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Virtual Vehicle Development is Growing in Complexity

= Companies are deepening virtual development

THE FASST “ONE CLICK" SYSTEM MODEL BUILD

GitHub

Cloud-Based
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Version Control

ECU Architecture

7@\ Ford Automated System Simulation Toolchain
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Increasing reliance on system-level simulation for
development

Reducing scope of physical prototypes towards
confirmation and final validation

Focus on powertrain, vehicle dynamics and ADAS / AD

Virtual
Validation

Virtual
Prototyping
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Virtual Integration

Simulation framework for highly autonomous trucks
Simulink as the simulation integration platform
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Ford: Build Virtual Vehicle in minutes

GM: Autonomous parking development Bosch: Autonomous truck development>



https://www.mathworks.com/videos/low-velocity-maneuvering-development-with-the-mathworks-toolchain-1622124103577.html
https://www.mathworks.com/videos/model-based-agility-with-ford-automated-system-simulation-toolchain-fasst-1592849717839.html
https://www.mathworks.com/videos/simulation-framework-for-highly-autonomous-trucks-in-a-logistics-centre-1622072544411.html

4\ MathWorks

Virtual Vehicle Development is Growing in Complexity

= Companies are deepening virtual development

— Increasing reliance on system-level simulation for
development Virtual

. | Bt
— Reducing scope of physical prototypes towards rotohyping
confirmation and final validation

— Focus on powertrain, vehicle dynamics and ADAS / AD

-« Common challenges

Virtual
Validation

v

Virtual Integration

Access to “right level” Integration of both Deploying models to

fidelity models across physics and software users who aren’t tool
organization models experts
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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
Subsystem Libraries Reduced Order Models Open Standards Data Analysis
Modeling Guidelines FMU Integration Drive Cycles Report Generation

Cloud Integration
Datalake Integration
HIL Deployment

Value proposition:

= Proven tools for modeling
of physics and software

» Reference applications

I‘E

for reduced time-to-
simulation

=  Common platform for
model reuse

Battery pack
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= Solutions for large-scale

modeling and simulation
Flexible platform for
growth / new use cases
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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 ...

) 700 kWh o 95 kWh




Introduction to the Customer

Abhisek Roy
System Engineering

Objectives

System Architecture

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

Target:
* Range estimation and component sizing

Test Case:
» Effect of Environmental and cabin conditions on Range,
 Different Drive cycles- MIDC/WOT

4\ MathWorks



=
o

—_T

I S

Perform detailed battery
design studies

Perform detailed Motor
design studies

Perform HVAC studies
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Objectives

Component-Level Test Cases:

» Battery Thermal Behaviour

* Motor-Inverter Thermal Behaviour

* HVAC for refrigeration performance

System-Level Test Cases:
* EV Thermal Management

Sree Varshini
Head of COE’s
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W\ System-level models
‘vehiclerange, battery g
(> and costs

System Architecture

o quantify
erformance,

N

Perform detailed battery
design studies

Perform detailed Motor
design studies

Perform HVAC studies
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Source Control

@\ MathWorks:

System Architecture

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

and costs

!

'To support collaborative development
practices

=

Battery Team

Perform detailed battery
design studies

E-Powertrain

Vehicle Test Cases

est Case:
Effect of Environmental and cabin conditions
on Range, Different Drivecycles- MIDC/WOT

Perform detai

Thermal Management

led Motor

design studies

Perform HVAC studies
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Virtual Vehicle Composer App Offers Uniquely Flexible Solution

type

2. Parameterize
[ subsystems

A MLk

1. Specify model

3. Select test

scenarios

< Generate
model

5 Cuslomize as

needed

Battery Team

| Perform detailed battery

o Mtk

Simulate Battery Thermal Behavior BS

Teday’'s aim is to show how you can use Simscape Batlery to

2. 5ot upa liqusa
cooing eyutem |

“Taat pack Dehavior
Inafask-charge |
acenarlo
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System Architecture

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

and costs

Test Cases

System-Level

= AC-on/off-Humidity/Temp/Elevation
= AC-on/off-Humidity/Temp/Elevation
= Different Drive cycles- MIDCANOT

Component-level
= Battery Thermal Behaviour for Fast Charing
= PMSM controller simulation for performance

= EV Thermal Management controller performance

E-Powertrain

_—
—*
=

Thermal Management

r

E-Powertrain

| Perform detailed Motor |

Electric Vehicle Thermal Management
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Virtual Vehicle Composer App Offers Uniquely Flexible Solution

