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Context

= Common challenges for EV Battery
pack design

— How to size the battery pack?

— How to manage thermal loads?

— How to control the battery pack?

— How to do predictive maintenance?




Goal for today iIs demonstrate how MathWorks tools support battery
design and controls development throughout the V-cycle

Vehicle-level Vehicle-level

Targets Testing
Battery System Battery System
Requirements Validation

Battery Pack
Design
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Agenda

Determine battery pack size to meet system-level targets
Design and analyze thermal management systems
Develop control systems

Realize digital twin and predictive maintenance applications



Agenda: Determine battery pack size to meet system-level targets

« How to perform system level analysis?

- How to evaluate battery efficiency and sizing?



Vehicle-Level Targets

= Government agencies rate conventional, HEV and EV’s using different
standardized tests (US city / highway cycle, WLTP, etc.)

= Different metrics to define energy efficiency (MPGe, Wh/km, etc.)
= Vehicle program sets targets - requirements for subsystem teams
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Use System-Level Models to Evaluate System-Level Targets

How to evaluate

Fuel economy Perform drive cycle test

Range Perform drive cycle test
Acceleration Perform Wide Open Throttle (WOT) test
Cost Assume $ / kWh
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Drive Cycle Source

Passenger Car

FTP75 (2474 seconds) %

Controllers

Simulations used to frontload
design / save money




Right-Level Modeling

level of fidelity is appropriate for the task?

— Fast running 1D models
— Neglect thermal / spatial effects
— Simplified controls

— Include thermal / spatial effects
— Production-oriented controls

Initial estimates use simplifying assumptions

Computation
Time

Spreadsheet
Design-oriented tasks require higher fidelity

— Slower running multidomain models

We can answer system-level questions using system-level models, but what

CFD and L
FEA
Lumped
Parameter
Network
Model Fidelity



MathWorks Offering for Virtual Vehicle Simulation

Engineering Tools + Application Expertise

Create Integrate Author Simulate & Deploy
Vehicle Software Scenarios Analyze Simulation

Vehicle Templates C/C++ Interface Scene & Scenarios Visualization Cloud Integration
Subsystem Libraries Reduced Order Models Open Standards Data Analysis Datalake Integration
Modeling Guidelines FMU Integration Drive Cycles Report Generation HIL Deployment

3 party tool 3" party tool

Lo o )] Value proposition:
g v pnia. = Proven tools for modeling of physics and software
\_,.;qj 0= = Reference applications for reduced time-to-simulation
P Linux | A esLaniny = Common platform for model reuse
. 8 = ] @ Ll " Solutions for large-scale modeling and simulation
Learn more: L oy C &?2 = Flexible platform for growth / new use cases

Virtual Vehicle Hand C/C++ Code




Virtual Vehicle Composer App

New in R2022 Iy ] &

Driving Scenario  Ground Truth MBC Madel MBC Virtual Vehicle
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configure a virtual vehicle CoE x B o0&

and Test Editor
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Virtual Vehicle Composer App
New in R2022¢c
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Model Customization

= Virtual Vehicle Composer app gets you a good starting point guickly

- Generated models are open, so you can customize it

— Add new plant, controller or sensor model features
— Create custom test scenarios

- Leverage Simulink platform

e e > fbg
— Integrate C code, S-functions, FMU, etc. Diver Comnands , @

— Perform large scale studies .

— Deploy model (HIL, cloud, etc.) L l
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Generated Model
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System-Level Results

Default component sizes don't
achieve system-level requirements.

Time for a redesign!
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Summary: System-Level Simulation

- Key take-away
— MathWorks provides system-level simulation tools to evaluate trade-offs early / quickly

= Tips discussed
— WLTP provides a single drive cycle to capture both city and highway driving
— Virtual Vehicle Composer can quickly generate model of interest
— Generated models can be customized as needed

14



Agenda: Determine battery pack size to meet system-level targets

= How to perform system level analysis?

= How to evaluate battery efficiency and sizing?

