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Key takeaways
Optimize EV battery performance using simulation

D

Assess system Find optimal

performance pack size battery pack

Global Optimization Toolbox

P rtrain Block - - - imizati
owertrain Blockset Simulink Design Optimization

Simscape Battery

System-level models to quantify Efficiently optimize the design while
vehicle range, battery performance, accounting for competing
and costs requirements

Perform detailed battery design
studies
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Agenda
Optimize EV battery performance using simulation

= Problem statement

= Assess system performance
- Find optimal pack size

= Design battery pack

= Conclusions
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Problem statement: the electrification of the powertrain
Current challenges

The automotive sector is focusing on reducing CO, emissions.
For this scope, Battery Electric Vehicles (BEVS) are a promising solution:

= Localize emissions to energy production source

= Can be charged with renewable energy

However, engineering challenges remain ...
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Problem statement: the electrification of the powertrain
Current challenges

= The battery impacts the vehicle mass and on other crucial
system-level specifications

— Energy consumption
— Acceleration
— Range

= The battery’s integration represents a major challenge

= Today’s goal is to show how you can use MathWorks
products to:

1. Create a BEV model (and assess vehicle performance)

2. Optimize the battery pack size
3. Detall the battery pack
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Agenda
Optimize EV battery performance using simulation

=  Problem statement
« Assess system performance
- Find optimal pack size

-

- Design battery pack &

Assess system
performance

= Conclusions



Create a BEV model
Powertrain Blockset™

Create a vehicle model with Powertrain Blockset
= Blocks for gasoline, diesel, hybrid, and electric systems
=  Provides a standard model architecture that can be reused

throughout the development process

= Ideal for trade-off analysis, component sizing, and

optimization

Generate a vehicle model with Virtual Vehicle Composer

= Interactive app

= Several pre-built vehicle templates
= Easy component parametrization

= Generates a full vehicle model

MATLAB E

Energy Storage Drivetrain Propulsion

and Auxiliary Drive
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Transmission

Vehicle Dvnamics

Vehicle Scenario Builder

4\ Virtual Vehicle Composer

COMPOSER
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New Open Save | Setup Dataand Scenario Logging | Virtual Vehicle Default
Calibration and Test Layout
CONFIGURE BUILD OPERATE LAYOUT a

Virtual Vehicle
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Tire Data
~ Brake Type
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Overview vehicle model
Generated with Virtual Vehicle Composer

Driver

model

Environment

Plant model

N




MATLAB

Virtual Vehicle Composer App offers uniquely flexible solution

Setup
Project path:

Configuration name:

Vehicle class:

Powertrain architecture:

Model template:

Vehicle dynamics:

[ C:\Users\nnekoo\MATLAB\Projects\examples

| |

Browse

l ConfiguredVirtualVehicle

|

-2
0—0°

Electric Vehicle 4EM

Conventional Vehicle

Electric Vehicle 1EM

Electric Vehicle 2EM

Electric Vehicle 3EM Dual Front
Electric Vehicle 3EM Dual Rear
Electric Vehicle 4EM

Hybrid Electric Vehicle PO
Hybrid Electric Vehicle P1
Hybrid Electric Vehicle P2
Hybrid Electric Vehicle P3

Hybrid Electric Vehicle P4

&/

Hybrid Electric Vehicle MM

Hybrid Electric Vehicle IPS

Configure

Specify model
type
Parameterize
subsystems

Select test
scenarios

Generate
model

Customize as
needed
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Virtual Vehicle Composer App offers uniquely flexible solution

4\ Virtual Vehicle Composer - ConfiguredVirtualVehicle.m

& &

O EH N B @

&=

X

New Open Save | Setup Dataand Scenario Logging | Virtual Vehicle Default
v Calibration and Test Layout
FILE CONFIGURE BUILD OPERATE ANALYZE LAYOUT A
Virtual Vehicle Setup Data and Calibration Scenario and Test Logging

~ PassengerCar
Chassis
Steering System
Suspension
~ Tire
Tire Data
~ Brake Type
Brake Control Unit
~ Powertrain
Vehicle Control Unit
~ Engine
Engine Control Unit
~ Transmission
Transmission Control Unit
« Drivetrain
Axle Interconnect
Front Differential System
Rear Differential System
Active Differential Control
w Electrical System
DC-DC Converter
Electric Machine 1
Energy Storage
Driver

