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Development Cycle — various requirements

Vehicle Architecture

" Full Vehicle Validation
Studies

T =T

& Control _ .
e E il & e
W & |

=

B (0

Battery Architecture

Studies Battery Integration

& Control (Xil)

NMC t

Feed-forward
Min Voltage Calculation

LMO

PI Controller
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Flavors of Battery Modeling
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Flavors of Battery Modeling

@

AutoLion-RT
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AutoLion-RT

Bulk-Surface model

Cathode Surface
20B4Ng dpouy

GT-4utoLion’
Electrolyte
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= P2D model, a set of coupled partial = Converting PDEs into ODE set

differential equations (PDEs) = Considering instantaneous diffusion

between electrodes
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Voltage [V]
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Hardware-in-the-Loop Simulations
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Value Add:

ECM
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Improved support for controls feams, who rely heavily on electrical-

equivalent solutions today
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Flavors of Battery Modeling

@

AutoLion-1D

"~ _Positive Coliector
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i !
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Beyond P2D

= Material Properties Database

(X
Properties \
Material Properties /4

— Mol. Weight, Density, Capacity
— Open-Circuit Potential
- Diffusivity
- Rate Constants
Electrolyte Properties

= Physics based models of degradation e
= Integrated Multi-Domain Systems catectorin Gt

» Thermal included - one thermal node

= Blend electrodes & particle size distribution

Cathode Separator Anode

© Gamma Technologies | All rights reserved. No reproduction or use without written consent.
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Flavors of Battery Modeling

@

AutoLion-3D

Level of Predicvtiveness

Computational Cost
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Intfroduction to GT-AutoLion-3D

GT4utoLion GT4uto Lion3D

Seporo’ror Cc’rhode }

T
|
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1
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P2D electrochemical-thermal model

P3D electrochemical-thermal model
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Intfroduction to GT-AutoLion-3D

Electrical Solution: Resistor network for

GT4Ut°Li,°“3D current collectors

Electrochemical Solution: AutoLion-1Ds in
parallel

« Same underlying solution (including aging models)

Thermal Solution: GT-SUITE's 3D finite
element solution

* Anisotropic properties

« Ability to connect to other parts (i.e., case)
« Ability to connect to flow domain

« GEM-3D support

P3D electrochemical-thermal model
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Intfroduction to GT-AutoLion-3D

2D/quasi-3D Elecirochemical results:

GTALUtOPLiOnsD Current - Aging

Voltage - State of Charge
« Heat Generation « Stoichiometry

Current Distribution
(unrolled JR, cylindrical and prismatic)

3D Thermal resulis:
 Temperature

P3D electrochemical-thermal model
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GT-AutoLion-3D Use Cases

Detailed Cell Modeling

= Tab modeling, form factors

Inhomogeneities ask for discretization

= Extreme Operating Conditions (Load and
Temperature)

= Lithium Plating and Fast Charging Capability
Analysis

= Cell Cooling Design and Optimization

Safety Events Analysis (Internal Short, Nail
Penetration)

Cell Swelling

2D Lithium Plating Potential, Charging at 1C,
E——— =
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Model Results: Thermal Behavior

Constant current discharge process at the temperature of 0 °C — 1C rate

-l AutoLmn-1D 1 AutoLion-3D @ T:] 300 S TemESﬁtum Ic
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Single value across the cell! Temperature distribution across the celll
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Flavors of Battery Modeling

@

Level of Predicvtiveness

Computational Cost
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AutoLion-4D

Anode Overhang

Simulation E GT
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User-Defined Reactions

Li-stripping

Electrolyte
Solvent

ntercnlation'

Electrons

Li'

AutoLion-4D

Template: SpeciesList

Home Data Tools
D This is a Beta template in V2024,
Template
Help

® &

Connectivity ~ Show

Infarmation  Examples

[ pefau
M 1znore

| @ Show Value

i Formula Editor

Object Camment:

[x] Create Parameter | Port

[ Add Long Comment

Comment:

I

Template Documentation Help Atribute Abilities - Comments
EOSNEE . Fluid Species  + Solid Species 7 lon Species . Salid Species Pair
| ;::E T Aty | 59id Species Name Soiid Species Reference Object | Export! SpauE; :r;ﬁ\a and 2df3d
- [ audd_spedies
1 [
2 0
‘W (k] Speces Settings Object || 3 FePOA[..
4 LiFePO4|.. .|
5 SEL [
6 sEt2)...| O
7 U_metal_dead]..]
8 Ui_metal_reversih O
: =
10
11
2
o Object Usage ‘ e
e
E ’;E’hi Attrbute Object Value
6 &v. @ celinterface
o v wtolion4D Number of Deposits
= [F] AutolionD Number of Reactivities
ﬂ (4] Cell Interface Oject P F—
B Reactivity 2 Li_Plating
2 Reactivity 3 Li_Stripping
22
23
< > 12
Attribute Unit Deposit #1 Deposit #£2 Deposit #3 Deposit #4
Deposit Species Name (cH20c02L)2
Thermal Conductivity | W/(m-K) v =]
Specific Heat Capacity | J/kgK ~|
Electrical Conductivity  [S/m ~
FomatonDensty [kgin™3 < 1590
Parosity fraction v 0.0!
Eruggeman Exponent .
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Flavors of Battery Modeling

@

AutoLion-3D
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Ditferent Flavours of Battery Modeling

Full Vehicle Validation
& Control

Vehicle Architecture
ECM

Studies

ECM

AutoLion-RT

Anode
Bulk

Cathode
Bulk

20BHING dpoUY

Cathode Surface

Battery Architecture

Studies A[:}- Battery Integration

& Control (Xil)

AutoLion-1 D} ECM

AutoLion-RT

° L.

Anode
Bulk

_ 16129100 eAnebeN

Cathode
Bulk

Cathode Surface
2081Ng apouy

' Detailed Battery Design & Analysis

AutoLion-3D AutoLion-4D
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AutolLion-1D Real-world Aging

. + Commuting / Usage
Patterns

Full System Model

Physics-based aging
models

More meaningful aging predictions

(Miles, Years of operation) Charging Patterns
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Vehicle/Powertrain Model

e

= Electrical Load on cell calculated & O
based on vehicle ,,operating point*

2

Brake
Contrals

= Low Voltage circuit with consumers Full System Model
oot
= Electrical domain allowing for . . . |
modeling of
. be]
= BMS, cell balancing over module = [ i *
k;:;J 12VBattery DCDG Autthmnﬂ

= Circuit Protection

BatteryPack

Inverter_Motar
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Model Setup for a Single Cell

= A compound was created with the
following architecture

= GT-AutoLion cell & 3D thermal finite
element cell exchange heat rate
and temperature through control
objects

I
I
I
I
I
I
= Gases ejected from TR pass through :
I
I
I
I

Current Cell

(D

(1) A‘
s

\I

a pressure release valve through the
ambient where combustion occurs

= Heat generated from the
combustion of gases is also fed back
to the battery pack

I
I
I
I
I
= |
I
I
I
I
I
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Mechanical Connectivity

In addition to cell performance (Voltage, Heat Generation), GT-
Autolion can predict stress & strain on a cell
Swelling

Interaction with Aging APorosity

:>gé .

. A Cathode Seporo’rori Anode
© Active material in cathode |

O Active material in anode
e Lithium-ion (Li*)

vy

<&
[

Strain
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Mechanical Connectivity

Example Cell in Module

Electrochemical-Mechanical

Cell Swelling during charge

Casing Slot Model
Surface
contacts o——— AutoLion3D Cell
P
Bt
"&-‘;—4 —
s |
o @ o

Ground3D-1

Mechanical FE Casing
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Solid-State Batteries

Liquid Electrolyte

5 & - p
S Q S &
Q 8 O [}
° < L =
&) ® Q &
o O @)

= o) o)) @)

Separator  Anode Cathode Solid Anode

Separator

= SSB related features includes:

» Defining different electrolytes for anolyte, solid separator, and catholyte
Modelling capability of reaction surface area
Einstein's relationship for ionic diffusivity

Deficrlming multiple layer of solid separators in contact with Li metal
anode

Multiple solid electrolytes support ST
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Types of solid electrolytes

.................... .’

P @ »
Solid Liquid added
electrolytes

____________________ »

Composition
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Sodium-lon Batteries
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Sodium-lon Batteries

= Material Properties Database
= Anode materials: Hard Carbon
= Cathode material: NasV,(PO,),F (NVPF)
» Electrolyte: NaPFgin EC, 5:PCy s (W/W)

= Physics based models of degradation

= Blend electrodes & particle size
distribution
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Conclusion

Thermal

Mechanical Chemical

Level of Predicvtiveness

Perspectives - Connectivity

N
‘7@

Computational Cost

Different Flavors - Flexibility
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Thanks for listening...hungrye

A
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