15



Component Sizing Problem Statement

- Goals:

— Find battery size & gearing that
provides good efficiency at a
reasonable price

= Constraints:

— Meets typical driving demands

— Reasonable EV range

— Reasonable acceleration

= Design Variables:
— Number of battery cells in parallel (Np)

— Number of battery cells in series (NSs)
— Final drive ratio (Nd)

16



Component Sizing Problem Statement

min f(x) = w,*ECR + w,*Cost

subject to:
g,: DriveCycleFault <0
g,: Range > 300 km
O3: to.100 < 8 SEC

Where:
X;: 10 < Np < 50 (Integer)
X,: 32 < Ns < 160 (Integer)
X5 2 < Nd < 10 (Continuous)
ECR = Energy Consumption Rate [Wh/km]




Assumptions

WLTP Class 3
T T

= System level metrics

— ECR = battery power consumed over
WLTP Class 3/ distance travelled

— Range = battery capacity / ECR

— Cost = battery capacity * $125 / kWh ’ M MMM I W

| | |
0 200 400 600 800 1000 1200 1400 1600 1800
- Battery

— Cell characteristics: 4.8 Ah, 3.6 V
(comparable to Tesla Model 3)

— Energy density: 145 Wh / kg

= What's out of scope?
— Packaging / geometry
— Thermal cycling / aging
— Component selection options (catalog)
— Etc.
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o
T
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o
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Battery Model

- Datasheet Battery block En= f(SOC)
— Simple lumped, but fast model for system-level studies Rine = f(T,50C)
— Accounts for changes in Ns and Np Vi = Ep + IpauRin
— Temperature treated as external signal L = 112
NP
N.Vy  unfiltered
Info [ Vou = Vour filtered
5+ 1
) r
k_"‘;; -"\_'ll 1-D T(u) ]
) BattTemp H\"J! BattVolt [y Cgpé:gc g / _if —»{Ns ﬁ S0C = Cﬂ.-’?hun / Ipandt
Em ]
I
D o 2D T(u) Ldﬂmpr': f -l".'l-.c.!.l'i‘f‘f-!t
BattTemp 'uz\c _; x L, ﬂ
1/Np i .
o g » b Baoss
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Motor Model

G

Bus\olt

(D,

EMSpd

D

EMTrgCmd

= Mapped Motor block
— Simple lumped, but fast model for system-level studies
— Neglects impact of bus voltage (Ns) on base speed

— Used motor maps at 5 bus voltage levels to capture
effect of Ns on max motor torque
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# TrgCrmd MirTrg
460.8 W
L Bativolt Info =»—
MtrSpd BattCul
- TrgCmd MitrTrg

EMC

20



Tire Model

= Longitudinal Wheel block
— Uses Magic Formula tire equations
— Allows for scaling ground friction
— Long list of parameters, often fit from tire

test data
= Tire slip

— Without good launch controls, WOT test
can lead to excessive tire slip

— Results in slower than expected t; ;4

performance
- Work-around

— Apply torque gradually to minimize slip

20
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Drive Cycle Faults

= Drive Cycle Source block

— Includes options for fault tracking
— WLTP allows for:

= Velocity tolerance = 2 kph

= Time tolerance=1s
= Max faults = 10

= Max single faulttime =1s

Info

LY

VelFdbk

RefSpd

Drive Cycle Source

When simulations exceed allowances

— Track cumulative time spent outside
tolerance window

— Provides more continuous measure of
how “infeasible” design is

Speed

Speed

Allowable

speed range
I B
» E I_I;;E_.ﬁ -
] e
Time
(= "!}-’
._'_+ | +-
t Allowable
speed range
R
k : t
[n -] _._E . —
P e

Time 22



Design Trade-offs

Metric improves as...

Mass V (fewer cells) V (fewer cells)

ECR A (higher max torque) A (lower resistance) ¥V (more efficiency)
V (less mass) V (less mass)

Cost V (fewer cells) V (fewer cells)

Range A (more energy) A (more energy)
V (less mass) V (less mass)

Acceleration A (higher max torque) A (more wheel torque)
V (less mass) V (less mass)

Numerical optimization provides a rigorous
method to balance competing objectives

23



Preparing Models for Optimization Studies

= Simulation settings S— ®
— Use “Accelerator” mode to compile model for |- . Run

H@ Fast Restart -

faster execution time

— Use “Fast Restart” to avoid recompiling in
between sims » a S

« Parameter handling BN . -
[ociex o

— Use parameter-based Multiport Switch to RefSpd >
change drive cycle source without recompile

Drrive Cycle Source Switch
— Remove parameters from data dictionary / YLTF Class 3 (1600 seconds)
model workspace for simple script overrides

W

Y

=Fail=

LngRief

in
in
in
in
in

Simulink.SimulationInput{model);
in.setVariable( 'PlntVehMass', mass); false —y
in.setVariable( 'P1lntBattNumCellPar', Np); WoT 4___J;==L__&
in.setVariable('PlntBattNumCellSer', Ns);

in.setVariable( 'PlntDiffrntlRatio’, Ndiff);