4\ MATLAB R2023a - a 5
B 4 309 (2) @lSearchD oooooo tation .D
a a ¥ B @ FS
Design Get More Install Package Curve Fitter Optimization PID Tuner System Wireless Signal Analyzer Instrumen t SimBiology SimBiology MATLAB Coder  Application M .
App Apps App App Identification ~ Waveform Gen... Control Model Builder ~ Model Analyzer Compiler B 1 S p e C Ify m O d e I
FILE APPS A :
s EHRE » C:» Temp b .
Current Folder ® || Command Window ® ty p e
Name ~ New to MATLAB? See resources for Getting Started. X
Archive f’Q 5>

2. Parameterize
R subsystems

3. Select test
scenarios

4. (Generate
model

5. Customize as
needed
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Root Level

"i EvReferenceApplication - Simulink

SIMULATION DEBUG MODELING FORMAT APPS

m EII]: Y Open ~ gg Stop Time qg \E} HD - ﬁ

Project Step T Step Data Logic Bird's-Eye | 7
- ~ B4 Print ¥ Browser Table B@ Fast Restart Back - Forward Inspector Analyzer Scope
PROJECT FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS =
RS EvReferenceApplication i
&
2| ® EvReferenceApplication 4 A
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2
— Environment »
=]
‘ >
>
O ‘ —
Longitudinal Driver Passenger Car
Controllers
Variant Selected: Powertrain Blockset
i Analyze Power and Energy Toggle To Help
Simscape Electric Plant
-] Copyright 2015-2021 The MathWorks, Inc.
» |8
Ready 111% ode23tb
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Root Level Model

1. Settarget speed and ambient conditions

|

‘ Environment I

CTPTS (2474 seconds})

%E%
H

Longitudinal Driver

o ©

&\ MathWorks

Controllers

Passenger Car

Visualization
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Root Level Model

1. Set target speed and ambient conditions
2. Set brake / accel / shift commands to achieve target speed

Environment >

P w
( . m Visualization

§

\e

> L%
]

k Longitudinal Driver

4

FTP75 (2474 seconds)

P Passenger Car

Controllers
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Root Level Model

1. Set target speed and ambient conditions
2. Set brake / accel / shift commands to achieve target speed
3. Set lower-level control commands (e.g., engine / motor torque)

Environment >
1 y “ pd » p(} m Visualization
' ‘ I\ - -
I | T o
|l -

|

FTP75 (2474 seconds) L]
Longitudinal Driver

4

Passenger Car

Controllers
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Root Level Model

Set target speed and ambient conditions

Set brake / accel / shift commands to achieve target speed
Set lower-level control commands (e.g., engine / motor torgque)
Calculate vehicle response

Environment —P
I ] i L od . pf:. m Visualization
‘ ' ‘ | Illllllll: o _-h
| -T
|l

A

4

FTP75 (2474 seconds) L]
Longitudinal Driver

Passenger Car

Controllers
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Root Level Model

a A W b=

Set target speed and ambient conditions

Set brake / accel / shift commands to achieve target speed
Set lower-level control commands (e.g., engine / motor torgque)
Calculate vehicle response

Report results

Environment

ht

FTP75 (2474 seconds)

Longitudinal Driver

o ©

&\ MathWorks'

Controllers

Passenger Car

Visualization
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Battery Sizing and Performance Analysis

Q"

Range

= How should I resize my battery?

Input different Change Design Measure Dynamic Calculate
Scenarios Parameters Response Metrics
» Drive Cycles « #Cells * Vehicle Speed « Est. Range
» Initial Battery Charge * Motor Size + Battery Temp * Fuel Consumption
* Ambient Temp * SoC est. technique * Motor Current

18
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Component sizing problem statement

- Goals:

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

= Constraints:

— Meets typical driving demands

— Reasonable BEV range

— Reasonable acceleration

= Design Variables:
— Number of battery cells in parallel (Np)
— Number of battery cells in series (Ns)
— Gearbox ratio (Nd)
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Component sizing problem statement

= Goals:

min f(x) = w,*ECR + w,*Cost
ECR = Energy Consumption Rate [Wh/km]

= Constraints:

g,: DriveCycleFault <0
g,: Range > 400 km
O3: th.100 < 8 SEC

= Design Variables:

X;: 20 < Np < 50 (Integer)
X,: 320V /3.6V < Ns < 600V /3.6V (Integer)
X5: 2 < Nd < 10 (Continuous)
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Running simulations as a function call

function [f, g, ECR, cost] = RunEV{Np, Ms, MNdiff, model) '\"J'
% RunEV runs a series of EV sims for a given set of parameters Run

