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Multi-Level Physics in Battery simulation

A1D System Level: Battery pack and power train
A Analyze individual systems and integrated performance
A Tool used: ANSYS Simplorer & MOR  exineceneator  vithium-ton sattery

o | LA
PR\ S

Model
Extraction

A3D Component level: Battery pack
A Charge/discharge cycle design, life, safety, cost, thermal
management
A Tool used: ANSYS Mechanical & CFD

[

[ System level ]

Mechanical

A 1D Component level: Battery Cell
A |-V characteristics, Electro-chemistry analysis

A Tool used: ANSYS Simplorer

Physic solvers

CADFEM
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Avehicle Dynamic Simulation

L. Guzzella

, _ _ _ A. Sciarretta
AElectrochemical Modeling of Li-

lon Battery
, Vehicle Propulsion
AThermal Model of Battery (1D Systems

CFD)

Introduction to Modeling

. and Optimization
ACompact Thermal Models via

Model Order Reduction

ABattery Pack Electrothermal
Simulation at System Level

‘Q Springer
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Complex interdependency of subsystems in HEV | wcForschung

APower
AVoltage
AEnergy

Peak and mean
power demand -~
over time

Maximum and mean .
olplige . OWE
Control I electric power Power,
Strateqgy Electronics’

N Distribution of load tow=
EM and ICE

Downsizing due to EM
Povv’er and Torque

< Torque capability

CADFEM
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ABackward guasistatic simulation
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Hybrid Electric Vehicle Simulation @ CADFEM | uFerschung

ASeries HEV model

AModel to check the Integrity of our semi-physical battery model
AModel useful for component sizing

AModel useful to test energy management startegies

Bate Serles control srFEqy

(RN TN

s "

_6- CADFEM



gefordert vom: funded by

|
* Bundesministerium
& 2 fiir Bildung

Vehicle Dynamics and Wheel

Linear acceleration Force
> d
Finar (t:] =M, _I'v (tj
> Rolling Resistance force
Fro!:[p] = m, g [c:v-l} + Cp1 " 1'.?‘] ' CDS(':IJ
—>
s, Aerodynamic drag force Firac
Fﬁaro(vj = E " Pa "qf ' Cd - w7
> Gravitational Force
Foraa = My G- sin{e)
> Treq = I:TR * RWheel —>
I:req Treq
—> —>
Vv ¥ req = Vreq / Rwheel
req ¥ req

CADFEM
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Software for System Level Simulation: Simpmréﬂmmg

Electrical circuits

.% .j_

}f@?@

I

Magnetics

I

Mechanics

Hydraulics, Thermal,

< 7
O (8

Simplorer Simulation Data Bus / Simulator Coupling Technology

I

State-space
Models

PZ’E

¥= Ax+Bu
y =Cx

Block Diagrams

PID - control algorithm

Sum_PID
- Limiter Process, _PID
fom | {= ]
uL =1 N:=0
LL:=1 D=2
B[0] = 4.87
Al0] =1
Al1] =5
Al2] =6.25
NEG IF

|

State Graphs

transition

1/

Digital/
VHDL

PROCESS (CLK,PST,CLR)
BEGIN
IF (PST ='0") THEN
state <="1";
ELSIF (CLR ='0") THEN
state <="'0"

CADFEM
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AThree possibilities in Simplorer

SOWNER LT

RS,
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greater_thar
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susL

Block Diagrams

Equivalent circuit

F-Conductivity function

function £ diffK(c : real; T : real; Ea :real) return real is
begin

eturn exp(Easa.314% (1.0/298.15 - 1.0/T))*(0.0211+1.9101%a/1000.0
pnd function £_diffE;

F-Diffuzion coefficient functio @
function £ D(Vref :real; T h a :real) return real is

begin
return Vref*exp(E%%(l 0420815 - 1.0/T)):
End function £ D;

function £ DniVref :real: T : real; Ea rreal) return real i=s
begin

tury Wrafiawn (F 1A%] nsT0s 16 1 04T e

Analog modeling (Physics based)