W00 s hou B b
(1]

[ T S T NS Ty N T NS [ Y L L I I e i i el i e el i el e i
W00 s N B R R @D 00 s s @

Running Simulations as a Function Call

function [f, g, ECR, cost] = RunEV(Np, HNs, Ndiff, model)

% RunEV runs a series of EV sims for a given set of parameters

% Do some internal calculations

batt _energy = (4.8*Np)*(3.6%Ns)/1008; % 4.8 Ah/string, 3.6 V/cell

mass

cost = 125 * batt_energy; % assume cell cost of $125/kW.hr

% Create Simulation Input object to store temporary parameter overr

in =
in =
in =
in =
in =

= 1250 + batt_energy/145*%1000; % 145 Wh/kg

Simulink.SimulationInput{model);
setVariable( 'PlntVehMass', mass);
setVariable(' PlntBattHumCellPaP , Mp);
setVariable( 'PlntBattNumCellSer', Ns);
setVariable( 'PlntDiffrntlRatio’, Ndiff);

in.
in.
in.
in.

% Run WLTP drive cycle
in.setVariable( 'DCidx"', 1);

in =
in =

simout =

in.setModelParameter( ' StopTime’,
sim(in);

% Post-process WLTP result
logsout
DCerror

DCfail =

simout.get('logsout’);
logsout.get( 'DCFaultTime [s]').Values.Data(end};

logsout.get('DCFail’ ) .Values.Data(end);

bp = logsout.get{ 'Battery Power [W]').Values;
= logsout.get({'Vehicle Speed [m/s]').Values;
% Energy consumption rate in [W.hr/km]

ECR

= trapz(bp.Time,bp.Data)/3600/(trapz(v.Time,v.Data)/1000) ;

range = batt_energy / ECR * 1000; % range in km

'1800"); % 23.266 km long test

31
32
33
34
35
36
37
38

39

48
41
42
43
A4
45
46
47
418
49
58
51
52
53
54
55
56
57
58

59

% Run ©-18@ kph test
in.setVariable('DCidx", 2);
in.setModelParameter( 'StopTime', "28");

in =
in =
simo

ut =

sim(in);

% Post-process WOT result

logs

out =

simout.get('logsout’);

= logsout.get('Vehicle Speed [m/s]').Values;

try

catc

end

id = find(v.Data»®.1,1, "first');

t@ = interpl{v.Data(id-1:id),v.Time(id-1:id),0.1);

id = find(v.Data»27.778,1, first');

t188 = interpl(v.Data(id-1:id),v.Time(id-1:id),27.778);
teé_1ee = tlee - t6;

h

t0_100 = 100;

% Assemble results into objective and constraint values
t=[1; g = struct();

W =
5

U= = = T o

.tl

end

(0.5,
[15@, 6258]; % scale factor to normalize objective terms

8.5]; % relative weights for the objectives

ECR*w(1)/s(1) + cost*w(2)/s(2);

ae =

t0 100 - 8.0; % t0 100 < 8.0 sec

.DCerror = DCerror*DCfail; % total drive cycle fault time (or @ if passed)
.range = 308 - range; % range > 308 km

25



Energy Consumption Rate [W.hrikm] Battery Cost [$]

Initial Assessment
200 -
150 .. < ; “/:/l /"?M;"\\:\x\\
- Performed initial parametric study N Ym NS
— Sweep of Np, Ns for fixed Nd I Ns oo Ns
Range [km] 0-100 kph Time [s]
— Study problem statement before g |
launching long optimization study 500 Ao 10.

= Lessons learned
— ECR trend was unexpected
— Dominated by mass penalty, not

benefits of more power (Ns) / lower
losses (Np) | ,
— WLTP never pushed motor to max £ T iy
. . Z 100 il _
torque / power limits 2" _
g -100 - sﬁﬁﬂeeee _ 200 -
é -200 o 150 -
" WLTP test ® 7 WOTtest =
1 eeed”  Operating points| i operating points

Speed [rpm] Speed [rpm] 26



Design Process

Initial
Design
Variables

Modify
Design
Variables

Objectives
met?