% Do some internal calculations D@ Fast Restart r

[y
(=]

[ S T S S T N I
00~ O 1 B M =@

P
o

batt_energy = (4.8*Np)*(3.6%Ns)/1000; % 4.8 Ah/string, 3.6 V/cell SIMULATE
mass = 1258 + batt_energy/145%1000; % 145 Wh/kg
cost = 125 * batt_energy; % assume cell cost of $125/kk.hr r{ . —
Irifo <CumFaulTimes = —
% Create Simulation Input object to store temporarv parameter overrides a:Fail: >
in = Simulink.SimulationInput(mode] 31 % Run @-100 kph test | VelFdbk
in = in.setVariable('PlntVehMass', | 32 in = in.setVariable('DCidx', 2);
in = in.setVariable('PlntBattlumCe]l 33 in = in. setModelParameter( 'StopTime', '20");
in = in.setVariable( 'PlntBattNumCel 34 simout = sim(in) RefSpd
in = in.setVariable('PlntDiffrntlR: 35
36 % Post-process WOT result 5 Multiport
% Run WLTP drive cycle 37 logsout = simout.get('logsout'); Drive Cycle Source Switch
in = in.setVariable('DCidx’, 1); 38 v = logsout.get('Vehicle Speed [m/s]').Values; WLTP Class 3 (1800 seconds)
""_‘ 3= Mar‘ameter{'StopTims 9 try
simout = sim(in); 40 id = find(v.Data>@.1,1, first'); B
% Post-process WLTP result 41 1.:9 = irjter"pl(v.Data(id—l:irjl),.v.T'%me(id—l:id),EJ.l);
logsout = simout.get(' logsout'); 42 id = Flr}d(v.Dataﬂ?.??E.%,l, flr“st ),: . . o
DCerror = logsout.get('DCFaultTime 43 t108 = interpl(v.Data(id-1:id),v.Time(id-1:id),27.778);
DCfail = logsout.get('DCFail’).Vall a4 te_10e = tlee - to;
bp = logsout.get( Battery Power [W] 42 catch false |—
v = logsout.get('Vehicle Speed [m/s 46 te_100 = 10e;
% Energy consumption rate in [W.hr/ 47 end wor ‘R&
ECR = trapz{bp.Time,bp.Data)/3606/( 48
range = batt_energy / ECR * 1@@0; 7 49 % Assemble results into objective and constraint values
58 f=[1; g = struct();
51 w=[0.5, ©.5]; % relative weights for the objectives
52 s = [150, 6258]; % scale factor to normalize objective terms
53
54 f = ECR*w(1)/s(1) + cost*w(2)/s(2);
55 g.DCerror = DCerror*DCfail; % total drive cycle fault time (or @ if passed)
56 g.range = 300 - range; % range > 300 km
57 5.1100 = t0_100 - 8.9; % t0_100 < 8.0 sec
°8 21

59 - end



Optimization Results

_ _ Optimized
06 improvemeny

Energy consumption 151 o <15 14.4 (-4.6%) 0

[KWh/100km]

Cost [€] 6428 €9 <7500 7232 (+12.5%) (2
Range [km] 340 @ >400 401 (+17.6%) (2
Acceleration time ty 00 [s] 7.14 €2 <8 8.0 (+12.0%) 2
Gearbox ratio Nd 9 5.05

Cell configuration 96s31p 108s31p

Bus voltage [V] 345.6 388.8

Capacity [kWh] 514 57.9

4\ MathWorks

5 Best: 1.05925 Incumbent: 1.18104 Current: 0.975026
i |
Best (Infeas)
Incumbent (Infeas)
181 v v ¢ Initial Samples (Infeas)
v Random Samples (Infeas)
v «  Adaptive Samples (Infeas)
Surrogate Reset
4 - 3 Best

< -

* Incumbent

VvV  Random Samples

16T

141 * o =  Adaptive Samples 7Vv

Objective Function

06 I} 1 1 1 1 I} 1 1 1 J
0 20 40 60 80 100 120 140 160 180 200
Number of Function Evaluations

Performed 200 function calls (~2,5 hours)
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System Level Test Cases to be performed

System-Level

= AC-on/off-Humidity/Temp/Elevation
= AC-on/off-Humidity/Temp/Elevation
= Different Drive cycles- MIDC/WOT

4\ MathWorks
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Simulate Battery Thermal Behavior

Today’s aim is to show how you can use

1. Build an
electrothermal
pack model

2. Set up aliquid
cooling system

to:

3. Test pack behavior
in a fast-charge
scenario

&\ MathWorks
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What is Simscape Battery?
Overview

= Add on product of Simscape

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

= With Simscape Battery you can
— Test packs for electrical & thermal requirements
— Test BMS algorithms

4\ MathWorks

Battery
52 §¢ 52 52 52
L Simscape J

Ok mE 4y E

v @ E

batt_BatteryManagementSystem_tuned

Pump

ToBat
—»S

Battery Management System

Cmd¢—*

BMS [¢—

— Charger

CC/CV
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Testing the Limits of a Battery Pack
The pack we will use today

2"d module

1% Module 3'Y module

- The thermal and electrical modeling will be -

applied on a previously-sized battery pack
— 3072 cylindrical cells (21700 format)
— Electrical scheme 96s32p
— Cell are disposed in 4 modules
— Installed energy: 50 kWh

- Generated from an optimization study for a
mid-size electric sedan (400 km range)

26
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Scaling from Cell to Pack and performing Electro-thermal analysis

1. Cell Modeling 3. Battery Pack Design

Eectic Cal 1w Eahary Fack
Eguwatinl Crout Mot

[Fy R, C,] = NS0OC, Tempecature,..)

2. Cell Parametrization 4. Thermal Management System Design
P Y e—— O ~omns,
Paramet=zing !'t'Cel Mode! Modelng P Theomal Betavitr of the Batinry Pack
Two possise casos for AC ook [, R, R, | pacarertason Palh %0 arvdiern Path i3 cooling plate Irtar ol palh
Loth 4 W0bies (e hnown [EEC Snplamasmine
Lotk up et P e eslvvaiod N
i ey B .,F,fl»a -
,_] wu.r. ' \ % -~
r"f IRl IRl sal— ]
o o (o
= | o]
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Understanding the Cell Model
Multi-domain physical model

Multi-domain physical model

Electrical cell model
— Cell described with an RC circuit
— Different levels of detail available

Thermal lumped cell model

Power losses calculated from
Ohmic losses

» Battery (Table-Based)

7))
()]
%
‘EEER
@
=
T
||
R, 1l
‘ ANAN— Cy — 1>
— AAMA—
Rl
= Rsp
- — 2 >

&\ MathWorks
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https://www.mathworks.com/help/sps/ref/batterytablebased.html?searchHighlight=Battery%20table%20based&s_tid=srchtitle_Battery%20table%20based_1

Understanding the Cell Model

Multi-domain physical model

4\ MathWorks

15
Block Parameters: Battery (Table-Based) X 16 nodes
17 H = foundation.thermal.thermal;
= foundation.electrical.electrical;
Battery (Table-Based Auto Appl = P ;
W( ) s PPy o 19 n = foundation.electrical.electrical;
= S 20 end
Settings Description B
22 equations
| 23 % Implement custom equations here
Selected part <click to select> . end
25 e_nd
~ Main
> Vector of state-of-charge values, SOC [0, .1,.25,.5,.75, .9, 1] < 1x7 double>
A I
= Pre parametrized cell
= MOLICEL INR 21700 PB4 —
1 component (Propagation = blocks) Custom_Cell
. . 2 % Custom cell
3 % Add description here
. Imple moadel, N0 adynamics s parameters
5 % Assign custom parameters
6 end
7
8 variables
9 % Assign Custom variables
1@ end
N - 11
Dynamlcs 12 outputs
13 % Assign custom outputs
> Fade 14 end
15
> Calendar Aging 1s nodes
17 H = foundation.thermal.thermal;
S 18 p = foundation.electrical.electrical;
Thermal 19 n = foundation.electrical.electrical;
.. 20 end
> Initial Targets 21
22 equations
> Nominal Values 23 % Implement custom equations here
24 end
| 25 end
==

» Battery (Table-Based)

29
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Parametrizing the Cell Model
RC circuit parametrization

Two possible cases for RC circuit (E,,, Ry, R;...) parametrization:

= Look-up tables are known

= Look-up tables must be estimated
C, _____4‘|II’______
II Y Y

I:\)0
— V'V Vv N _
A rR |- Simscape model
/./, /\/\/\/\/ «\‘\'\'\ (Em’Rl’RO’Cl)
n ./' } ,\. \‘\A\‘
<>Em | |
R1in | SOC | sSoc | soc soc V \V/
Q |100% | 90% | 80% | 0% model real
5°C _
L 0°C New Iteration
e Done