Parameters

Chassis: ’Vehicle Body 6DOF Longitudinal and Lateral

Parameter Name Description Units Value
1 PintvehMass Vehicle mass kg 1623
2 |PIntVehDstCGFrntAxl Longitudinal distance from center of mass to front axle 1.09
3 PintVehDstCGRearAx| Longitudinal distance from center of mass to rear axle m 1.7
4 |PIntvehCGHgtAxI Vertical distance from center of mass to axle plane 0.3
5 PintVehinitLongVel Initial longitudinal velocity m/s 0
6  |PIntvehPitchMomentinertia Principal inertial component about the pitch axis kg*m”2 1922.6667
7  |PIntVehAeroFrntArea Longitudinal drag area mA2 227
8 PIntVehAeroDragCff Longitudinal drag coefficient ] 0.389
9  |PIntVehAeroLiftCff Longitudinal lift coefficient 1 0.1
10 | PIntVehAeroPitchCif Longitudinal drag pitch moment coefficient ] 0.1
11 | PIntvehRollMomentinertia Principal inertial component about the roll axis kg m*2 432.3333
12 |PIntVehYawMomentinertia Principal inertial component about the yaw axis kg*m*2 2066
13 | PintVehTrckWdth Track widths (front, rear) m [1.575 1.575]

Parameterize
subsystems
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Virtual Vehicle Composer App offers uniquely flexible solution

<\ Virtual Vehicle Composer - ConfiguredVirtualVehicle.m*

COMPOSER

+~8H ¥ B 885 & B M B

X

New Open Save @ Setup Dataand Scenario Logging | Virtual Vehicle Run Simulation Default
- Calibration and Test Test Plan = Data Inspector | Layout
FILE CONFIGURE BUILD OPERATE ANALYZE LAYOUT
Virtual Vehicle Setup Data and Calibration Scenario and Test Logging
Scenario: [Drive Cycle v Drive cycle: (FTPT72 v Add to Test Plan
A~
Test Plan H AR @|
Uso6
Maneuvers Details sSCo3
1 Double Lane Change 3D Scene HWFET
NYCC
HUDDS
LA92
LA92Short \
IM240
ubDS
WLTP Class 1
Test Scenario Parameters (Test Plan 1) WLTP Class 2
Parameter Name Description UETEClasss ‘
ScnlSLatAccStop Stop simulation at lateral acceleration threshold ECERISI(SIngicicycic) -
ScnlSHandwheelRate Handwheel rate ECE R15 (four cycles)
ScnlSMaxHandwheelAng Maximum handwheel angle EUDC
ScnlSSteerHoldTime Steering hold time after max angle reached ECE Extra-Urban Driving Cycle (Low Powered Vehicles)
ScnlSMaxLatAccel Lateral acceleration threshald NEDC
PintVehInitLongPos Initial longitudinal position ADAC BAB 130
PintVehinitLatPos Initial lateral position Artemis Urban
> Binf\/ehInif\/artPn Initial vartical naeitinn e T e M

3.

Select test
scenarios
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Virtual Vehicle Composer App offers uniquely flexible solution

vﬁ ConfiguredVirtualVehicleMadel * - Simulink

= m] X
SIMULATION DEBUG MODELING FORMAT APPS = 5~ @ B (2] (v)
@ 0o - g g [ 4 @ % @
[} , \&/ K = U
Project  New & sve ~ Library Signal v ‘\Accem'atm Step Run Step Data Logic Bird's-Eye
- v B9 Print ~ Browser Table u@ Fast Restart Back « v Forward Inspector Analyzer Scope
PROJECT FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS
L ConfiguredVirtualVehicleModel =
E ® @ConfiguredVirtuaIVehicleModeID v
g
3l =
I|Q >
E3
= Scenarios P Visualization
= —P
r
(&= .
Scenarios _
[ —»{ Driver Commands >
A
Driver Commands
Predictive Stanley Driver
—» Environment *
Vehicle
- <
@
L Controllers
» ;
Ready 183% ode23th

4.

Generate
model
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Virtual Vehicle Composer App offers uniquely flexible solution

4\ Simulation Data Inspector - untitled*

+

i O

@G m®NHI [

Q

Inspect

Filter Signals
NAME

¢

Compare

LINE

v Run 2: ConfiguredVirtualVehicleMod: @ =

<AccelFdbk>
<BattVolt=
<BattCurr=
<EMTrg>
<EngTrg>
<EngSpdOut>
<DecelFdbk=
<GearFdbk=
<xdot=

<ax>

<ay>

<az>
<EMSpd>

<BattSoc>

Archive (1)

Properties

—
Lo

= X
o an & v D) - v A
®» |28 * | | & % b I O I
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| <AccelFdbk> W <BattSoc>
1 /\ &0
> ~ 7-\» -~
0 /\ i \\ | | 50 4 ks | B .
0 3 6 ] 12 15 12 21 24 0 3 ] ) 12 15 123 21 24
W <DecelFdbk> m <BattVolt>
1 273 -
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0 3 8 Q 12 15 12 21 24 ] 3 5 ] 12 15 12 21 24
m <GearFdbk> W <BattCurr=
1
] _A/
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W <xdot> m <EMTrg>
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o - . . T . - . 013 — :
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181
o -
0 Ho————e Ay - o — 78 / N |
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W <ay> W <EngSpdOut>
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0.9 ' : . . s . : 0 : : y . . . . .
0 3 6 ] 12 15 13 21 24 0 3 8 ] 12 15 13 21 24
W <az=
3
34 = 0
-4 : . : . . v : v -3 . : : . : . .
0 3 8 Q 12 15 12 21 24 0 3 6 ] 12 15 2 21 24

5.