Optimal
Design
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MathWorks Optimization Products

- Optimization Toolbox 41

— Functions for finding parameters that minimize
or maximize objectives while satisfying constraints

Objective with single minimum

= Global Optimization Toolbox
— Functions that search for global solutions A
. . . .. A0
to problems that contain multiple maxima or minima : i —
on smooth or nonsmooth problems (requires Optimization 0 ‘
Toolbox)
Learn more:
Optimization Toolbox Objective with multiple minima

Global Optimization Toolbox 28




O pti m izati O n Res u ItS 4 Optimization Plot Function — O
File Edit VYiew |Inset Jools Desktop Window Help
Ddde @ 0E E
Metric Basel I ne Optl mized ) Best: 0.927249 Incumbent: 1.05413 Current: 1.18287
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to-100 [S] 8.3 @ 8.0(+3.6%) @ B Wll [ o i
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Mumber of Function Evaluations

Performed 300 function calls (~3 hours)



Pareto Optimization Studies

Yy Figure 1 - O
m Reassess pr()blem W|th tradeOﬂ: ..Eihe Edit View Insert Tools isktnp Window  Help
between range and cost (direct Dedo|allE [k
competition for battery size) 2 Ao
! .
18 .
[0.75, 0.25] «

min f(x) = -w,*Range + w,*Cost
subject to: | [0.6,0.4] «

1S00 P00

0,: DriveCycleFault < 0 ‘ff
g,: Range > 300 km S 12}
03! th.100 < 8 SEC
10
_ Good range
. . 8
- Sweep weights to quantify tradeoffs [0.5,0.5]
— W, < 50%: range constraint Is active 300 0 400 40 500 550 600 850 700
Range [km]

— W, > 50%: cost objective gets outweighed




Summary: Component Sizing

- Key take-away

Optimization is a rigorous means to identify best parameter values

= Tips discussed

Customize model to enable fast-restart / accelerator mode

Watch for tire slip during aggressive acceleration (e.g., WOT test)
Specifying the right problem statement can be iterative process
Additional constraints can be added (e.g., limit selection to parts catalog)
Optimization studies can quantify tradeoffs between competing objectives
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Things to consider for creating the battery pack?

= Till now —
— We choose Ns and Np suitable for our targets

- We need to address —
— How to assemble the cells?
— How to organize the modules?
— What kind of cooling to use? How should be place the thermal barriers, etc.

32



Simscape Battery
New product launched in R2022b

Battery

S 1 §°¢ ¢ | §¢ | S

Module

Simscape




Simscape Battery Pack Builder

4\ MATLAB = O X
HOME PLOTS EDITOR PUBLISH L 5l L y @ Search Documentation P
FpHa@ » C ¥ smiller » e
F: Editor - BatteryPackAssemble.m (Gl Current Folder Command Window & Figures - Figure 1 @ x

|' BatteryPackAssemble.m | + | | Figure 1 |
e L el L
2 %% Import classes
3 import simscape.battery.builder.*
4
5 %% Model Cell
6 batteryCell = Cell...
7 (Geometry = CylindricalGeometry) ;
8 batteryCell.CellModelOptions.BlockParameters.thermal port
9 BatteryChart (Battery = batteryCell);
10 title('Cell');
1Ll
12 %% Model Parallel Assembly
13 batteryPSet = ParallelAssembly. ..
14 (Cell = batteryCell, Rows = 4,...
15 NumParallelCells = 48);
16 BatteryChart (Battery = batteryPSet);
17 title('Cell Assembly');
18
19 $% Model Module .
20 1 »
m-| Zoom: 100% | UTF-8 |CRLF | script n 5 Col 1




Various Modelling Approaches
Battery Models

System-Level Behavior Component Validation Component Design

Low Fidelity Charge/Discharge High Fidelity
Infinite Charge Finite Charge, Fade, Charge Cell
Temperature Dependent Dynamics Behavior

No-load voltage (V)

No-Load Voltage vs. SOC Voltage -
o-Load Voltage vs. e . T
- ' [ | m B m B{0—
. . [
_ \ _ r- |;:}m .c02 |:er.cn3
m—_10 °C ] g Ar==1B ) Ar==1B
e () °C N ] =3 ==
10 GC m mi
— 25 °C \l \ - Ig .