30
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4\ Parameter Estimator* - batteryParameterEstimation — ] X
I PARAMETER ESTIMATION VALIDATION ITERATION PLOT 9
j ﬁ Ei, E E E] E‘L E‘i Cost Function: Sum Squared Error ~ D
Open Save New Select Select Sensitivity | Add Plot Plot Model | @ More Options ~ Stop
Session ¥ Session ¥ | Experiment Experiments = Parameters Analysis « v Response Estimation ~
FILE EXPERIMENTS PARAMETERS PLOTS OPTIONS ESTIMATE a
Parameters Experiment plot: synthData EstimatedParams
Em
synthData
RO V out EstimatedParams
R1 42 = 60 r
Measured Em
— Simulated
tau1 al 4 RO
- —e&—R1
— 50 —&— tau1l
Experiments 38} o 1
synthData B
36 . .
40
347t
@
o 3.2 )
= =]
£ T 30
Results Q Current =
E o -
<
5t
20
10
15} )
Preview 20t 10
-25¢
-30 ; 0 : !
0 1 2 3 4 0 _ 8 10
Time (seconds) «10% Iteration
I4

» Estimate Battery Parameters 31
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Building a Battery Pack within a Few Minutes

with the Battery Builder App

Implementation
= 3072 cells disposed on four modules
= Electrical scheme 96s32p

0.08

-1.5

1.5

» Battery Builder

4 Battery Builder

BATTERY BUILDER BATTERY CHART

&y gp Cell
o Parallel Assembly gp Pack

&P Module

FILE CREATE

Import
-

¥ Battery Browser
v Cell

ExampleCell

~ Parallel Assembly

ExampleParallelAssembly

~ Module

ExampleModule

~ Module Assembly

ExampleModuleAssembly

~ Pack

ExamplePack

¥ Battery Hierarchy

Cell (ExampleCell)

(v)

4\ MathWorks

4\ MATLAB R2023a

HOME

@ 668 a

Design Get More  Install

PLOTS

Package
Apps  App  App

FILE

App

PROJECT  PROJECT 5HO...

Eattery Builder ) Flexible Body Cun

Madel Builder
APPS

4P Module Assembly | _

‘(] Duplicate

BROWSER

Selected Battery

y: Lateral direction

o

Export
-

EXPORT | LIBRARY

ExampleCell (& @) ()

z: Vertical direction

0

0.01
-0.02 0,02

x: Forward direction

9 Cell Properties V]

» Read-Only Properties
v Identifier

v Geometry

» Cell Properties
» Parameterization
» Cell Model Options

)
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Finding the Tradeoff Between Calculation Speed and Precision
Choosing the right model fidelity for the pack

Detailed Grouped Lumped

Implementation

Selected a Grouped model resolution by
dividing each module in four cell groups.

Simulation Strategy |

|

0.08 +
0

i+

H——}+

l -15 15

» More to Model Resolution

33
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Finding the Tradeoff Between Calculation Speed and Precision
Choosing the right model fidelity for the plate

Lumped plate

Implementation

The plate was discretized in a 4 by 4
layout as shown below:

Discretized along X & Y

=
=

34



Simulating Fast-Charge Behavior
Understanding the model implementation

b

CoolingSimple - Simulink = a X
SIMULATION DEBUG MODELING FORMAT APPS o (v)
= dy 3 0pen ~ EE Stop Time - ] =0 R —

Project | New &l save ~ Library Signal i \‘Nmma\ ) Step Run Step Data Simscape Logic Bird's-Eye Simulation i
= ~ B Print v Browser Table o Fast Restart Back « = Forward Inspector Results ... Analyzer Scope Manager
PROJECT FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS -
« batteryCoolingSimple
® @battewCoclingSlmple » hd
@ Battery Pack [Control algorithms
" |
= —1— ]
LOF :
[ B icel —»—
&
O yclesCell F—#—]
socCell Ly
-—“|. C Rate Control S
>
peratureCell
5
T S
- 2 E vcel —»—]
\ < [ [
J MbduleAndPlzte »|  Coolant flow control ~ |——
& £l
[ Controlled flow rate
A
)
M f(x)=0
- < controlledFlow = Solver
L] Configuration
[-H
» § E; ]
Ready 117% daessc

;- Q Search

&\ MathWorks
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Simulating Fast-Charge Behavior
Results

<
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E-Powertrain o I S N

Ea00f 1

= Reference

-i ——— Measured

a 200 + .
0 | . ) | 1 . | .