Customize as
needed
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Overview vehicle model

Initial assessment, mid-size electric passenger car

MATLAB

Drive cycle simulation (WLTP)

Vehicle spec. Result

Range 371 km

Battery cost 7537 $

Acceleration simulation (WQOT)

Vehicle spec. Result

t0-100 kph 6.8s

13



Summary: Assess system performance

- Key takeaways
— Virtual Vehicle Composer app can quickly configure a closed-loop EV model
— Generated model can be customized for your application

= Next step
— Perform optimization study to identify battery size that meets requirements

MATLA

14
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Agenda
Optimize EV battery performance using simulation

=  Problem statement
= Assess system performance
= Find optimal pack size

= Design battery pack

Find optimal pack
Size

= Conclusions
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Problem statement
Objectives, constraints, and design variables

Given the vehicle model, define the optimization
problem:

= Objective:

minimize f(x) = w,;*Cost - w,*Range

Constraints:

g,: DriveCycleFault <0
g,: Range >400 km

Os: to100kph S 7S

Design variables

X 10 < Np <50 (Integer)
X,: 80 < Ns < 140 (Integer)
X3: 7<Nd<10 (Continuous)

16



Comparison with initial assessment

Range constraint is not fulfilled

MATLAB

Drive cycle simulation (WLTP)

Acceleration simulation (WQOT)

Vehicle spec. Target Result
Range > 400 km 371km @
Battery cost Minimize 7537 $

Vehicle spec.

Target

t0-100 kph

<7.0s

17
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Optimization algorithm
X;: 10<Np <50 (Integer)

Selecting the appropriate optimizer X,: 80< Ns < 140 (Integer)
Xz: 7<Nd <10 (Continuous)

The choice of a suitable optimization algorithm must take into account different requirements

= Design variable space Continuous Discrete
— Continuous '
— Integer (discrete)
— |Mixed Integer

= Local / global search space
— Optimization Toolbox (local)
— |Global Optimization Toolbox

For this problem, the surrogate optimization (surrogateopt) algorithm was selected
= Uses fewer function calls than other global optimization solvers —

- Automatically builds up cheap to evaluate surrogate models LB AS x<Sb UB
. . x <
- Searches for global solution min f(x) such that — A = b
Xeq = Deq

- Can work with continuous and integer variables c(x) <0

18
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Simulink Design Optimization makes problem setup easy

4 Response Optimizer

I RESPONSE OPTIMIZATION ITERATION PLOT
] H L New - &y IDeslgn Variables Set: DesignVars I/ E.l | LE.} I_.'.'] @ [/
. Data to Plot:
Open Save Q Select Evaluate Uncertain Variables Set: None Sensitivity | Add Plot Plot Model | Options i Optimize
Session ¥ Session ¥ Requirements Analysis = | [fg)] DesignVars = i Response s >
FILE REQUIREN VARIABLES PLOTS OPTIONS | OPTIMIZE A
Set up requi re me ntS [ Response Optimization Optians = [m] *
General Optimization Parallel Linearization

minimize f(x) = w,*Cost - w,*Range

Create Design Varlables set: | DesignVars
Continuous Variable | Value Minimum ‘ Maximum
\v| |PintDiftmtRatio |9.036 7 [10 '
‘ »
Discrete Variable | Value Value Set
[ |PintBattNumCellPar |10 [[10250]
v/ |PintBattNumceliser |80 1802 140)
| | 1

» Variable Detail

Help

Update model variables

Select continuous or “

& C
<D

Variable

‘ PintBattintmRes
PintBattOpenCirctVolt
PintBattSocBpt

[ PintBattTempBpt
PintBattTimeCnst

| PintBattVoltSocBpt
PintBrkActrBoreFmt
PintBrkActrBoreRear
PintBrkFmtBias
PintBrkKinFricCffFmt

| PIntBriKinFricCiRear
PintBrkNumPadsFrmt
PintBrkNumPadsRear

PintBrkPadMeanRadiusFmt

‘ PintBrkPadMeanRadiusRear

discrete design variables

Current value

| 10.008846 0.00931899999 *

[2832283284336134

[[0020406081]
|[2431 2531263127312
|0.001
(0001002003004 00

0.05
0.05
1

035

»

» Specify expression indexing if necessary (e.g., a(3)

OK Cancel

Optimization Method

Method | Surrogate optimization

Gradient descent
Optimization
| Pattern search

onecrv [immeomaion ] - Select algorithm

Constrain Simplex search

Maximally feasible | |

Algorithm [#] Response Optimization Options

General Optimization Parallel Linearization

Maximum evaluations = 100

Use the parallel pool during optimization

Stop Time P

L3

Display level lteration ¥ ll\'-)

- Speed up Run

e ihAAi ; Fast Restart -

optl‘mlzatlon -
Help OK Cancel |
1 1 | | l ]
4 5 6 7 8 9 10
Iteration

There Is no data for DesignVars, run the optimization to update the plot.

