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SIMSCAPE BATTERY

A THREE MINUTE TOUR
FROM CELL TO SYSTEM



Simscape Battery — Main Workflow Themes

1. Battery Pack Design
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2. Thermal Management System Design

4. Support for Deployment and HIL
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The Value of Simscape Battery

= Simscape Battery provides a framework that is assembled specifically to create a bridge
between cell and system.

- The bridge directly supports upskilling as well as design exploration and design rigor,
meaning you can navigate the technology development cycle rapidly and with confidence.

Electrical

and Thermal Reference
Battery Pack Tutorials and
Components BMS Examples HIL and
Battery Pack Algorithms
: Deployment
Design and SuppoOrt
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Building a Bridge between Cell and System




Technology Architecture
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Simscape Battery

= Design and simulate battery and
energy storage systems
— Electrothermal cell behavior
— Battery pack design
— Battery management systems (BMS)

=  With Simscape Battery you can

— Evaluate pack architectures for
electrical and thermal requirements

— Verify robustness of discharge, charge
and thermal management algorithms

— Validate algorithms using HIL testing

4\ MathWorks:
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Simscape Battery

- Battery Pack Builder (MATLAB API, App)

— Automatically assemble cell models into battery pack
— Define electrical and thermal connections (series, parallel)
— Adjust tradeoff of simulation speed and model fidelity

= Cooling plate models

— Includes edge, parallel channel, and U-shaped channel ...

- Battery management algorithms

— Includes charge/discharge, SOC, SOH, cell balancing,
thermal management, protection

= Application-specific examples
— EV charging, Microgrid with BESS
= Support for C-code generation
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Battery Pack Builder

- Text-based design workflow with MATLAB API supports rapid pack design.
- Define the battery pack structure in as few as 6 lines of code.
« Automatically create a Simscape model of the pack in 1 line of code.

>> import simscape.battery.builder.*

>>

>> pouchGeometry = PouchGeometry ()

>> batteryCell = Cell (Geometry = pouchGeometry):;
>> batteryParallelAssembly = ParallelAssembly(Cell = batteryCell, numParallelCells = 3);

>> batteryModule = Module (ParallelAssembly = batteryParallelAssembly, numSeriesAssemblies = 11);
>> batteryModuleAssembly = ModuleAssembly (Module = repmat (batteryModule,1,2));

>> batteryPack = Pack (McduleAssembly = repmat (batteryModuleAssembly,1,5));

>>

>> buildBattery (batteryPack, "LibraryName", "packLibrary");

+ R
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Energy (kWh)
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Battery Pack Builder

= Visualize the pack geometry and topology at each stage of the design.
- Define and visualize the simulation strategy.

Nodue Chart
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Cylindrical Cell Hexagonal Square

Battery Pack Builder

= Define cell format, stacking and

topology.
- Keep track of volume, mass and Wi
dimensions.
Prismatic Cell Single Stack

>> batteryParallelAssembly.CumulativeMass

ans =

0.4000 : kg
>> batteryParallelAssembly.PackagingVolume Pouch Cell

ans =

0.0082 : m"3 Single Stack

11
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>> buildBattery(batteryPack, "LibraryName",

Battery Pack Builder

[%a] Block Parameters: Module X l

Module1 [V Auto Apply @

- Parameterize battery models from MATLAB scripts -
to support effective parameter management at Lo

= > Vector of state-of-charge values, SOC [0, 1,.25,5,.75, 9, 1]
scale and to support design space exploration. Pl | S e
> Terminal voltage operating range [Min Max] ([0, inf] [V v
o1 > Terminal resistance, RO(SOC) [t00ss, 00ss, 0087, 0082, 008... [Ohm
> Cell capacity, AH 27 [ Achr v
Extrapolation method for all tables Nearest -
> Thermal

> Initial Targets

> Nominal Values

>> buildBattery (batteryPack, "LibraryName", "packLibrary", ...