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1

Motor torque
30 T T T
o E20
mess 4—{ T Jo Three-Phase PMSM Drive with Thermal Model €
, Z08 1. Plot speed of motor (see code) 10
= rpm ¢ 2. Plot temperatures of motor (see code) 2
ZOH2 3. Explore simulation results using Simscape Results Explorer
v i ._G 4. Modify model parameters 0
r 5. Learn more about this example L : :
oml Pmomconboner | ZoHn 0 01 02 03 04 05 06 07 08 09 1
Copyright 2013-2023 The MathWorks, Inc. "
Time (s)
a Motor Temperatures
. r Y meas 256 T T T T T T T T T
— + = i ~ 2SS\
L1 a'l,u $n JMO ‘ 1R ‘GH
N \Uh, 2
H RSB *om Motor & =
o load inertia
L Three-phase . . Encoder _&k
= inverter PMSM : .
O 254+
Rotor  Winding € E)
s i ~—
A Env oA S 253
Tem ::?l:ra Temperature Thermal model Scopes o
pe Source é.
L2521

2517

25

0 01 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
Time (s)
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Electric Vehicle Thermal Management

Electric Vehicle Thermal Management

1. Configure scenario (see code).
{i} drive cycle, (i) cool down, (i) cold weather
2. Plot power consumption in the system (see code)
3. Open Model Workspace to explore parameters (see definition script)
4. Explore simulation results using Simscape Results Explorer
5. Learn more about this example

Copyright 2020-2022 The MathWorks, Inc.

fix)=0p D

K

Scenario
drive cycle

Controls

i

Radiator

|
I

Condenser

DCDC

Battery

L O

Heater

Charger

YYyyYyYywyywy

Motor

Inverter

Measurements

» EV Thermal Management System

H—

— ]
Chiller

I

Cabin

]
_—
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Drive cycle scenario shows serial to parallel mode transition

Vehicle Speed [km/hr]

Batteries
Motor

[ Condenser — - _
i i Chiller ."K: ‘e ’ L
| Evaporator [ | | | l I" — i
Radiator h "._. f—% \ f \
R B i'l'\__ J. \S—
enbl - | ™ . I - ‘g

Cabin Temperature [degC]

Heat Flow Rates [W]

Batteries IComponerl*.t Temperaltures [degf?]

DCDC
40 Charger

Cabin Motor
Environment Inverter

Setpoint 35

chiller bang-bang control | e

% [ compressor ramps up

' ' ' — when chiller is on ' ' '
\ Valve Commands/ Pump ar] Compressor Commands
. . & . .

T N T T T T
¢ 1r Radiator Condenser Fan

Compressor
Motor Loop Pump

Parallel Serial Mode 0.8

Chiller Bypass 0.6 — Battery Loop Pump
Radiator Bypass Cabin Blower

045

0.2

0

1 1 1 1 1 1 1 1 1
1000 1500 2000 5 1000 1500 2000 2500 3000




Test Cases

Component-level

- Battery Thermal Behaviour for Fast Charing
« PMSM controller simulation for performance

- EV Thermal Management controller performance

Interested to understand the performance of these subsystems when
iIntegrated with System Level Simulation!!
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Test Cases

System-Level

= AC-on/off-Humidity/Temp/Elevation

= AC-on/off-Humidity/Temp/Elevation
Different Drive cycles- MIDC/WOT

Component-level
Battery Thermal Behaviour for Fast Charing
= PMSM controller simulation for performance

EV Thermal Management controller performance

&\ MathWorks
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4\ Test Manager

4\ MathWorks

— m] X

I TESTS
— - — (£ Cut ) -~ . Eiﬂ
A H By C @ =7 1/ H[) @ 2z, Import Y a Q/l
o
New Open Save = Delete Test Spec | Run Run with Visualize Model Testing | Preferences Help
v v v % Paste v Report ¥  Stepper Dashboard v
FILE EDIT RESULTS ENVIRONMENT | RESOURCES
Results and Artifacts l \=| Ambient Temp » [ff| StartPage x  [5| Shortcircuittest x  [5| FastCharging »  [=] Thermal Runaway test
|Fi|tertests by name or tags, e.g. tags: test I -
~ (=1 BatteryPack » TABLE ITERATIONS
FI Parameter Sweep Tests \ ERATIONS

\=| Ambient Temp
[£] Relative Humidity
[5] Commanded Cabin Temperature

[5] Occupant Number

\_[E) Acor J

~ | 7] Parameter combination Tests

Lé High Ambient Temp, High Humidity
|_ij Low Ambient Temp, Low Humidity
|_ij Moderate Ambient Temp, Moderate Humidity
~ |7 Drive Cycle Tests
[5] woTt
[5] NEDC
[£] Artemis Urban
[=] Artemis Motorway 150 kmph
~ [ 7] Battery Pack specific testing
[£] Short circuit test
[£] Fast Charging