19
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Optimization results
Compare initial assessment and optimal solution

x10* * VRN Initial Optim al
16 assessment solution
Range 371 km 406 km 2
14 Battery cost 7537 $ 8279 $ (+10%)
2., 2| toto0ken 6.8 s 68s @
2 é Nd 9 7
& 08 ; Bus voltage 357.8V 339.2V
Capacity 60.3 kWh 66.3 kKWh

0.6

250 300 350 400 450 500 550 600 650
Range in km

The algorithm performed 300 function calls
and converged within 2.5 hours
(no Parallel Computing)

20



MATI

Summary: Find optimal pack size

- Key takeaways

— Formal optimization tools can iterate on model parameters to meet conflicting
requirements and optimize design performance

— Set up and automate the process easily using Simulink Design Optimization or MATLAB
scripts

= Next step

— Use the information from optimization study to perform more detailed design-oriented
analysis on the battery system

21



Agenda

Optimize EV battery performance using simulation

Problem statement

Assess system performance
Find optimal pack size
Design battery pack

Conclusions

Design battery
pack

MATLAB EXIlPO

22



Battery design study workflow
Simscape Battery

®

@

O

O

-

\_

Size battery pack
within context of
full system
operation

~

J

4 )
Create lumped
battery pack model
and demonstrate

equivalence

\_

-

AN

Design battery
system in
Simscape Battery

~

-

AN

Select appropriate
model fidelity for
full system
evaluation

MATI

®

-

Evaluate battery
design in full
system

~
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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

Battery

§° § ¢ § ¢ § ¢ §°
Simscape

3 batt_BatteryManagementSystem_tuned * - Simulink - [m} x

SIMULATION MODELING

batt_BatteryManagementSystem_tuned B

&
- | Pump
- ToBat
EZ —»™S
=+
Battery Management System
] w
o 5 &
e [ e N o B 1 i +
Battery —F [—F —_—
Pack oy A .
Load
-—1 42 -2 =
Relay — Charger
CcC/cVv
H 1

= e
>
:ij’
w
>
w
A




SIMSCAPE BATTERY

A THREE MINUTE TOUR
FROM CELL TO SYSTEM



(Ej C\Users\gdudgeon\OneDrive - MathWorks\Simscape Battery\From_Cell_To_System\createPack.mlx * - [m} X [1-

LIVE EDITOR
FIF ™ % | Lol Compare = =] |Aa| Normal v I;::J : é & Refactor v E‘ [Z] section Break L) Q
New Open Save N Brint e GoTo Hind ¥ Text BIUM Code Control Task Run E‘ Fi &tﬁ Advance Run Step Stop
v i v & Export ¥ v H Bookmark ¥ EE tE == v v ei ie Section EI Run nd
Pllrr m'l’ TEAT LE.’I][‘ \r,",’“',mj, N\m

Create cell object

»
) o] (]|

batteryCell = Cell(Geometry = cylindricalGeometry);
Visualize cell
BatteryChart(Parent = f, Battery = batteryCell);

Define cell thermal properties

6 batteryCell.CellModelOptions.BlockParameters.thermal_port = "model";

7 batteryCell.CellModelOptions.BlockParameters.T_dependence = "yes";
Define parallel assembly (4 cells connected in parallel)

8 batteryParallelAssembly = ParallelAssembly(Cell = batteryCell, numParallelCells = 4);

9 batteryParallelAssembly.StackingAxis = "X";
Visualize parallel assembly 0

10 BatteryChart(Parent = f, Battery = batteryParallelAssembly); 0.02 002
Define module (5 parallel assemblies connected in series)

11 batteryModule = Module(ParallelAssembly = batteryParallelAssembly, numSeriesAssemblies = 5);
Define simulation strategy

12 batteryModule.ModelResolution = "Grouped"”;

13 batteryModule.SeriesGrouping = ones(1,5); @ o .
Define Individual Cell

14 BatteryChart(Parent = f, Battery = batteryModule, SimulationStrategyVisible = "on");

Define module thermal properties

Zoom: 125% UTF-8 LF script




[=] C:\Users\gdudgeon\OneDrive - MathWorks\Simscape Battery\From_Cell_To_System\createPack.mbx * -