1 b e A W R EE ) RSt b b S

|
| 58
M~ alT T 43 1T s e o M7~ 3 ~Namac?? | Foul e T S ond Aden
MaskInitialTargets","VariableNames", ... | o ST < e R Sowing (I VEER g i W o ot I
. - - - frrmines © - iae wrbaer G0 S 10 drt -
1Y Py ek atl W st 2kl el smmsia : “ S
MaskParameters"”,"VariableNames") I 1 XX Battery parameters 2
X ModuleTypel
4 MoculeTypel . SOC_vee = [0, .1 25, .5, /75, .8, 11; ¥ Vector of state-of-charge values, S0C
3 ModuleTyped = [3.5057, 3,566, 3.6337, 3.7127, 3.9259, 4.8777, 4.19IR]; % Opeh-circult
@BIOCkparameters' ModuleTypet X ModuleTypel . V_range = [B, Inf]. 5§ Teralnal voltage operating rangs [Min Magx], V
7 MoculeTypel . R8_wec » | .8385, .9085, ,0987, 0687, .0883, .0€35, .9085]; % Terminal resictance,
ModuleTypel EA“mAw’Y 0 8 MocduleTypel AM « 27; X Cell capacity, AN, A*hr
Settings  Description jam
1 X% ParallelAssemblyTypel
il PorallelAsseablyTypel SO0C vec = [0, .2, .25, .5, .75, .9, 1]; % Yector of state-of-charge vali
v Main 13 ParallelAsseablyTypel V@ _vec = [3.5857, 3 6, 3.633 7127, 3.9259, 4,@777, 4,1928]; X Oper
13 ParallelAssemblyTypel . V_range = (8, Inf}; % Torminal velitage operating ramge [Min Max], V
” 7 Vector of state-of-charge values, SOC ModuleType1.50C_vec 12 ParallelAsseablyTypel.R@_vec = [.9985, .BGSS, .9987, .00E2, .9e83, .G085, .BESS|; % Teeminal 1
0——n > Open-drcuit voltage, VO(SOC) [Mo@ulgrxpgji\iq_!cc lv v 1 ParallellAssenblyTypel 8K « 27; % Cell rapacity, AN, A'h
> Terminal voltage operating range [Min Max] [ModuleTypel,VJange IV v 1 %% Battery initial targets
1%
> Terminal resistance, RO(SOC) ‘Module'l’ypel RO_vec lohm v BT ] XX ModuleAssesblyl. Modulel
ModufeType1 - : od coliNadel t F g t
> Cell capacity, AH \ModuleTypﬂAH IA'h' G i ModuleAssasblyl Modulel, SCelliMode] = 8; % Coll madel current (positive In), A
. 3 | ModuleAsseeblyl Modulel Mode) = 8; % Cell andel terminal voltage, V
Extrapolation method for all tables Nearest v n MoculeAssestlyl Modulel.socCellModel = 8.4; % Cell model state
1 23 ModuleAssemblyl Modulel . muaCyclesCellModel « @ X Cell model d
» Initial Targets 24 ¥oduleAsserblyl Modulel.vParallelassenbly « repmat(®, 11, 1); % Parallel Zssemmly Voltage, V
. . z5 ModuleAsseoblyl . Modulel.socParallelAssenbly « reprat{l, 11, 1); N Parallel Assembly state of
> Nominal Values ; >
toe .
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Battery Pack Builder

+p

- Add temperature dependence, battery fade, battery R
aging and other cell characteristics.
= Add thermal ports that connect your battery pack to the ellModel >
ambient environment and to cooling systems. kil
elivioage
= Add passive cell balancing circuits...
) balancing IAssembly >
. define all this from MATLAB. ‘ temperafureCellModel
vCellModel P>
I
£ vParalIelés]mbly »
: - - )
Pack1
>> batteryPack.BalancingStrategy = "Passive"
>> batteryPack.BmbientThermalPath = "CellBasedThermalResistance"

>> batteryPack.CoolantThermalPath = "CellBasedThermalResistance"

4\ MathWorks
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Battery Pack Builder

4\ MathWorks:

Battery Pack Modeling — Examples

Build Detailed Model of
Battery Pack From
Cylindrical Cells

Create and build Simscape™ system
models Tor various battery designs
and configurations based on
cylindrical battery cells in

Open Live Script

H ® o
«bhwd
Therees hoces

Build Model of Battery
Module with Thermal Effects

Create and build a Simscape system
model of a battery module with
thermal effects.

Open Live Script

Build Detailed Model of
Battery Pack From Pouch
Cells

Create and build Simscape™ system
models for various battery designs
and configurations based on pouch
battery cells in Simscape™ Battery™

Open Live Script

4o

Build Model of Hybrid-Cell
Battery Pack

Build a Simscape™ system model of
a hybrid-cell battery pack with two
sets of cell runtime parameters. The
generated battery pack model

Open Live Script

Build Model of Battery Pack
with Cell Aging

Create and build a Simscape system
model of a battery pack with cell
aging.

Open Live Script

il

Build Model of Battery Pack
with Cell Balancing Circuit

Create and build a Simscape system
model of a battery pack with cell
balancing circuit.

Open Live Script

Build Model of Battery Pack
for Grid Application

Create and build a Simscape system
model of a battery pack for grid
applications

Open Live Script

R2022b

14




Battery Builder App

= Construct battery pack models
using interactive modeling app

Create new battery objects to model
cells, modules and packs

Import existing battery objects from
your workspace or MAT file.

