Iven single-teehnique

Our solution

! Best Case

The approachis heavily relying I
on data driven insights

GT4 uto Lio n Age/Charge Cycles |

» Large part of the system
developmentis based on
indications gained from cell tests
and isolated conditions

Key to choose the best BMS and charging strategy:

» Address the limitations of todays extrapolation on degradation

» Gain insights on the non-measurable quantities of vehicle operation
» Enablereal-world fleet estimation

*  Limited extrapolation capabilities » Detectwarrantyissues and failuresin cells

with non-physical models
leading to limitation for real

. Enable a future multi-technique approach: Integrate fully predictive
world predictions queapp g yp

AutoLion battery models with Al data analytics & cloud monitoring
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About Gamma Technologies, LLC

Gamma Technologies since 1994 Today
Chicago Headquarters * Industry’s Tool of Choice for System Modeling
9 * High Productivity and Cost Advantage
* Highly acclaimed Simulation Platform
*  Over 800 Customer all around the World
* Over 1,000 Customers Success Stories available on our website
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GT SUITE: Virtual Powertrain Components and Platform

Virtual Vehicle

Internal Combustion Engine Battery

- Controls Optimization - Thermal Management
- Design Variations - Performance

- Acogstlcs o - Aging and Degradation
- Engine Raw Emissions - BMS

- Cold Start Behavior

Aftertreatment
. . E-Motor
- Coating Materials
: o - Thermal Management
- Design Optimization
- Performance

- Chemical Conversion
- Engine-Out Emissions

E-Axle
- Electrical and Mechanical Load Balancing
- Controls and Operating Strategies

Transmission
- Load Balancing
- Operating Strategies

Evaluation in virtual Real Driving Cycle
- Fuel and Energy Consumption

- CO,-Emissions and Pollutants

- Acoustics Legislation
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Our Technology & Products

Enterprise-Level Platform with scalable architecture to meet
current and emerging industry requirements

Battery modelling — at all fidelity level!
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Iven single-teehnique

Our solution

! Best Case

The approachis heavily relying I
on data driven insights

GT4 uto Lio n Age/Charge Cycles |

» Large part of the system
developmentis based on
indications gained from cell tests
and isolated conditions

Key to choose the best BMS and charging strategy:

» Address the limitations of todays extrapolation on degradation

» Gain insights on the non-measurable quantities of vehicle operation
» Enablereal-world fleet estimation

*  Limited extrapolation capabilities » Detectwarrantyissues and failuresin cells

with non-physical models
leading to limitation for real

. Enable a future multi-technique approach: Integrate fully predictive
world predictions queapp g yp

AutoLion battery models with Al data analytics & cloud monitoring
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Challenges: Fleet & Battery Lifetime prediction

™

Predict battery lifetime for vehicles according GT 4ut Al D ig:j!r.{)“'_’lig:NPE/lEg[l)cE-[NE

to their specific driving usage.

Vehiclein-use phase

Controls strategy? Range, performance,

9 battery life-time, fleet aging
—
(%] A B )
2 4 |

S ' Best Case '

& / : J :

O =
s b 2 O\ Q@i S
% g Worst Case .. . .
o o » Optimization of vehicle & battery
£ : ~ - operation strategy to maximize electric
g Age/Charge Cycles /' range and lifetime
= LN > Prediction of battery’s end of life
© “« » |dentify damaging scenarios
= » ldentification of routes that drive aging

L J
Limited 'ceII & vehicle tests / isolated
conditions / complex aging

. - . . . . . . . P . Gamma
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« Early-stage Battery Selection & Sizing Trade-off studies
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All informationinthisdocumentis confidential and cannot be reproduced or transmitted without the express written permission of Gamma Technologies, LLC © GT Yachnolonles



©
(7]
S
<
S
T
(7]
T
E
=
-
=
o
>

/-Select®n & Si

Early-stage Battery Selection &
Sizing Trade-off studies

Ing Trade-off studies

Virtually setup modular battery packs

GT4utoLion

Select best matching Cell & Battery Pack for
topology & requirements for fleet and markets

Balance
Battery (Temp/Current/Aging)
Costs (€) Energy Storage

Best battery for topology A

3c T ™
= \ \
)
DOE Setup

(KWh)
Charging Max. Pow er
time (kw) <
Various Topologies PfO:'_?fcted ass (kg)
e
Vehicle Topology [Battery Energy |Battery Power Volume (L)
HEV 1.5 kWh 40 kw
PHEV 12 kwh 60 kW
BEv 60 kwh 170 kW Translate requirgments from
FCEV 1.5 kWh 40 kw L.
MHEV 0.5 kwh 10kw topology to cell gharacteristics
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to study battery characterisics in the
context of the vehicle requirments