LIVE EDITOR
‘—1;] ™ H | kel Compare l'.',)“ be=] |Aal Normal ¥ I;::J : l;é] 4 Refactor ¥ E‘ Cl_l Section Break D @»
New Open Save = i Go To A todix Text B I u M Code Control Task Run EI i KAdvance Run Step
v v v & Export ¥ v H Bookmark ¥ EE tE == v v »f |ie Section m Run nd
FILE NAVIGATE TEXT CODE SECTION RUN
Define parallel assembly (4 cells connected in parallel)
8 batteryParallelAssembly = ParallelAssembly(Cell = batteryCell, numParallelCells = 4);
9 batteryParallelAssembly.StackingAxis = "X";
Visualize parallel assembly
10 BatteryChart(Parent = f, Battery = batteryParallelAssembly);
Define module (5 parallel assemblies connected in series)
11 batteryModule = Module(ParallelAssembly = batteryParallelAssembly, numSeriesAssemblies = 5);
Define simulation strategy
12 batteryModule.ModelResolution = "Grouped";
13 batteryModule.SeriesGrouping = ones(1,5);
Visualize module
14 BatteryChart(Parent = f, Battery = batteryModule, SimulationStrategyVisible = "on");
Define module thermal properties
15 batteryModule.AmbientThermalPath = "CellBasedThermalResistance";
16 batteryModule.CoolantThermalPath = "CellBasedThermalResistance";
Define module assembly (2 modules connected in series)
17 batteryModuleAssembly = ModuleAssembly(Module = repmat(batteryModule,1,2));
18 batteryModuleAssembly.InterModuleGap = simscape.Value(9.01,"m");
Visualize module assembly
19 BatteryChart(Parent = f, Battery = batteryModuleAssembly, SimulationStrategyVisible = "on");

Zoom: 125% UTF-8 LF script

Stop

.
ala =

‘
B
™

0.07

0.06 |

0.05
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0.01

-0.01

002 o1

Define Parallel Assembly




[=] C:\Users\gdudgeon\OneDrive - MathWorks\Simscape Battery\From_Cell_To_System\createPack.mix * = O x [# b O

LIVE EDITOR INSERT

(2)
EI’:;] ;‘-\__I % |kl Compare C)ﬂ < |A4 Normal v ::: z @ Refactor E‘ g Section Break uu u
= Print ¥ s Ll Find = B I UM

New Open Save
- - ¥ & Export ¥

N 17

18

FILE
T OdLlLeEryriou)

batteryMod

Define module|

batteryMod
batteryMod

Visualize mod

Define Model Resolution

Orange boundaries indicate mapping
of cell assembly to cell models.

19 BatteryCha
= L ] L ]
Define pack (2 In this example, 4 cells will be
L]
= ened  represented as a single cell model,
21 batteryPac
-
Visaulize pack SUItany Scaled.
22 BatteryCha =T; = TR, SIMUISCIUNSIIalegyvVISIDIE = U J;
Define balancing strategy
23 batteryPack.BalancingStrategy = "Passive";
Define thermal properties
24 batteryPack.AmbientThermalPath = "CellBasedThermalResistance";
25 batteryPack.CoolantThermalPath = "CellBasedThermalResistance";
Build Simscape model of battery pack
26 buildBattery(batteryPack, “LibraryName", "packModel”,...
27 "MaskInitialTargets", "VariableNames",...
28 "MaskParameters", "VariableNames")

Zoom: 125% UTF-8 LF script

| Simulation Strategy

Define Module




¥, Library: packModel - Simulink . O X [+ . O

LIERARY DEBUG MODELING FORMAT

L, J Open ~ i
oF s} X =1 o
Bl save ~ ) Signal -
New Library ignal Locked
~ [ Print - Browser Table Library
4 FILE LIBRARY PREPARE PROTECT ANNOTATION
packModel &=

® |*apackModel ¥ -

Model Browser

EE®

Jopadsuf Ayedoid b
i B

O @
Iy

iCellModel

T & ellModel

ellModel

temperafureCellModel

025 o2

vCellModel

p
p
p

N balancing [ ~“socParalelAssembly [
p
> [ Simulation Strategy
p

vParaIIeIésem bly
o

AmbH

Pac;k1 = ModuleAssemblies

]

v
B

Ready 192%

Build Simscape model of battery pack B u i I d pa C k M 0 d e I

26 buildBattery(batteryPack, “LibraryName", "packModel™, ...
27 "MaskInitialTargets", "VariableNames",...
28 "MaskParameters"”, "VariableNames")

