign and SimUIGte battery and energy Storage i : g This t‘wo—d.a‘y course focuses on modeling batterylpacks using 3Slmscape"" and designing key control
functionalities of battery management system using Stateflow®.
systems
Topics include: Prer
Get a free trial View pricing }
i Perform cell characterization « F

Simscape Battery™ provides design tools and parameterized models for

designing battery systems. You can create digital twins, run virtual tests

of battery pack architectures, design battery management systems, and

evaluate battery system behavior across normal and fault conditions.

Battery Pack Model Builder is a design tool that lets you interactively

evaluate different battery pack architectures. The tool automates the 28




Thank You!

Questions or Comments?

jgazzarr@mathworks.com
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Extra Slides
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MODELING FORMAT

ssov_BatteryCollSpatialTemnpiariabon_2_battilocks % attery

& | "5 ssov_BatternyCellSpatialTempVariation_2_batiBlocks #

®

Coolant
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Thermal

Aux

State

Battery

Inputs

Battery Thermal
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Aux
Power
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A 4
|_
Charger
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Analyze Battery Temperature Spatial Variation During Fast Charging

Model needs parameters from Live Script the first time it is run.
The charging profile is determined solely by temperature. The assumption is that the source is always powerful enough to give me the
, current | demand and there is no power electronics controlling current.
n The temperature information passed from the ROM to the electrical model can be an average over the FEA nodes or a direct signal from

a thermocouple.

»

Ready

ﬂ>—>1

scopes

1. Open Live Script to run the model

2. Run to generate ROM for battery
thermal

3. Plot battery cell geometry (see code)
4. Explore simulation results using
Simscape Results Explorer

5. Learn more about this example

Copyright 2022 The MathWorks, Inc.
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