Create a 3-D battery object plot,
and export to a MATLAB figure

Inspect the battery object hierarchy

Edit the battery object properties,
such as geometrical data and thermal
boundary conditions.

Create a library model from an object

4\ MathWorks

4\ MATLABE R2023a

HOME

@ 668 a

PLOTS

PROJECT

PROJECT 5HO...

[

&] {,5 Cell

Import
v C[:J Module

FILE

» Cell

» Parallel Assembly
» Module

» Module Assembly
~ Pack

{,‘3 Parallel Assembly CEJ Pack

BATTERY BUILDER BATTERY CHART

Module Assembly
CEJ HESESSERY @ Duplicate E%] @

Export | Create

Design Get Meore Install Package Battery Builder ) Flexible Body  Cun
App Apps App App Model Builder
FILE APPS
4\ Battery Builder = O X

Battery Browser Selected Battery

ExamplePack

4

> Battery Hierar... ©

Library
CREATE BROWSER EXPORT | LIBRARY Y
Pack Properties
» Read-Only Properties
ExamplePack (Pack) Videntiher
» Geometry
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z: Vertical direction

Lateral direction x: Forward direction

Simulation Strategy ]

» Module Assembly Properties

» Model Options

~ Thermal Model Options

4]
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EV Fast Charging

4\ MathWorks

Power up to 350 kW

$

Large heat generation

$

Fast Aging

Thermal Management

16



Pouch Cell with Bottom Plate Cooling

Temperature gradient l

battery cells

//v'/v/v cooling plate

coolant

Internal Resistance
Aging Rate

4\ MathWorks'

=1(T)
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Temperature and Thermal Gradients

Effects Requirements

Inhomogeneous current
Uneven aging
Accelerated degradation
Localized heating
Uncertain T monitoring

Performance — Life — Safety

10°C < T < 35°C
AT < 6°C

18



voltage (V)
- : - n
n =

current (A)

B 0 0.s 1 L5 2 2:5 .; .\:5 ; "
Battery VT - Research v —
§ 6 207 6.7em
%J 10 g 6cm
s 0 0.5 1 1.5 2 2.5 3 35 4 -
P = time (hour)
() ~—- Technische Universitat Munchen c E U 4em
o Lt::lu:l lu.: [I::k:wlc:w.e m Z6 "’:
E- w l‘v:t (Jrs?'r:g.f,-\:;r‘enshjo:un :f:“ 10 ‘g- D2
E
Y - time (hour)  lem
© z =
o ST d g 5
o Temperature Inhomogeneity in Lithium lon £ w
g Pouch Cells 2 s E 0cm x- axiy
© ] ) 0.5 1 1.5 2 25 3 35 4 ¥ | 0cm 21em
% time (hour) negative tab
A Nora Martiny Yu et al., Distributed internal thermal monitoring of lithium ion batteries with

fibre sensors - ScienceDirect

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

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 ¥z 667 s

S. Goutam et al. 10.1016/J.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% 19


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

Solution
Combine

Finite Element Analysis + System Level Simulation

= Electrical Domain - Battery Cell
(Simscape Battery)

= Thermal Domain - Reduced Order Model
from FEA (PDE Toolbox)

Electrical

/ s Losses = f(T)

Simscape PDE toolbox
Battery Battery
(electrical) (thermal)

V

Temperature

Battery Model (in this example)

4\ MathWorks
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Thermal Model Reduction

Find modes &,

oT . .
pey ==+ V- KVT = q WEEVE) MT + KT = Q M, T, + KT, = Q,

M, = ®TMd,
PDE Size: 103 to 10° Size: 10 to 100

SAND2010-6352 (osti.gov)

21
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Mode shapes of decay rate 0.0011937

Thermal Model Reduction - Workflow

1- Create geometry

2- Create thermal problem as ‘modal’ "
3- Assign material properties
4' MeSh o2 o 0.05 017441
5- Solve modal problem (no loads) DT

Mode shapes of decay 0.01
6- Reduce rom = reduce del, "Mo o

0.2 -0.005

0.15 -0.01

0.1 -0.015

0.05

-0.15
0.05

0.1 -0.05

0.15

Rm = solve (model, 'DecayRange', [-1nf,0.05]);