N
Design
Optimizer

Lmo NMC_NCA

Drag CoefficentCd

= Carnegie Mellon University

Topologies
S o @

e i e
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Cell
L | .
designer

= |:> Capacity ey

Power,.;
Energycell

—

GT‘ﬂuto Lion

Full Cell Model

Energy density
Power density
Operational capacity

Model DoE setup

Home Adwvanced
[Tz = DOE Type: Full Factorial | #of Experiments: 1%
&l | (]
[x 1] . £
Turn Clear Refresh |
DOE OFF DOE Experiments Expe
General | Refresh ‘ DOE Control ‘
[ ain (7] Design of Sxperiments } B2
Parameter Unit Description Min Max # of Levels
Caploading (DOE) mahfam~2 | Capadty Loading 3.0 4.0 2
Anloading (DOE) maAhfam~2 | Capacty Loading 3,45 46 2
CatThickness (DOE) micron ~ | Cathode 77.5 87.5 2
AnThickness (DOE) micron ~ | Anode 86.0 96.0 2
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Experiment # | CapLoading [mAhicmA2] + AnLoading [mAhiemA2] & CalThickness [micron] 4 AnThickness [micron] * operBattCapa [A-h]

16.0 4 4 87.5 86. 215—
—

12.2 = 375 o 431 4 B85.0 o B85 o 1.87 o

8.50 = 350 4 4.02 4 825 o 81.0 o 178 o

4,75 - 325 4 374 o 80.0 o 93.5 o 1.60°H
x

1.00 -\_\—3 345 7.5 96.0 1.42-4

G
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g Trade-off studies

NSeries' NParallel
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2 . ) '.A Charge. @
) @ ¢ R [ ] ) o
> 'g@e| LSO (% ® Full System Model
> So ¢ i ®
® 4’;“ «,,‘1 : .NC‘\ .i 1 ® Range
< ®
® o * Performance
2] -m (o MmassSpatt o
4 cell Bl S Volume  Battery Lifetime
buyer oSleCe |- Batt «  Product Cost
soo L — C . rational Cost
8o 0Stpqtt Operational Cos
'@ Discharge =
Battery library ﬁ
ot Driver Controls
" Main _/ Model Setup | ./ Cathode ./ Ancde ./ Assembly ./ 1 BT I i l
Attribute Unit Object Value ? S = &
i Z — e
Cell Geometry AUx 12VBattery ] e e
Cell Geometry | | 18650-Geometry |;| Battery Invertef_Motor Vehicle
Pack Model 1
Mumber of Series Cells [Cells_Series] |;| ‘ J Parameter Unit Description Case 1 Case 2 Case 3
Mumber of Parallel Cells [Cells_Parallel] |;| Case On/Off Check Box to Turn Case On
Analysis Mode Case Label Unique Text for Plot Legends FTP75 WLTC|  GT-RealDrive
Analysis Mode | |T"'“E Simulation ~ TargetSpeed km/h Target Speed (i.e Drive Cyde) FTP75_kph |;| WLTC_Class3 |;| GroBglockner |;|
Time Simulation SimulationDuration 5 Maximum Simulation Duration (Time) 18 ?’4|;| 1180 |;| 14400 |;|
Load Type | | Electrical Connections  + FDR Final Drive Ratio 7.05 E |;| |;|
Initialization InitiaTemp C Initial Temperature 20 E E B
Initial State of Charge fraction | 0.8[.. CellsInseries Number of Series Cells 100[...] ] ]
O | Initizlize as Aged Model CellsInParallel Number of Parallel Cells 70.ud] o o]
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 Identify aging effects under all operating conditions
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Identify ag,_i;ﬁig—;,gffects’under all operating conditions

Perform accelerated aging and identify GT4utoLion ,:/M:Tm' o
effects under all operating conditions Y | [l >\ Internal resistance

growth

Study impact of driving routes & weather on end g 2
of life and optimize control strate : :
p gy 2 0000 000¢ 9999 L|'p|at|ng
1°lo000 g w‘ * 19900
Q ~—Con J ° 0000 w000 9999
‘ongestedUrban 40, _ 1 . .
« Cei e B D st I Ce o mer = | Lithiumloss
: Urban-Suburban 4y, '("' I ot [ ] Seprtr [ e ores [Ge [ S Lover [ Potd it
o Wealber Rafierns ==Urban-Suburban-Highway I R
e —Highway 4y, g <h
Q : ; i Highway ), :
v ' ' .
9 End of Life
1 e
.E » o i‘x,gh 1]
= v L
2 Commuting Behavior % Ll I e,
02 g [ 3 o --hh' e "
T‘ T - T -
w # RR o
> " = Emd-od-life g e
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H N oades _': I . * Urban-Suwharban, 35"
Charging Patterns Time |s] % L P el Sabvartons Eigheigy, 28°C
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\World Aging