PROPERTY VALUE

» Help on creating test iterations:

%% Iterate over Iei parameter

% Set up the parameter values to sweep over
EnvAirTempValues = 273 + [ -18, 9, 18, 48];
numSteps = length(EnvAirTempValues);

% Create each iteration

for k = 1 : numSteps
% Set up a new iteration object
testItr = sltestiteration;

Lo T = o e = L S

= e
N ©

% Set value of lei (parameter in model workspace)

setVariahle(testTtr. 'Name' . 'FnvAirTemn' . 'Saurce' . 'model wo *

»
Iteration Templates Generate an iteration script using templates
LG GIWAIGI T R Show the list of iterations that will execute

+ | Run test iterations in fast restart e

=
w




| 4\ MathWorks

4\ Test Manager a X
g

ol s T 5 B P JIE % & mport [ o @

Co
New Open Save @ Copy Delete Test Spec | Run Run with Parallel Visualize Model Testing | Preferences Help
v v v % Paste v Report ¥  Stepper - Dashboard v
FILE EDIT RUN RESULTS ENVIRONMENT | RESOURCES
Results and Artifacts 4 |=| Moderate Ambient Temp, Moder... < [\ startPage x |5 Shortcircuittest x  [] Fast Charging
|Fi|ter tests by name or tags, e.g. tags: test » TAGS &
~ (=1 BatteryPack » DESCRIPTION
~ [ 7] Parameter Sweep Tests » REQUIREMENTS
Ambient Temp

+SYSTEM UNDER TEST*
Relative Humidity

][] [we] [l [

Commanded Cabin Temperature —
P Model: | TeslaModel3 muRAC
Occupant Number
AC off » TEST HARNESS
¥ [7) Parameter combination Tests » SIMULATION SETTINGS AND RELEASE OVERRIDES

[£] High Ambient Temp, High Humidity

|_ij Low Ambient Temp, Low Humidity

_—
(}' PARAMETER OVERRIDES"

L=/ Moderate Ambient Temp, Moderate Humidity PARAMETER SET / WORKSPACE VARIABLE  OVERRIDE VALUE SOURCE MODEL ELEMENT +
Prive Lycle Tests ~ . Parameter Set 1
El WoT AC_Cmd 1 model workspace TeslaModel3/Vehi...
5] NEDC EnvAbSPrs 101325 model workspace TeslaModel3/Envir...
|E] Artemis Urban
=] Artemis Motorway 150 kmph ~ | EnvAirTemp 273+25 model workspace TeslaModel3/Envir...
~ [ 7] Battery Pack specific testing ¥| EnvRelFimd 00 el TeslaModel3/Envir...
[£] Short circuit test N_Occ 1 model workspace TeslaModel3/Vehi...
[£] Fast Charging . Rec_Cmd 0 model workspace TeslaModel3/Vehi...
T_Cmd 25 model workspace TeslaModel3/Vehi... 4

PROPERTY VALUE \ o= Add v (* Refresh A Export E[i Delete




Baseline results:

30 degC

0.4 relative humidity
Cabin Temp: 25 degC
WLTP Class 3

1 passenger

4\ MathWorks
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n Data Inspector -

Q

Inspect

&/

Compare

ir Signals

NAME LI

Run 1: TeslaModel2 @
» Signals
» TeslaModel3/Range Esti
» TeslaModel3/Range Esti

thive

perties

SDIsession.mldatx

10 4

100.0 4

99.9 4

50 4
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Effect of Ambient Temperature: 45 degC

Scripted_lterationd  »  [H} StartPage x| Visualize x | [# Comparison x

M Online Range:2 (Baseline) M Online Range:2 (Sim Output) Tolerance

300 4 —| _ 1
e ~ VAVam \/\N“/ﬁ_
=0 el o~ \KU/\/\ J\ ‘/\/\‘ \/\/ \=

e— AN

200 %\/\,//\“’ I A Vo J/\ ~

Results and Artifacts

Scripted_lteration3  » [} StartPage x| Visualize x [ Comparison x

|Filter results by name or tags, e.g. tags: test

NERR

NAME STATUS

M Thermal_P (Baseline) M Thermal P (Sim Output) ™ Tolerance

4\ MathWorks

+ [£] Ambient Temp
v [I] Scripted_lteration1
» [1] Scripted_lteration2
v [I] Scripted_lteration3
~ [1] Scripted_lterationd
~ (] Baseline Criteria Result
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Effect of High Ambient Temperature and High Humidity