22



Reduced Order Model (ROM) in Simscape Language

|"&| Block Parameters: 30_ThermalMaodel

Reduced Order Model matrices and operations for battery cell thermal analysis

03 =0 o = »( 1 )Tp )
Settings Jescription
Q
£
T ot ; {1 Ceil H v Parameters
— Simscape
Mass matrix pde_rom.romii
= %ecy sobeThermaMode RO - .
scv_solveThermalModeIROM " - ~ Conductivity matrix pde_rom.romk
DIT pde  Trhodes pp{ 2 Ts
Qeoo \:) P Modal transformation matrix for probes  pde_romithermocouples.\W
30_ThermalMode Heat loss from boundary pde_rom.C.boundaryLoad_full
(2 150 Toed ——’ Teel
T}_’ > - Cell volurmetric heat generation pde_rom.CLheatGenlnit_full

Cel'temp

MrTr + K, T, = Q;

Positive tab volumetric heat generation  pde_rom:Q.heatGenUnitPosTab_full

Megative tab volumetric heat generation  pde_romQ.heatGenUnitNegTab_full

sscv_solveThermalModel ROM

The Mathworks, Inc.

pdeTemp == T;
romTemp == probeTransformMat®T;

4\ MathWorks:

Pt

Auto Apply @

< 15515 double>

< 15515 dowuble>

< Ix15 dewuble»

« 15684x | double>
< 15584x | double=
< 15684x 1 dowble=>

< 15684x 1 dowble=>

% Reduced Order Model matrices and operations for battery cell thermal anallysis

romMassMatrix * T. + romCondMatrix * T == {romQmodalTransform’*
romQheatGenunitFull*value(cellHeatSrc, )/jellyvolume +
romQheatGenunitPosTabFull*value(tabHeatSrcPos, W' )/posTabvolume +
romQheatGenunitNegTabFull*value(tabHeatSrcNeg, 1" )/negTabvolume +
romQboundarylLoadFull1*value(heatlLossToCoolant, "\ )/coolingSurfAre:

) W'}

23



Temperature Distribution

Temperature contours attime t = 0.016667min
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Temperature contours at time t = 5min
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308 300
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Temperature contours at time t = 10min
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Thermal Differences

AT ..~ 6K

Maximum temperature gradient

Temperature difference (K}
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-
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Thermocouple Readings

Thermocouple measurements

306 |

Temperature (K)

Lad
=]
e

302 F

300

258

0 2 4 B 8 10
Time (min)
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Summary

« Reduced Order Model of Battery Thermal Behavior

« FEAto System Level

-
15
o
-

o,

= Find Temperature Distribution
= Solve in Simulink

oRE
:!-'5"3:" [ v -
W —
ek = Rm = solve (model, 'DecayRange', [-inf,0.05]);
I a
Ky Ay AYay
SR PAOSRS
= T A ST
o Py avav AV b — 1 1
SRR RRIEREER rom = reduce (model, 'ModalResults' 6 Rm);
A IR
SN AVay VAV, AV g N
Ry AT, ATy ATAY AR O 5
) g:?_‘n‘ -&:94;:5 S
¥y ALy, -'41'2‘;
A

Temperature contours at time t = 10min

314

312

310

308

306

304

302

300

4\ MathWorks

D

D

D

B

Qcell

Qtabp

Simscape

Tprobe

Qtabrggey solveThermalModelROM

Qcool

Tnodes

3D_ThermalModel
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Analyze Battery Spatial Temperature Variation During Fast Charge

Analyze Battery Spatial Temperature
Variation During Fast Charge
1. Open Live Script to run the model

2. Run to generate ROM for battery thermal
3. Explore simulation results using Simscape

:' Results Expiorer | v
| ) =0 > 4. Leamn more about this example
— Copyright 2022 The MathWorks, Inc.

https://kr.mathworks.com/help/simscape-battery/ug/battery-spatial-temperature-variation-during-fast-charge.htmi

27
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Thermal Management

= Change the simulation strategy of cooling plates to meet your model resolution

needs for the combined electrical and thermal system.

0.08

0.06 .

0.04

0.02 4

Cooling Plate

0.08 .

0.08 .

0.06 J

0.04 .

0.02.

=
(=]
}/
)

g

————

4\ MathWorks

Suffiuid_outs

Tp D
sfluid_in
dTb>
dP D>
Edge Cooling

Suiuid_outs
Tp b

sfluid__in
dTD>

dP D>

U-shaped Channels

Sufhuid_outs
Tp D
afluid i
dTD>

dP D>

Parallel Channels

28



Thermal Management

Change the simulation strategy of cooling plates to meet your model resolution
needs for the combined electrical and thermal system.

Cooling Plate

0.08 .

0.08 .

4\ MathWorks

Suffiuid_outs

Tp D
sfluid_in
dTb>
dP D>
Edge Cooling

Suiuid_outs
Tp b
sfluid__in
dTD>

dP D>

U-shaped Channels

Sufhuid_outs
Tp D
afluid i
dTD>

dP D>

Parallel Channels
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Cooling Plate

Thermal Management

0.08 .