* Imposesload on the Battery Pack
depending on:
« Time and date, Temperature
e » Charging patterns vacation Veek

Normal Week 4 m - - o
11:00 Drive to Destination

Al SELT inti Sun

7 Sun Rest ;
SE|_Growth_ Mon-Fri Rest
urrent

06:30 Drive to work 11-00 Drive home

Rest Sat
4.€_ }—L Mon-Fri il
ANLIPIT ;’/‘\ 17:00 Drive home

_ Rest (simulated every 13" week)

%

e e 11:00 Ermands

Sat
B Rest
g *Othium_

Plating_

1
— Potential ccev Boost Pulse
I —

"o~ AUy
« GT-SUITE Control library T
+ GT-RealDrive | | | “‘ I
« Co-simulation JUdpuul

el Tmep 1 Tene 3}

A A 1 H Simple, High current charge before CCCV Quickly heats up battery to

hd M T L B/S " I l ul I n k widely-used reduce resistance, gllowing
faster charge time

* Python

. - . . . . . . . P . Gamma
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Identify‘aging effects®under all operating conditions

Battery Aging

Capacity retention (%)

aoe * Experiment
o —— Simulation
80 &
| | honioen| D DY |
1500 2000 2500 3000 3500
Cycle number

[ Anode foi [] Separator [ JAnode free pores [llGrapnite [ SE! Layer [l Plated iithium

_

SEI layer growth
Over charge and -
Over discharge

t4h 4o

|
CellPower

Capacity loss

VirtualTesthench AutoLion

High depth of discharge

Storage SoC

A

" L . . . . . . . . . Gamma
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« Push conflicting goals of the BMS to a secure limit and
choose the best trade off

- . . . . . . . P . Gamma
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Push conflicting goals of the BMS to a secure limit and choose the best trade off

V
(%)
S

<
S
V
(%)
T

=
=
=
=
o
>

Push conflicting goals of the BMS to a
securelimitand choose the best trade off.

Driv e Cells in comfort zone
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GT4utoLion

AutoLion physical models give insights to the non
measuarable quantities which are essential to gain full
control over complex trade offs for fleet and life time.

Current ——
Initial Temp —

Initial SOC —

Battery Temperature
Terminal Voltage
Capacity Fade

Trade off for
Optimal Range

SOH, SOC out
AutoLion Cell Swelling
Lithium Plating Risk
Any other quantity
/Electrolyte \"—

Positive Terminal

*
Design
Optimizer

DOE Setup

[eulwig] aaneben

Cathode Separator  Anode

BEV_Range Comparison

G
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Push conflicting goals of tI:|e BMS to a secure limit and choose the best trade off

eceoe !

o0 o0

| Cathode Separator

Lithium Plating Potential = PElectrolyte — Psolia (at Anode-Separator Interface)

All informationinthisdocumentis confidential and cannot be reproduced or transmitted without the express written permission of Gamma Technologies, LLC ©

Anode

C4
BMS
Ichm'ge
\ (@\

Potential | V]

Electrolyte Potential plots at 1C at various time stamps:

Electrolvte Potential

|
I —250.0s
b 1 I ithi ' —500.0s
High Risk of Lithium | 50 0s
o1 Plating if potential crosses I —1000.0s
| zero in anode |
I
0.00 !
I I
| | ) [
I | T
' N
0.10F .,.——-—-_:j:ﬁj::: 1T e
| o
+ I
I I
o220 : :
ISeparator!
0.25
0 20 40 60 80 100 120 140 160
< Anode ‘Tllidmess [micmi] Cathode .
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Push conflicting goals of the BMS to a secure limit and choose the best trade off

,

1600 ! eose
i P . | e
j“ Cathodé Separator

Anode 3

BMS

I Charge

]

1C

i
| i

3C

]

o —

o —

Lithium Plating Potential = PElectrolyte — Psolia (at Anode-Separator Interface)
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 Integrate predictive AutoLion battery models with cloud
monitoring
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Integrate predictive GT-AutoLion battery models with cloud monitoring