Zoom: 125% UTF-8 LF script




P4 From_Cell_To_System * - Simulink
SIMULATION DEBUG MODELING FORMAT APPS e L > (2]
. 1 Open ~ Ui = Stop Time | 10*3600 \ 1 \
o 8 o ¢ 4 @ b ] N
New H Save = Library Signal v | Accelerator Step Run Step Data Logic Bird's-Eye Simulation '
v 4 Print « Browser Table @ Fast Restart Back » - Forward Inspector Analyzer Scope Manager
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS -
'2 i _ From_Cell_To_System - é\"
gl e |*a From Cell_To_System » s 3
2 all ] §
. Voila! =l 2
) o
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L] c 10
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|l Algorithm
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4\ Simulation Data Inspector - untitled*

>

Q8 @E@PH[FEFDR +

M est_soc(1) M est_soc(2) W est_soc(3) M est soc(4) M est_soc(5) M est_soc(6) W est soc(7) M est_soc(8) M est_soc(9) M est_soc(10) M est_soc(11)
W est_soc(12) W est_soc(13) W est_soc(14) M est_soc(15) M est_soc(16) M est_soc(17) M est_soc(18) M est_soc(19) W est_soc(20)

®lme V- a@r|lS olas

W tempCell(1,1) ™ tempCell(2,1) ™ tempCell(3,1) M tempCeli(4,1) ™ tempCell(5,1) ™ tempCell(6,1) ™ tempCell(7,1) ™ tempCell(8,1) ™ tempCell(9,1)
W tempCell(10,1) ® tempCeli(11,1) W tempCell(12,1) ®tempCell(13,1) ™ tempCeli(14,1) MW tempCeli(15,1) = tempCell(16,1) ™ tempCell(17,1)
W tempCell(18,1) ® tempCell(19,1) ™ tempCell(20,1)
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Simscape Battery — Main workflow themes

1. Battery Pack Design
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2. Thermal Management System Design
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Create lumped battery pack model in Simscape Battery

Info
J BattTemp | | Battviolt
Lithium lon Battery Pack
ock Parameters: Lithium lon Battery Pack
[*al] Block P ters: Lithium lon Battery Pack X

Datasheet Battery (mask)

Implements a model for a lithium ion, lithium polymer, or lead acid battery based off of
discharge characteristics taken at different temperatures. The model can be
parameterized using a typical battery datasheet or through experimental measurement.

Block Options

Initial battery capacity: Parameter v
Output battery voltage: Unfiltered v
Parameters

ey

Rated capacity at nominal temperature, BattChargeMax [Ah]: BattChargeMax

Open circuit voltage table data, Em [V]: Em*1 <100x1 double>  §
Open circuit voltage breakpoints 1, CapLUTBp []: CapLUTBp <1x100 double>
Internal resistance table data, RInt [Ohms]: RInt <4x100 double> I
Battery temperature breakpoints 1, BattTempBp [K]: BattTempBp [263.15,273.1.. }
Battery capacity breakpoints 2, CapSOCBp []: CapSOCBp <1x100 double>
Number of cells in series, Ns []: Ns % i
Number of cells in parallel, Np []: Np i

Initial battery capacity, BattCaplnit [Ah]: BattCaplnit*BattSoclnit/.75

Block Parameters: Lumped Module
P
Modulel

Saltings Description

I+ Main
7 Wector of state-of-charge values, SOC
» Vector of temperatures, T
» Open-drcuit voltage, VO{SOCT)
» Terminal voltage operating range [Min Max]
» Terminal resistance, RO{SOC,T)
> Cell capacity, AH
Extrapolation method for all tables
I+ Thermal
* Thermal mass
» Cell level coolant thermal path resistance
» Cell level ambient thermal path resistance
[+ Cell Balancing
* Cell balancing switch dosed resistance
» Cell balancing switch open conductance
» Cell balancing switch operation threshold
* Cell balancing shunt resistance
I Initial Targets
» [] cell model current (positive in)
» [C] cell model terminal veltage
o - Cell model state of charge
Priority

Value

CapSOCBp
BattTempBp
repmat{Em,1,4)
[0, inf]

Rint*
BattChargebdax

MNearest

12

25

0.0
1e-8
05

50

High

0.75

Chm

Athr

223

Ohm

1/0hm

Ohm

e
8 Auto Apply @

MATLAB EXF

Create lumped battery pack model
and demonstrate equivalence

- CPB
-]

-]
Lumped Module

33



MATLAB EXP(

Create lumped battery pack model
and demonstrate equivalence

Demonstrate equivalence with unit test

Simscape Battery Voltage da‘aB-CU"I moasCarr - ?