Change the simulation strategy of cooling plates to meet your model resolution
needs for the combined electrical and thermal system.

0.08 .

4\ MathWorks

Suffiuid_outs

Tp D
sfluid_in
dTb>
dP D>
Edge Cooling

Suiuid_outs
Tp b
sfluid__in
dTD>

dP D>

U-shaped Channels

Sufhuid_outs
Tp D
afluid i
dTD>

dP D>

Parallel Channels
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Thermal Management

Change the simulation strategy of cooling plates to meet your model resolution

needs for the combined electrical and thermal system.

A

Connections dependent on
cooling plate architecture

H
L
A
B
H
L
A
B
H
-
A A
B B
H H
A A
B B
H H
o

A A
B
H | H
° o
A
B B

Sufiuid_oute

Tp D>
sfluid_in
dTb
dP >
Edge Cooling

Sufiuid_oute
Tp D
afluid_in

dTD>

dP >

U-shaped Channels

Sufhiid_outs
TpbB
s fluid_in

dTb

dP D>

Parallel Channels

4\ MathWorks
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Thermal Management

fix)=0

Build out your cooling systems with Simscape Foundation components (Thermal Liquid).
Clear onramp to Simscape Fluids if additional modeling capability is needed.

socCellMode| F——»—]
socCell1
| : |
+ ) ureCellModel Yoot
)f
‘ dAH i
1 vCellModel ——»—]
vCell1
- CPB
Sur{?lumi()u:
- Tp = S 2
P Tp1 5 <
fluid |In
T e
¢ dT1 =
(14
dP Dhp———p—]
v dP1
|15 <
4
<ia U-Shaped Channel Cooling
<

fix)=0

socCellModel r—bg

socCell2

AH

.@ JtureCellModel ——»—]

TCeli2

vCellModel —ba

vCell2
- CPB
)
S”ﬂlundﬁout
Tp »—T[—)T’S <
fluid_n
dT—Dhb—»—]
dT2
dpP Dph—p—]
dP2

Parallel Channel Cooling

4\ MathWorks
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Thermal Management

Thermal Management — Examples

Build Model of Battery
Module with Thermal Effects

Create and build a Simscape system
model of a battery module with
thermal effects.

Open Live Script

Thermal Analysis for New
and Aged Battery Packs

Evaluate a new and end-of-life (EOL)
lithium-ion battery pack. With cell
usage and time, the capacity of the
cell degrades and the resistance

Open Live Script

4\ MathWorks:
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Battery Management

Algorithms for cell balancing, current management, state-of-charge (SOC) and state-of-health
(SOH) estimation, protection, and thermal management.

Build out your electrical system with Simscape Foundation components (Electrical).
Clear onramp to Simscape Electrical if additional electrical modeling capability is needed.

o
o

T s

Protect Battery duririq charge and VDiscBargo for

Electric Vehicle
1. Define battery parameters (Model Paramesters ) -

2. Explore simulation results using Simscape Simulation Explorer ’,. |- - D_«
3. Simulate different fault scenarion from live script :
4. Learn more about the example

Copynght 2022 The MathWorka. Inc

Lamp 1Y
rckcator ‘b—-’D |
“r
- 3 Sal SaC J I we | S—
~ < N Q I
—{ il « - 1 4 T pommnl po /
I I fo— —
SN W on pR— v l
r ) J
ToTh v - - Lowa y =
1 3 £ | Chagw
C 4 LoatRmes oo coy
BMms - ~ v .4
Senacr Pech
- M l» - - ' -
g AT ‘ : >

ALAARA
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Battery Management

= |deal charge/discharge
components can be used to
assess functional response
of the battery pack prior to
detailed control design.
/// \\ / /
\ | ’

Sk
‘ | D= 8 2
Al I e
— —= BFVIA T
it R
] | Ab-
Te
I Tt
fixy=0p o Db——Pp
S,
D; oy LA T
. T BFIA |
f——F]
7,‘1 'S At
f(x)=0' .7»7’5

4\ MathWorks:

Ideal Charge / Discharge

™ soc1 =
o
T T, ‘ V) ‘ L, CC-CV Algorithm
| 'T"[ —=
l | <4
= ’—D ChargingEnabled
> o Vi CellVoltage
| Current -—»
15 | CurrentWhenCharging "
‘DD—DCurremWhenDlschargmg Break .
algebraic
Battery CC-CV loop
™ socz * ““ 'l>|z'EJ
o7\ o
2O I =
5__L ]; L |\ e L
(2] - )
= T. ‘ (A,ﬁr, / Charger
J ‘ l ::/‘/J!Q'*-«—
L l_»_,a Discharger
= v2
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Battery Management

= Arange of Kalman filters are available to estimate State-of-Charge (SOC), which
can form an input to State-of-Health (SOH) estimation.