GT4utoLion

in the cloud

Onboard Onboard

Sensors Q : Controllers
Gamma
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Integrate predictive GT-AutoLion battery models with cloud monitoring

» Enable a future multi-technique approach
» Integrate predictive AutoLion battery models with Al Warranty
data analytics & cloud monitoring Avoid expensive

malfunction with digital
twin that captureslife

GT4utoLion = ; ; B:__ - -— de g radation
. m;::?““’““ ﬂ Digital Twin of the truckifleet A
it e )
@ G'I:rﬁh:tohon :
9 GT4utoLion
S 9 @ 4GT4utoLior War ranty
: v Avoid warranty
@ " G 4utotion problems by smart
E @ 7 T communication

Digital
Twins @@ e fuain

. - . . . . . . . P . Gamma
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Michael Vallinder

Autolion usage at scania



Content

How AutoLion is used throughout the development process

Explain how we use it our contact with suppliers

Use the model as a "virtual sensor” to aid and expand testing

Example of aging simulations to predict and expand aging tests

Show the software-in-the-loop integration

Info class External / Michael Vallinder / Autolion Webinar 27



Performance simulations — AutoLion1D

Iterate predictive model

- Design the cell based on previous knowledge, literature or
dialog with supplier

- Study results from design report, OCV, capacity
- Run simulations to figure out DC-IR characteristics

- Find the "big” parameters such aselectrodethicknesses,
particle size and Li+loading to match requirements and cost

: 2 AL o AL .
Cathode: NCH \
B11+NCH 811 .
Forosity 0.184 . -
Capacity Loading (mAh/cm*2) 3.679 s ’
NP Ratio 1
Mass Loading (mg/cm"2) 18.2469
Dry Electrode Density (gicm*3) 365 ] -
Adiive Wiaterial Used (g) 3969945
First Charge Capacity (Tetal) (Ah)} 1g8.35887
Imeversible Capacity (Total) (Ah) 588482
First Charge Capacily (Participating) (Ah) 188 36887 l o o isto
Irreversible Capacity (Participating) (Ah} 588482 T 1319454 T
Reversible Capacity (Ah) |

* Requirements specification

- Try to buy the proposed cell

Info class External / Michael Vallinder / Autolion Webinar

e Calibrate virtual twin

Testing

- Perform test plan virtually
with AutoLion to identify gaps
orredundancies in the test
plan

- Perform cell testing

Perform calibration of the model to available
test data

With skilled initial guesses not much calibration
is needed

Information is key, with more test dataand
design information from supplier or tear-down
the better

After successful calibration one can implicitly
trust the model to accurately predict exchange
currents and similar parametersthatare
necessary for the aging simulations

4.100

4.000

2.000

“bhage

200

700

2.600

2700

2600

2500

“bhage

2300

3200

2.100

haritorSignal Input: Simulated
(Case #3)
MonitorSignal part honitorSignal-1

500 100.0 150.0200.0250.0
Time [s]

haritorsignal Input: Simulated
(Case #7]
MonitorSignal part honitorSignal-1

500 100.0 150.0200.0250.0
Time [s]

— Simulate
d

— Weasure
d

— Simulate
d

— Weasure
d

“bhage

“bhage

4.100

4000

3900

3800

3700

3600

3500

3750

3500

3260

3.000

2750

2500

Whsnitorsignal Input: Simulated
(Case #4]
WhnitorSignal part Wonitor Signal- 1

500 100.0 150.0200.0250.0
Time [5]

bhsnitorSignal Input: Simulated
(Case #3]
ManitorSignal part Manitor Signal-1

- \

500 100.0 150.0200.0250.0
Time [5]

— Simulate
d

— Ieasure
d

— Simulate
d

— Weasure
d
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* Initial assessment -
AutoLion1D in dialogue with suppliers /we

- Create models for interesting cells \

- Correct accuracy, quick-and-dirty justto understand the
different suggestions

* Requirements specification revl

- Heat rejection problems, fundamental DC-IR differences

t
- Suggestions from suppliers - JellyRoll temperatureand performance uniformity

- Already here we start to follow the product from idea to first
prototype to verified production cell with our virtual twin in
GT-Autolion

Supplier Acell 1

Supplier Bcell 1

* Understand the product
Supplier Bcell 2

- To have a good relation with the supplier we need to ask the
correct questions and state clear demands

GT-AutoLion is a great tool for understanding our own
demands and also understand the limitations from the supplier

- Use these models to understand what happensto the
requirements if we settle for 1C charginginstead of 5Cas an
example