State Of Charge (%) Time (s) °
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Simscape Battery Capabilities
Cooling Plates,

Surf1
fluid_outs

= Model heat transfer between battery,

liguid cooling system, and environment e

— Control cell-to-cell temperature variation o> o
. afluid_in dP D>

— Tradeoff of pumping costs AT b Channels

and cooling efficiency

dP >
Edge Cooling

= Different cooling plate topologies
— Edge, parallel channel, U-shaped channel
— Single- and double-sided plates

= Adjust resolution of thermal model S| .y ‘S
— Define quantity and placement of nodes \ N
d 4 P 3 Thermal > . Y XN
AN X
Models S > N

o fluid in

a
Surf1
! fluid_outs

Tpb
dT>

dP >

U-shaped Channels

/ .\>Models
N

5 Thermal

36



Battery Pack Design
Electrical & Thermal

Current
Source
@ Cot Posowe Terminad e Dusbor (electiica) Cannecoon) S E— I batteryCurrent
& Col Negative Teminad @
Battery Module Design )
* * ’ . 1. Open custom Battery Module librany |
" 19 ser . ted ol ot cwiny
;:-::::; ;:—w;:%*“;;:':q:‘ e ————— ‘f:.:l...,., 2. Leam more about the Battery Module library L
, Bl = 1507 - ) =
; simulation contral E
: socle N A e
v sigral
Te ‘@3 a0 THE BN Amb fiz} =10
f veabiony 20C lim  smStep lwsoc ] 0.01 | low Limit SOC Salver
| Bmp Configuration
CETAILED MODEL
SimSieg_uppSoc 0.99 [ upp Limit SOC -
)
del T
simStop_maxT (4— 373 | max T (K) BalienyModule _
- — =t
(- M
BOTTOM COOLANT PLATE . . =
" 5T \L St 41— P Amb —
LU ALDL DN 2 pines
. pasted
-\JWW together Batteny Module Design_Daks.mat Iq—qq_ WK
Two (stampad) sheet metal plates
pasted together to form cooland anitP
channeds; The {external) space around a B Codl e
the channels is flled with o material of
same thermal conductivity as the metal plate - -
37



Example — Thermal Runaway
Simscape Component

let

fl)=0 % Check if temperature 1limit for thermal runaway initation reached

% If reached, calculate cell abuse heat

triggerTcrossed = (T==triggerT); % © or 1 (Qabuse valid)

Qabuse = triggerTcrossed*mass*sp_heat*tablelookup(cell_Tvec, ...
cell _dTdt, T, interpolation=1inear,extrapolation=nearest);

% Check if all reactants in cell have been consumed

% If yes, no more abuse heat generation

% No burning or phase change of cell material considered

cellDead = (alpha==maxAlpha);

alphaRate = (unityDummy-cellDead)*(Qabuse/(rxnHeat*activeMass));

Plat ow ——®¢  [0]
[T] T

Solwer
Configuration

Ambient

mcp —mCp
% Calculate extent of reaction and cell abuse heat

alphaRate == alpha.der;
Q + (unityDummy-cellDead)*Qabuse == frac * mass * sp_heat * T.der;

end
Energy Balance Equations

Heatar Cra

' T—oe—p{ [T]
o bl

¥ —bm—w{ [ALP]

Tamipsralice Tinz ¥

h
LIV
| LRI RPTe

Thit f—=thk

Controls

HeaterPowerToCell

Calculate heat load due
to cell abuse reactions
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Battery Pack Design Examples
Thermal Management

- Analyze cell-to-cell temperature gradient and devise thermal management
strategies, robust BMS

\—» Rattery state Pump power

[
& 7]
7 N B
Pack input | data Current Oz | Qe MH!' Current
Fmal_ﬂanageme'—.- DC FiwR & ElwT @ Source
_ Batte
[ambient || Ambient Input Data Split Pacg %% a2 Pezo W) | Power
Plot Data J\
|coolantTemp —| Coolant_T e | G | '_ A +
Batlery Contol 5 g <]
|
— fix)=0
R <S0C s i
- <S0C (mindmax)=> > B Solver

<T {mindma)=

Ability to track different weak/strong cells in the entire pack and design robust strategies for managing

temperature, electrical safety, and pack utilization from a range perspective.



Battery Pack Design Examples
Thermal Management for BEVs

Battery pack cooling strategy — single or separate cooling systems

Radiator

|
|

Condenser

o =
T WO S S I

cold waathar

bcoc

Q Heater . Evaporator E :]

T = ®

c

=i

Charger Motor Inverter

Measurements




Model Degraded Battery Behavior

- Model age-related degradation
of battery performance
— Specify dependence of

other battery parameters
on the charge-discharge history

— Specify calendar aging

i

= Battery
(Table-Based)

)

Block Parameters: Battery (Table-Based)