O &

4\ Simulation Data Inspector - untitled* = [m] *
S 9 =~ 7 (O o
W measV W moduleV
+ 375 [ ¥4 battery_equivalence - Simulink = [m} X
i | I [ ', ' ' " r || '| | SIMULATION MODELING FORMAT . .
. 470 | || | . ] 1 ] l ! 1 ) I I 1, l : ‘ . ]| 'l ' |:J Lu-] | :)::1 '. HE X v r._] i Stop Time ' 2472 . | qg w ”D = D & @J )
I J | | ¥ 10 W J ] | Project New ﬁ Libra Signal Pt ciy | Stey Run Ste, Data Logic Bird's-Eye
1 ii L 1] ] L1 ] | ! 'Iﬂl“ ! ‘ 1 ul r I in] L L | i ~ B Print - Browsr:lr Table W@ Fast Restart Backpv - Forwaprd Inspector Analyzer Scope |
E ‘\ l} il " | I'n ‘ * rl"f I B ‘ | | l li| | | (1) |J PROJECT FILE IBRARY PREPARE SIMULATE REVIEW RESULTS =|
365 H it ! 11RN I.I"I | .I i F il || |.| I “ |‘1, 5 battery_equivalence =] |
‘ | hIJ 1 “ ! | | ll d | ? r ! ] |I I| ‘] 'r l ' é ® ﬁhattery_equiua\ence - g |
J W' ! ” J P 3| £
—_J } | { | J ‘ ‘d .‘ : g Copyright (C) 2022, The MathWorks, Inc. E:
s A <iniink Voltage " ‘ . '
385 |
B - |

T
0 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 >lce * [\/\lfjl compare Voltage
R =R ~
=
W relErrorV @ -
AH
L . CPB ‘ moduleV X
v >
l relErrorV
3006 ) =0 . .
L } ﬁ Y L al
E dx or] Simscape Model This model compares the response
A of a lumped module in Simscape
@ |dataB.temp p— P : Battery to the system-level battery
[3.0e5 " P response in Powertrain Blockset.
=
|6 0e-6 .
Voltage Relative Error < 0.006 mV s 138% ade?it
L9 Oe-5
0 200 400 600 800 1000 1200 1400 1600 ‘IB‘DO 2000 2200 2400
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Design battery systemin

Design battery systems in Simscape Battery

Simscape Battery

= Create battery pack with higher resolution

Lumped (1 cell model for entire pack) Grouped (1 cell model for each parallel assembly)

96 cell models

Define module Define module

Ns = 96; % number of parallel assemblies in series Ns = 96; % number of parallel assemblies in series

batteryModule = Module(ParallelAssembly = batteryParallelAssembly, numSeriesAssemblies = Ns); batteryModule = Module(ParallelAssembly = batteryParallelAssembly, numSeriesAssemblies = Ns);
Define simulation strategy Define simulation strategy
batteryModule.ModelResolution = "Lumped"; batteryModule.ModelResolution = "Grouped”;
batteryModule.SeriesGrouping = ones(1,Ns);
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Passive cell balancing

Simscape Battery

Design battery systemin

I

= Cells within a parallel assembly will naturally balance

= One cell balancing circuit for each series-connected parallel assembly

No external charge cycle - all
SOCs bleeds to lowest SOC level

Q8 EhFDR+

Constant Current Constant
Voltage (CCCV) charge cycle
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Passive cell balancing

= Animation can bring further clarity to a
large number of time-series responses

|

== _'__l:' — ‘ = ‘;,/
--v/_’/

Constant Current Constant
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Simscape Battery

Design battery systemin

I

Passive Cell Balancing. Time = 0s
T T I

40
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Design battery systemin

Simscape Battery

Thermal management

= Change the simulation strategy of cooling plates to meet your model resolution needs
= Connections dependent on cooling plate architecture

a
Sl"rf}luid_outﬂ

Tp>

A
afluid_in
B dTb>
> M
dP >
Edge Cooling

Surhyid_oute
H
- TpbB>
[ +fluid_in
dTb>
A
B dP >
U-shaped Channels

o
A A A A Surf?Iuid_outﬂ

Tpb>

® 8 s s afluid_-in
dT>
> A A A A S
B B B B Parallel Channels
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Thermal management
Parallel cooling channels oriented along the x-axis

MATI

Simscape Battery

Design battery systemin

I
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Select appropriate model fidelity
for full system evaluation

= For many scenarios, lumped battery model is

MATLAB E

Select appropriate model fidelity
for full system evaluation

I

SIMULATION

DEBUG MODELING FORMAT

- . . "i BattEv_BT_Lumped_Cooling - Simulink
sufficient for system integration

i . ] Open = EE =
3 | 5F &8s 5] =
we - ~ || A
Project | New l Library Signal ™
| = ~ = Print ~ Browser Table
|
| PROJECT FILE LIBRARY PREPARE

BattEv_BT_Lumped_Cooling

= Other fidelities can be incorporated

Stop Time

ccelerator

o Fast Restart

T4 @

Step
Back «

SIMULATE

> % @
Step Data Logic Bird's-Fye -
Forward Inspector Analyzer Scope
REVIEW RESULTS