[ Rattaeyscrtctomeion - Semabrk - 0 x -
o S R | 6 oo 50 Eter (gt tabnan e "
I o = SOC Estimator (Adaptive Kalman Filter) (mask) (link)
Bl a mw ' 4 @ P - & ; ;
[Pl EE . v ne T | Mo 7] Dets T This block implements an adaptive Kalman filter which estimates
v ENE e Buwe fate " fast fctac fare = famwanl b battery state-of-charge and terminal resistance. The terminal
s W < | resistance RO s added as a state to the estimator,
. (& L L= Sr
E v O et YOratraton ® v | e A\ e g m, st W to Ka )
i @ Bucy filter or Unscented Kalman-Bucy filter.
4] —_ Real
= , For discrete-time simulation, set Sample time to a positive value or S Estimated
» fosa}r—w S —— .~-q -1 to inherit the sample time and set Filter type to Extended Kalman o
n el PR RS e "] | fiter or Unscented Kalman fikter. 8 \/
r ! [ﬁ} <) N - Parameters = =
v ‘ L o ™= x .‘dp ; Main Systam Moded Time (hours)
[ a2 s ‘]Jﬂ T [ = :9 Filter type Unscented Kaiman fitter o Terminal resistance
t - [ LH =k % | mpha  Extended Kaiman fiter __0015; T ' ' '
= = g S 1) 16 IR Extended Kalman-Bucy fiter E
" = : [ - ——— 1 Unscented Kalman filter S 001+
Dartery Blate o# Hasth Catirasos Beta Unscented Kalman-Bucy filter 8
Lubm:ﬁ‘;n > SOy o - 2 { 0005 Il ! A L Il A Il L 3
ool ool i e e 0 1 2 3 4 5 6 7 8 9 10
| Copwa 2TT The WPMwes be = Kappa Time (hours)
]
e SOH Estimator (mask) (link) 0 ! 00 : , _ State-of-health ' ' -
» This block implements an estimation of battery heakth calculation, Covariance of the process noise, Q = l
o
e Parameters Q <t douter |§ T 80- |
Vector of state-of-charge values, SOC (-) Covariance of the measurement noise, R 8
ax.v.c 207 dndder R i 60 1 1 s I I : I Il 2
Norior of S T - _ 0 1 2 3 4 5 6 7 8 9 10
g o ¢ Initial state error covariance, PO Time (hours)
= < . PO < Ju) doubder |
Terminal resstance when battery cell & new, ROnew(SOC,T), (ohm)
RO_mat B e Sample time (-1 for inherited)
Terminal resistance at end of ife, ROecl{SOCT), (ohm) Ts 1
RO_mat*3 a7 douties |

OK  Cancdl  Help | Aok | OK | Camcel Help  Apply 36
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Battery Management

Balancing Time in Hours

oo
2]

T T

o~
N

= Explore the design space by running multiple simulations
programmatically.

\
\

Time (hours)
\

N
~N "

Size Resistor for Battery Passive Cell Balancing

C ) 1. Define parameters (Model Parameters) 15} /—/
@ 2. Learn more about this example i s
Copyright 2022 The MathWorks, Inc. 25 3 35 4 45 5 85

fx)=0 p+ " Resistor Rafing (Ohms)
Solver colmodel —Bli 3 o [ ;

. Power Loss in Watts

Losses Balance 55 - t -
50 .

soc ufpls commars |->-LEaloncig]
[Pl s |-G

Passwve Cell Balancing

-| ¥
Power Loss (W)
w da &
o o ",

/

1
15 ; : - . -
2 25 3 35 4 45 5 55 6
Resistor Rating (Ohms)
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Battery Management System — Examples

R e i
T 3G B AT

Battery charging an

" Aty it e
PRI re—

& Liain e stvd B

Battery Monitoring

Use battery management system
blocks 1o monitor the current and
temperature of a battery. A random
current and temperature profile is

Open Script

P Lo i -

Size Resistor for Battery
Passive Cell Balancing

Implement a passive cell balancing
for a lithium-ion battery pack. Cell-to-
cell differences in the battery
module create imbalances in the cell

Open Live Script

Crumyright JTT Thee M

LS

Battery Charging and
Discharging

Use a constant current and constant
voltage algorithm to charge and
discharge a battery. The Battery CC-
CV block is charging and