Battery (Table-Based)
Settings  Description

*
Auto Apply @

Selected part
Main
Dynamics
v Fade
Fade characteristics defined by
v Calendar Aging
Modeling option
Internal resistance calendar aging
Capacity calendar aging
Thermal
Initial Targets
Nominal Values

<click to select>

Lookup tables (temperature dependent) ~

Tabulated: time and temperature v
Enabled v
Enabled v
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Simscape Battery Capabilities
Battery Management Algorithms

HE Simulink Library Browser - O X

earch.. v/ ~|BE-T~- |+ @

Simscape/Battery/BMS/Estimators

= Charge and discharge

~ Simscape

A PackCurren| t "
. . Foundation Library R - soc b
CellVoltage - N current N =
- A R
CC-CV, current limits O~
v Battery 4 pe soc P
N i
. v BMS Y mnitialsoc rob Y Initialsoc
= Estimators Cell Balancing
Curren t Management SOC Estimator SOC Estimator
Estimators (Adaptive Kalman Filter) (Coulomb Counting)
— S0C, SOH \
] J|PackCurrent

] PrOte Ction E:flers Y cormremperatur ﬂ soc P fTEmperature |j_||___| soH P
— Current, voltage, and temperature monitor

— Fault qualification

- Thermal management
— Coolant and heater control

Thermal

SOC Estimator
(Kalman Filter)

batt_BatteryManagementSystem_tuned =

———Pump

Tk
Battery Management System

ToBat

OFELE®| o{d

Cmd[¢—=o
1
BMS [¢4——

= Support for C-code generation

Battery
Pack

Charger
Ccicv




P eATV * - Simulink
SIMULATION DEBUG

Ifl:'l:l [ Open ~ (i
8s EE
New ave Library
~ & Print ~ Browser
FILE LIBRARY

MODELING

FORMAT APPS

El Stop Time @ ®
sgral | 7|Nemal  ~] o q

Table Hg Fast Restart Back -

PREPARE SIMULATE

>

Step

Forward

Data Logic
Inspector Analyzer

Bird's-Eye

Scope

Simulation

Manager

REVIEW RESULTS

-

Library Browser

N

Library Search Results

Model Browser

» Motor Control Blockset
» Motor Control Blockset HDL Support
b Mavigation Toolbox
» Phased Array System Toolbox
b Powertrain Blockset
» Radar Toolbox
» Reinforcement Learning
» Report Generator
» Requirements Toolbox
» RF Blockset
» Robotics System Toolbox
» Robust Control Toolbox
» ROS Toolbox
» Sensor Fusion and Tracking Toolbox
b SerDes Toolbox
p SimEvents
¥ Simscape
» Foundation Library
p Utilities
¥ Battery
v BMS
p Cell Balancing
p Current Management
* Estimators

Referenced Files

50C Estimator

P Protection
p Thermal Management
» Cells
p Cyclers
» HIL
» Thermal
Driveline
Electrical
Fluids
Multibody

v wvw

-

} Simscape Multibedy Parts Library
b Simulink 3D Animation

» Simulink Coder

» Simulink Centrol Design

p Simulink Design Optimization

¥ Simulink Design Verifier

p Simulink Desktop Real-Time

» Simulink Extras

b Simulink Real-Time

b Simulink Test

{Adaptive Kalman Filter) (Coulomb ¢

L_H{p*

S0C Esti

batt_sl_lib/Estimators/50C Estimator (Coulomb
Counting):

This block implements battery state-of-charge estimation
using the Coulomb counting method.

For discrete-time simulation, set 5ample time to a
positive value or -1 to inherit the sample time. For
continuous-time simulation, set the Sample time to zero.

» Simscape Multibody Contact Forces Library
b Simscape Multibody Multiphysics Library

|ATY

F
=f
(&=
O

[Pa|eaTv »

WUy

refifel

RefSpd

SOC

SOC:1

current L

xls, .xIsx or .txt file (200 seconds, Cyclic)

P Ref Speed

4
Jopadsuy Apsdong

Transmission

+1

P Obtained speed

Battery

+
Brake

f(x) =0

Motor and Drive Control

-

30C 1

>

Ready

150%

auto(odeds)



Additionally use neural networks to estimate SOC

voltage —
current ——{ NN —— SOC
temperature ———

How to Estimate Battery State of Charge

Using Deep Learning

v S Vol Bonbnsin - L T - LB C e

Part 1: An Introduction to Battery State of Charge Estimation
Get an introduction of battery state of charge (SOC) estimation, including a review
of using neural networks.

Part 2: The Experiment Using Neural Networks
Discover the experimental process involved in training and testing the neural
network.