® |*a/BattEv 8T Lumped Cooling b
| & .
as neede ] Gell Batancing |
| E& BattTemp |
: = { —i |Q-CQmmam1 u— |
¥4 BattEv - Simulink - O X = G -
[E-4—{BalancingActive Enable
SIMULATION MODELING FORMAT = Bacent v
- ) Passive Cell Balanciny
| Stop Time | inf q . — ; 5
i 4 @ P ® b
| PROJECT | FILE| LBRARY | PREPARE | Accelerator ) step Run Step REVIEW RESULTS A )
= = - - o Fast Restart Back ) - Forward - »_;&?@
| SIMULATE — fx) =0 BattV' iCelModel |——»=J
| § BattEv — iCell
! ® |Calbattey b v Battery Pack socCelodel [-————»=
| @ (]| b
| A | " | socPa
| &
{— @—’ BattCurr Info s —] temperature Cellodel -
| —* <| >
| — BattCrnt BaltSoc Sufiuig_out vParallelAssembly Tba
- & Tp < Probe
(Ba) T B fluid_in
I - .
r \\\'ﬂ\ il e P H5 Al m—p aT—r Pack Measurements
BahTemp -\lli BattVolt T@ Temp Ref (K} Temperature Controller A S Phi dF —I>'—
att = ,
e - o
o4 energy_flow_rate|
Lithium lon Battery Pack .
(i - temphax max |
-+ .
Copyright 2015-2021 The MathWorks, Inc. -+ Pack Cooling
»
»
| Ready 183% VariableStepAuto
Ready 112% ode23t
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Evaluate battery design in full system
WLTP (Class 3) drive cycle (MPGe)

SIMULATION

MATLAB EXF

Evaluate battery design
in full system

&8

|

MPGe

Cooling activates near the end of the cycle

= [ open ~ EE Stop Time | 1800
@ &a 5} N g = 4 @ p %) V7]
Project | New s - Library Signal ™ || Accelerstor Step Run Step Data Logic Bird's-fye  Simulation =
- ~ &Pt v Browser Table o Fast Restart Back ~ v  Forward Inspector  Analyzer Scope Manager
PROJECT FILE IBRARY PREPARE SIMULATE REVIEW RESULTS a
g% 44 Powertrain Blockset = |
g @ [FalevReferenceApplication » [#]Passenger Car ¥ [Ba]Electric Plant P [%a] Powertrain Blockset b -
HIE
[+
= (G )———»{MotTraCma |
=] MotTraCmd MotTrq I »(4)
— — 4\ Simulstion Data Inspector - untitled”
- .—D MotSpd Motor Coupling
] MotSpd
MotCumt [——
—»{BusVolt B W US Fuel Economy (MPGe) M US Fuel Economy (MPGe)
3 (&
—® BattCrnt Motor
Ba
:Elw = 180
( T 2 > BattTemp
emp
AmbTmg .
Temp Selection BalPwr Pt
Battery E 180
»<[BattTmp
(@) »
BMS_Inf BSOS pans |¢'
_lnfo attSoc .
4.:: Accessory Gurrent Batty 1—@ L fad )
Battery Discharge Dynamics 120
Accessory Load
p 90
» | @ L/

View diagnostics 139%

No Cooling
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Summary: Design battery pack

- Key takeaways

— Matching model fidelity to the engineering gquestion being asked enhances overall
workflow execution

— Designinformation is effectively shared across different engineering teams

= Next step
— Whereto go for more information
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Additional Resources

= Overview of MathWorks’ automotive solutions:
— MATLAB and Simulink for Electric Vehicle Development
— Building Your Virtual Vehicle with Simulink
— Upskill for the Electric Vehicle Transition

= Products highlighted in this study:
— Powertrain Blockset
— Simscape Battery
— Global Optimization Toolbox
— Simulink Design Optimization

43


https://www.mathworks.com/solutions/automotive/electric-vehicle.html
https://www.mathworks.com/solutions/automotive/virtual-vehicle.html
https://www.mathworks.com/campaigns/offers/next/upskill-for-the-electric-vehicle-transition.html
https://www.mathworks.com/products/powertrain.html
https://www.mathworks.com/products/simscape-battery.html
https://www.mathworks.com/products/global-optimization.html
https://www.mathworks.com/products/sl-design-optimization.html

Key takeaways

Optimize EV battery performance using simulation

D

Assess system
performance

Powertrain Blockset

Find optimal
pack size

Global Optimization Toolbox
Simulink Design Optimization

MATLAB EXF

battery pack

Simscape Battery

System-level models to quantify
vehicle range, battery performance,
and costs

Efficiently optimize the design while
accounting for competing
requirements

Perform detailed battery design
studies
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Thank you
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