Open Script

= (=T

Peak Shaving with Battery
Energy Storage System

Open Live Script

» ooy = _Snmechenage

W A/ === X
- \/\ ) A A

o T-..-‘.._.:‘v v % 8 ., /" ‘}V / ‘\ / \‘ //“

A AT AT R /]
a5 ™ N B O i';l \ / \ / X7

I o v / \/‘
- M ol \ Y |

ot . et fin] 1 [
Battery State-of-Health Battery State-of-Charge
Estimation Estimation

Estimate the battery internal
resistance and state-of-health (SOH)
by using an adaptive Kalman filter.
The initial state-of-charge (SOC) of

Open Script

Gt v

Protect Battery During
Charge and Discharge for
Electric Vehicle

Efficiently charge and discharge a
battery for an electric vehicle (EV)
and handie battery faults. Portable
electronics and EV widely use li-ion

Open Live Script

Estimate the battery state-of-charge
(SOC) by using a Kalman filter. The
initial SOC of the battery is equal 10
0.5. The estimator uses an initial

Open Script

R2022b

Battery Passive Cell
Balancing

Balance a battery with two cells
connected in series by using a
passive cell balancing algorithm.
The initial state-of-charge (SOC) for

Open Script
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Deployment and Hardware-in-the-Loop (HIL) |~ .
“ N Equivalent results
‘\\.\ from FMU
=  BMS algorithms and Simscape Battery models are N
compatible with Simulink Compiler, Simulink Coder and i |
. . . e ~ 5
Simulink Real-Time. L
= BMS algorithms generate readable and efficient C/C++ code. \\\
. \\*\
Example — Create an FMU from a Simscape Battery model , \\
socCellModel 4’socCeu1 —
: socCell ———p—]
tureCeIIModeI e Yoo
N " M ae
vCellModel ———»—] - @
it - = D voel vCell2 =
f(x)=0 p—s P massFlowrate B
Surffuid_out massFlowrate i : i p TR Tp2 =
fluid [in i »WT'N'PZ = o | | #.TdT' dT2 =
@ dp DDZTT:% dPTva
A-é & FMU
8 U-Shaped Channel Cooling
massFlowrate <
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https://www.mathworks.com/products/simulink-compiler.html
https://www.mathworks.com/products/simulink-coder.html
https://www.mathworks.com/products/simulink-real-time.html
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Real-Time Testing of Battery Management System
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Battery Pack

= Testing BMS with Battery Cells
— Longer test cycles
— Difficult to reproduce results
— Difficult to test fault conditions
— Limited test automation

Q
A
5

Measurement & _
Diagnostics Main Controller, |
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Hardware-In-Loop Testing of Battery Management System

= Testing BMS with Emulated Battery Cells
— Reduce testing time
— Test fault conditions safely
— Automate testing

bq
[:] o FY

b
[ e 7

Automatic
Code Generation

e

Wiring and Signal Conditioning

_ Measurement & _
Battery Emulation Diagnostics Main Controller,
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|| cCell Voltages Temperatuid B
DriveCycle - i

Pack MOd@I = : = - Charging

Battery ™ -

Balancing SOC

L Estimation
Management | ‘ Pack Current
Algorithms

: 4 ‘I
i ‘- ~“Embedded Controller with I :J
‘ Analog Front End Circuit '

o )
Simulink Host # Speedgoat Target
Computer Ja = i Computer with Battery: ; M ({ v F
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HIL Testing of Battery Management Systems
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Deployment and Hardware-in-the-Loop (HIL)

= HIL interface blocks (which also work in desktop simulation) offer a convenient way to
connect your battery to a cell supervisory circuit by packaging input signals, measurements,
and a controlled current source in a single unit.

current demand

J >
Vbat v
T4 49 ¢ Vba lcsc_discharge <3 socCellModel >
socCellt
E‘-Eﬁi——« t lesc ® .
‘ ; —— + (% JtureCellModel 4}“1
Ee——< T !
vCellModel b————
vCelll
Passive Interface CPB
Cell Supervisory Circuit
Goes Here ]
Smuf'.lvii out
= Tpt
Tp ] >,
fix)=0 p fiuid in
dT —Dp——»—
dr1
[+¢}
dp =
v | = = » ]
=<
A
P> .
U-Shaped Channel Cooling
massFlowrate <
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Key Takeaways

= Simscape Battery provides a framework that is assembled specifically to
create a bridge between cell and system.

= The bridge directly supports upskilling as well as design exploration and
design rigor, meaning you can navigate the technology development cycle
rapidly and with confidence.