Part 3: Neural Networks for SOC Estimation

Explore the theory and implementation of the deep neural network used in this
study; motivation and tradeoffs for the utilization of certain network architectures;
and training, testing, validation, and analysis of the network performance.

Part 4: Training and Prediction in MATLAB and Simulink Implementation
See the neural network training process and the Simulink implementation of the
method.
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Simscape Battery
Examples

= Build Model of Battery
Pack with Cell Aging (link)

= Thermal Analysis for New
and Aged Battery Packs (link)

= Peak Shaving with Battery
Energy Storage System (link)

= Build Model of Battery
Pack for Grid Application (link)

= Protect Battery During Charge
and Discharge for EV (link)

= Build Model of Battery Pack
with Cell Balancing Circuit (link)

Build Model of Battery Pack
with Cell Aging

Thermal Analysis for New
and Aged Battery Packs

Peak Shaving with Battery
Energy Storage System

Build Model of Battery Pack
for Grid Application

R

'y | Bwichz

......

Build Model of Battery Pack
with Cell Balancing Circuit

Battery Command
BatRelay

ChgRelay

DchgRelay

Protect Battery During
Charge and Discharge for
Electric Vehicle
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Generate C/C++ Code From BMS Algorithm Models

BMS Algorithms

[Current]

[Cell_Voltages]

Cell_Temperatures]

Current
S0Cs

Cell_Voltages

S0OHs
Cell_Temperatures

[S0Cs]

[SOHs]

I

S0C_SOH_Estimation

[Current]

[Cell_Voltages]

Cell_Temperatures]

[SOCs)]

[SOHs]

Current

Cell_Voltages Current_Limits

Cell_Temperatures
S0Cs Current_Requests

S0Hs

[Current_Limits]

|

[Current_Requests]

Current_Power_Limits_Calc

[Cell_Voltages]

Cell_Temperatures]

Contactor_Status]

[Isolation_Status]

Cell_Valtages Balancing_Enable

Cell_Temperatures

Contactor_Cmd
Contactor_Status

|zolation_Status BMS_State

State_Machine

[Cell_Voltages]

Balancing_Enable]

[Charger_State]

[Inverter_State]

0 UG (o

Cell_Voltages
Balancing_Enable
Balancing_Commands

Charger_State

Inverter_State

[Balancing_Enable]
[Contactor_Cmd]
[BMS_State]

lancing_Commands]

X

] & Find: | | 4 v Match Case
Contents 8 if (((uint32 T)State Machine DW.temporalCounter i3) < 15U) {
S:a:eiﬂachineiDW.temporalCounteriiB = (uin:SiT)((in:BZiT)(((in:327T)
State Machine DW.temporalCounter i3) + 1));
Summary } = = -
Subsystem Report if (((uint32 T)State Machine DW.is active cZ State Machine) == QU) {

Traceability Report

Static Code Metrics Report

Code Replacements Report

Highlight Navigation

Previous Next

State Machine DW.is active c2Z State Machine = 1U;
State Machine DW.is MainStateMachine = State Machine IN Standby:
*rty BMS State = 07
State Machine DW.MonitorCurrLimMode = MonitorCurrLimModeType NoCurrLimFault;
State Machine DW.MonitorCellVoltageMode =

MonitorCellVoltageModeType NoCellVoltFault;
State Machine DW.Delta = (realBZiT)fabs((real T)((realBZiT)

Generated Code

[-1 Model files
State_Machine.c (16)

Machine.h

State

State_Machine_private.h

State_Machine_types.h

[+] Shared files (3)

Balancing_Logic

e

»

T,E ((*?tu Pack7Voltage) - sum gyOCKAG3(rtu Cell Voltages)))):
402 State Machine NW.FaultPrecent = faloe: - -
State_Machine || View All
State Machine » T3 State Machine v Q
] [ = O
C—ii [E— N
[ J N —
l ) i
C— ) 1 C_—
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MathWorks AUTOMOTIVE CONFERENCE 2022

Agenda

Determine battery pack size to meet system-level targets
Design and analyze thermal management systems
Develop control systems

Realize digital twin and predictive maintenance applications
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How are Digital Twins used?
By logging data from the deployed assets

= Does the system perform as advertised?
— Operation: must operate for 3-4 hours in the morning and 3-4 hours in the afternoon
— Charging: battery must fully charge in 30 min (at lunch time)

- What is the effect of ambient temperature on the system?