- Understand the pricing, try to figure out what goes into a
certain cell to understand why one supplieris cheaperbut
worse or better but costly (typically design of electrode layers)

* Requirements specification rev2

Info class External /Michael Vallinder / Autdlion Webinar - Essentially the purchasing process is front loaded with better 29
and more informed requirements



Expand on the details with AutoLion 3D

* Autolion 3D model

With the electrochemical properties calibrated in the virtual
twin additional details are added with AutoLion3D

By modelling the thermal aspects in detail the virtual twin can
answer interesting engineering questions

The first task could be to understand the test setup and rig
construction to know what is actually being tested/measured

2D Heat Generation
utoLion30 part JellyRoll

Heat Rate [Wicm*2]
-0.000000
o oo | BOTTOM COOL | |
0.000403
0.000605 .
0.000806 ‘!"‘
0.001008
0.001200
0.001411
0001612
0.001814
0.002015

.o.onm 7

WALLCOOL |

2D Current Distribution

stoLion3D part JelyRoll

D [Aven]

0.
In 006028 |

Virtual sensor

JIGIOMM /2C/ 015,25 AND 45 WALLLCOOL /2C/ 015,25 AND 45 BOTTOMCOOL /2C/ 0,15,25 AND 45

1

Heat transfer is maximum through the walls and convective cooling the
walls helps to bring the temperature of jelly roll down really fast.

Info class External / Michael Vallinder / Autolion Webinar

Measured ‘\
e

=

Tellypoyy temp

The detailed model can be used as a virtual
sensorto complement test data

Measured temp is not the same as actual
tempinthe jellyroll, which is what we are
interestedin

It showed thata 35,40,45 degC climate
chamber tests wereactually 5 degC higherin
the Jelly Roll respectively

This is important to know when correlating
data, requirementsand BMS functions to
measured temperaturesor look-up tables

i =35 degreeC
=40 degreeC
=45 degreeC

50.00 \/_\

g
E 45.00
i
40.00
35.00
0 5000 10000 15000 20000

Time [5]
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Aging Simulations — AutoLion1D

e (Calibrate virtual twin to test data

- Same as performance calibrationjust that the focus now ison
aging mechanics

- Calendar, cyclicand drive cycledatais used to calibrate the
aging parameters

SOC effect on capacity @ 50°C

Temperature effect on capacity @ SOC95

~e=25C |
100%° =e=3sC |
~e=a0°c |
g g» 95%°5
z Z
g § 90%0
85%5 4
80%0
{
. Pack discharge capacity ,
M /
Y ——

* Make predictive model

Capacity [%)
8288889888
4]
<
&

- Use all availabletestdataand constructa
model capable of predicting the data itis
calibrated to

Use this model to simulate aging behaviour

aheadintime or for different use casesthat

Info class External /Michael Vallinder / Autolion Webinar aren’tinthe planned testing

Simulate aging

- Expand on the test matrix with additional
simulated agingtests

- ’'See into the future’ and revise test matrix

- Perform additional aging simulations for
problems that were not thought of

CAPACITY RETENTION AT 300 DAYS

100.0%

W 50 DQEGREES
40 DKGREES

® 25 DEGREES

® 15 DEGREES

= 0 DEGREES

-+-MEASURBD DATA

-@-MEASURER DATA

Degradation factor

SOC (-) 1emperature (K)
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Softwarein the Loop — AutoLion1D

GT4uto Lion

GT-AutoLion model for SiL

- GT-AutolLion provides insight into immeasurable variables which is powerful in software
development

- E.g. How know SOC without a SOC model, how to make a model when SOC is not known
? (difficult to measure online)

- The GT-AutolLion provides the "truth”, Li+stoichiometry, and can therefore be used to
design the initial SOC model before any testdatais available

- This of course appliesto aging as well, with AutoLion theagingis resolved in timeand

MATLAB

SIMULINK

AT,

VISION

ACCURATE
TECHNOLOGIES

\ 4

» stdfT-SUITE-RT v2021

GT4utoLion

> . Stdout |—
—»
m " Functional
I Mock-up
Interface

SEE

therefore it’s POy & visions02 - (Run CBMS 1 Slavel

ttery Temperature
Terminal Voltage
Capacity Fade
SOH, SOC out
Cell Swelling
Lithium Plating Risk
Any other quantity

Info class Exter

o
DEdd@ESaE | %\ By i) o R e x| @R @ E| S RN EQAQ |4 P Pt PO
le Edit View Project Screen Objects Dataltem Iools Addins Window Help - &
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