— Battery Pack Design, Electrical and Thermal Battery Pack Components, BMS
Algorithms and Components, HIL and Deployment Support, Reference Tutorials and
Examples

= Using the PDE Toolbox and Simscape battery, you can create a Reduced
Order Model(ROM) of battery thermal behavior at the system level from
FEA models.
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On the Web

Simscape Battery Essentials on MathWorks.com

Simscape Battery Essentials on YouTube

4\ MathWorks'

‘MﬂthWOl‘kS"’ Products Solutions Academia Support Community Events

Video and Webinar Series

Videos Home  Search

Simscape Battery Essentials

Simscape Battery™, a new product in the Simscape™ portfolio, has been developed to provide a technology
development framework that is assembled specifically to create a bridge between cell and system. The bridge
directly supports upskilling as well as design exploration and design rigor, meaning you can navigate the battery
system technology development cycle rapidly and with confidence. The objective of this series is to provide
engineers with a strong foundation for understanding and using the capabilities of Simscape Battery for both
battery pack design and battery management system design. This series describes workflows that align with
shipping examples and gives added insights where appropriate to enhance the learning experience.

Part T: Build, Visualize, and Simulate a Battery Module
Learn how to build, visualize, and simulate a battery module using Simscape
Battery, a new product in the Simscape portfolio.

SWMBCAPE BATTERY
ES5ENTIALS

BUILD, WWSUALIZE AND
SIMULATE A BATTERY

MODULE

Part 2: Build and Parameterize a Battery Pack
Learn how to build and parameterize a battery pack using Simscape Battery, a new

FMECAPE BATTERY

ERBENTIALY

BUILD ANO
PARAME [EROFE A

ntials, Part 1: Bulld, Visualize, and Simulate a Battery Module

/ Simscape Battery Essentlals, Part 2: Bulld and Parameterize a Battery Pack
: B AAATL AL

1 Simscape Battery E
'y ) MATLAE

Simscape Battery E

B AMATLAS

Simscape Battery Essentlals, Part 5: Battery State-of-Charge Estimation
R st
E Si Battery E ials, Part 6: Battery Charging and Discharging
S
-] ] MATLAE
m Simscape Battery Essentials, Part 7: Thermai Analysis of New and Aged Battery Packs
! MATLAS

NMECAPE DATTENY
ELSENTIALS |

BUILD, VISUALZE AND
SMULATE A BATTERY

MODULE

Simscape Battery
Essentials :

ials, Part 3: Configure a Battery Module with a Cooling Plate

Is, Part 4; Battery Passive Cell Balancing

1 hramewomn

"

ronie o Hnoge

d gives added insighls

iate 30 enhance he leamng
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https://www.youtube.com/playlist?list=PLn8PRpmsu08qVPY7_YXjMzqzFqh12suV5
https://www.mathworks.com/videos/series/simscape-battery-essentials.html
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On the Web

Al J|8E 2 AIEst M| D= HIL Testing of Battery Management Systems

SpEEdgoat Solutions  Products & Setvices  Knowledge Center  Success Stories Company
HIL Testing of Battery Management Systems
yWarkfioms v | Industriesv | Academbawv | mulink anabled

AlLZLS S AR M7 7|&

M2 NS NY D 2R AKDE Kis) 21YS HBE 4 Saucd

M2| 2igel AR BB AR SRR = C1O B0 N WOHE 4 UGUCE WX|LOIEO Of'F A MATLAS® Verity, validate, and test battery management system [BMS]
c ! f e -~ E-5- o 20 IR AN 8- ‘O & A 1ALl .

Simulink”, Simscape™ 8 AIEH THEA Y2 HTS SWALN BOE + BaUd controllers and hardware components using hardware-in.the-
v A SEE BAAIN A B2 W ASHOIMO 2y Ba GOl 4 loop testing (HIL) and battery cell emulators

v ANV ROMEIS |2 WS AU 2N 2T Y ASHOIY &5 VY

Vv DE| WEI2 MO MU MU 22 A MY AR A A A N MR SS et A

v A R SE ST ALY S HUE SUAA U ALY ETAVN U AN w8

v ARITIES BYWCOE 217 b VEHE0E AI2HA SUARE STRN WE

X ARE] RO)¥

o MATLABE ABD QMY . AR
e MATLABS MED ™ A (]

Battery-tdriven electric powertrains are gaining importance in varous industries
o MATLAB W Simoiink 8 A ST & Bl . AR peedgout logether with MathiW

Elecine cars, electnic aircrafl, e-bikes, and automated guded vehidies all rely on

battery packs. As battery packs require battery management systems 10 operate safely
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https://kr.mathworks.com/campaigns/offers/ai-for-electrical-technologies-white-paper.html
https://www.speedgoat.com/solutions/industries/power-electronics/hil-testing-of-battery-management-systems

Questions?

4\ MathWorks'
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