— Ambient temp ranges from -10 to 35°C over the year. How does this affect system
performance?

- What is the actual duty cycle based on operational data?
— Power used during operation vs. charging
— Total number of charge / discharge cycles
— etc.
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Digital Twin?
A definition

“A digital twin is an up-to-date representation, a model, of an actual physical asset in

operation. It reflects the current asset condition and includes relevant historical data

about the asset.

Digital twins can be used to evaluate the current condition of the asset, and more

importantly, predict future behavior, refine the control, or optimize operation.”

https://www.mathworks.com/discovery/digital-twin.html
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Why Digital Twin?

Business value & motivating factors

= Do things better: Optimize your customer’s experience

« Anomaly detection « Operations optimization
* Predictive maintenance * Fleet management
« Asset performance management < Feedback to design

= Do new things: Evolve business models and opportunities

Sell a system Selling a system’s operation
(capability as a service, etc.)
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Sample use case:

x 4+

& | mi-wwilsonudhcp.mathworks.com:S fwebapy

~ Full Electric Material Handler Dashboard ~

Configuration CerentState | Daiy Summary — Time Sefies View | Aggregation View  Emors  Charge History  Operating Mode
Timespan of interest

Begin Date Unit No. 23
05-Apr-2022 v Overa" System Health
(Last 7 Days)

End Date

Load Sample Data

-t Tuesday, 29-Mar-2022 through Tuesday, 05-Apr-2022

Fleet Detalls

Seloct Sorial Number

[

Status Throughput SoH
O Normal Operation 3,461 Ah 96.3 %

-L..:il‘.:v.'. LJI:I-\

100
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Workflow for Digital Twin

Create a model with required physics or fidelity

\ ]

Keep the model up-to-dated as per the real
system (asset)

\ ]

Use simulation to create/tune algorithms for
predictive maintenance

\]

Deploy on cloud or edge devices

\ ]
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Step 1: Create a model with required physics or fidelity

Choosing a model strategy is a function of what you have and what you know

Physics-Based Data-Driven Al-Based

* Dynamic models of systems/components * Kalman estimator  Machine Learning
» Electrical, mechanical, algorithms, etc. « System identification  Deep Learning
« Can integrate models from other tools, e.g., FEM * Regression * Reinforcement Learning.

= Factors in selecting model strategy
— What does your application need?
— Do you have knowledge of system’s physics (or only historical data)?
— Who has the expertise needed to build the model?
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Step 2: Keep the model up-to-dated as per the real system (asset)
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Raw Log Files
Cloud based data preprocessing pipeline

: AWS
MATLAB running on a

32 core machine
Cgﬂgb Logger data e —— . CZG;-} Preprocessed

dat
Vehicle Network Toolbox e
Parallel Computing Toolbox .parquet files

Implementation Details

.MF4 files « Source and destination s3 buckets are different

I Credential management

' Data logger \
FoUll R
| |

Machine / vehicle in use

o Cloud based compute and parallel computing sped up the work
Leverage compute when you need to

e Run MATLAB on a Windows machine
Needed this for file specific functionality



Use Parameter Estimation to update the models

Ry
_.p\/\/v\,_
Ro
— *—A/ \V\N—
L
Oe, & l
| model (E,,R,R,,C;)

Experimental setup



Step 3: Use simulation to create/tune algorithms for predictive
maintenance
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Simulate to Set Expectations
As internal resistance increases, what should we see?

: %1%
Internal Resistance - R = —

ol
Synthetic Data

3.9

385}

a7 r
s s ..
-

Slope change

3457

-15 -10 =5 [} 5 10



Incrementally fit data based on voltage values

Bin data by SoC

selection

=

[E—
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|
1
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| | | | |
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Internal Resistance - R =
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Initial results on a subset of data
Internal resistance as a function of SoC and Temperature

3_

. 1Y
Internal Resistance - R = Py
] 25
Discharge
S 2
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Next Steps for Modeling Work

Strategy and planned next steps

= Understand system behavior over time
— How does internal resistance change over time?
— Can we detect degradation in power output over time?

- Battery cell performance parameters
— Internal resistance so far (power), capacity next (energy)
— Combine internal resistance and capacity learnings into a SoH story

= Feature Engineering + Al modeling & Automation
— Cloud based parallel computing (“Thinking out loud on the cluster”)
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Summary

Determine battery pack size to meet system-level targets
Design and analyze thermal management systems
Develop control systems

Realize digital twin and predictive maintenance applications
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Join us for webinar on
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