4\ MathWorks

High Ambient Temp. High Humidity > [ffi, SteriPage x| Visualize x Comparison

Lvle-@ k@

M Online Range:2 (Baseline) m Online Range:2 (Sim Output) = Tolerance

ELtq 2 r - — - e =
. *\I/\’*/\/\/\_\ B - JN - \/\\_,—M/_h //F\/_\_’ ™ N T P
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Offloading Serial Computations

= Job = batch(...);

MATLAB

Desktop (Client)

‘ MathWorks
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Simulation Manager

==

APPS LIVE EDITOR INSERT
=1 [z Compare Azl Mormal = = o | | Refactor~ =| Section Break b
S~ Rsaiiat. . I - 1 = H® = ER e b &
rint - ind - un an; ance
New Open Save GoTo —~ Tewt | - — 1:1 _ Code control Task Run Run Step Stop
- s ~ lmExport +  ~ [ Bookmark = SEEIE = - - o = Section P&} Run to End -
FILE NAVIGATE TEXT CODE SECTION RUN -

0 s ™ | 34 L3/ v home » Igarcia » Documents b MATLAB » ai-with-mbd-reduced-order-modeling »

B Live Editor - /home/lgarcia/Documents/MATLAB/ai-with-mbd-reduced-order-modeling/Part 0 - Synthetic Data Generation/DataGeneration_DoE.mlx *

DataGeneration_DoE.mlx * | +

har

-

14

15
16

alry
18
19

20
tal
22

Parameter initialization and Variation Parameter Range
Sampling time

dt = 0.1;

We need each parameter's min-max range to create a DoE list.

parameterVariationRangeFilename = fullfile(projectPath, "Part @ - Synthetic Data Generation", "ParameterVariationRange.xlsx");

parameterVariationRange = readtable(parameterVariationRangeFilename);

Set initial Parameters

EngTrgReq = parameterVariationRange.init(parameterVariationRange.names == "EngTrqReq");
EngSpdReq = parameterVariationRange.init(parameterVariationRange.names == "EngSpdReq");
SpkAdvOofst = parametervariationRange.init(parameterVariationRange.names == "SpkAdvOfst");

Set the maximum rate of change for each parameter

d_EngSpd = 1000;
d_EngTrq = 100;
d_SpkAdv = 10;

23
24
25
26
27
28
29
30
31
32
33
34
35

Create DoOE List

Choose a method to create a DoE list

DoE_num = 512;
DOE_type = "Sobol Sequence";
library = "stats";

if library == "stats" % Requires Statitics and Machine Learning Toolbox
DoE = helper.DoE_sbl(parametervariationRange, DOE_num);
else % Requires Model Based Calibration Toolbox

DoE = helper.DoE_mbc(parametervariationRange, DoE_num, DOE_type);
end

f = figure('Name', 'DoE_Plot');
ax3d = axes('Position', [©.12 ©.12 0.3 0.3]);
helper.multi_plot(DoE{:, :},'r.", 'r-',1,ax3d, parametervariationRange.names);

) () (&)

Zoom: 125%

UTF-8

script
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r «
Virtual Viehicle Compaser App Offers Uniquely Flexible Solution
——— =
s o8 n - B - “ i -
1. Specity model

type

2 Parameterze
subsystems

3 Selecttest
scenanos

4. Generate
mede

4 Customze as
needed

Battery Team

| Perform detailed battery

Simufate Battery Thermad Behavior

Todey's s w 1o shaw how you can use

&\ MathWorks

System Architecture

System-level models to quantify

vehicle range, battery performance,
and costs

E-Powertrain

_—
q
=

|
E-Powertrain

|  Perform detailed Motor

€S

r ‘.
Test Cases

System-Level

« AC-cnloffl-Humidty Temp/Elevation
« AC-onoff-Humidty Termp/Elevation
« Different Drive cycles- MIDOWOT

Companentdevel

« Battery Thermal Behaviour for Fast Charing

« PMSM controller simufation for performance

« EV Thermal Management cantroller perfomance

Thermal Management
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Start the transformation
with the right support

» Trials and evaluations

» Consulting services

» Training services

» Technical support

.‘ MathWorks:


https://www.mathworks.com/campaigns/products/trials.html
https://www.mathworks.com/services/consulting.html
https://www.mathworks.com/services/training.html
https://www.mathworks.com/support.html

} MathWorks

Learn more


https://in.mathworks.com/
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