CADFEM
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Content

Avehicle Dynamic Simulation

=

AElectrochemical Modeling of Li- / 73940134
ion Battery '

AThermal Model of Battery (1D

Photo courtesy of Cadex Electronics

CFD)
4 Anode / |
ACompact Thermal Models via

Model Order Reduction
ABattery Pack Electrothermal

Simulation at System Level Designcomtesy of Polgstor

- 10- CADFEM
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HEV /EV ool B9

ABattery requirements No Overheating
internal shortcut, overcharge
or abuse

High energy
density

Fast charging

Low self discharge
Functionality over
wide temperature
range

Long life time, 10
years

Source: li-Tec

11 CADFEM
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Thermal mOdeI Of a Ce” und Forschung

AThermal simulation coupling:

Heat

Temperature
&

~

AHeat generation phenomena:

-12-

A Reaction heat

A Ohmic heat from contact resistance
A Ohmic heat from solid phase

A Ohmic heat from electrolyte phase
A Reversible heat (usually ignored)

qTotaI — qr + qc T qj,s T qj,ele

K. Smith, C. Wang, J. Power Sources 160 (2006) 6621 673 cﬂnFEm
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Battery principle

e'/""_ Load 1\ =
Positive Electrode |71 Negative Electrode
o
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Cell Container

Battery cell in Discharge Operation

(Rosario, 2007)
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ﬁ External power

- W Charger

\_ e

Negative Electrode
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Cell Container

Battery cell in Charging Operation

CADFEM
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ldeal vs. Real Battery
y A Constant voltage during
Voltage Capacity discharge/charge

A Constant capacity for all
discharge/charge
currents

SOC Current

AVoItage drops during
Voltage o Capacity discharge
i2 11>12 A The higher the
% ~ current lower the
A Capacity decreases for
higher currents

N

SOC Current

- 14- CADFEM
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Different cell physics Simulation models
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Impedance model:

This model comes from those
who measure the impedance
spectrum (Z=V/l) of a battery.
The model allows to describe
high frequency effects well

e
/\;

)
L TNC N
\

S Re@ ol * : \.,"'sq
Rsg Rt A
7
i I
Ca

Csel

,;I—____

Reference: Jochen Bernhard Gerschler, Julia
Kowal, Magnus Sander, Dirk Uwe Sauer ,High-
spatial impedance-based modeling of electrical and
thermal behavior of lithium-ion batteries

In Simplorer, Resistor, capacitor
etc. can be combined to create
Impedance model

1-D physical model:

The model is based on
electrochemistry equations. The
best well known model is the
Newman model (Software Dualfoil)

Newman Research Group

John Newman
Department of Chemical Engineering
University of California
Berkeley, CA 94720-1462
(510) 642-4063 (voice)
(510) 642-4778 (fax)

newman (at) newman cchem berkeley edu

Research Group Phone: (510) 643-1972

FORTRAN Programs for the Simulation of Electrochemical Systems

These programs are copyright John Newman 1998.

You may make a copy of this program which you may personally and freely use
in its unaltered form. You may make changes for your own personal use to
dualfoil.f's material database located in subroutines ekin (clectrodes) and prop
(electrolytes). You may distribute this program subject to the conditions that it
stays free of charge and that any duplication of this program must be essentially
unaltered and must include this notice. We make no warranties. expressed or
implied, that this program is free of errors or that it will meet the requirements of
your application. The author and publisher disclaim all liability for direct or
consequential damages resulting from use of this program.

subroutine

program for lithium ion, sodium ion, and nickel-metal hydride battery
simulation

CADFEM uses Newman model as
reference model(dualfoil)

ANSYS has implemented
Newman model in Simplorer

1-D semi-physical
model: The model is based on
electrochemistry equations.

i The Nernst equation,

i The Buttler-Volmer equation,

i The 1D diffusion,

i The 1D migration of ions.

I Some parameters are
necessary to be adjusted
through testing

® Governing equations ® Boundary conditions and initial condition

e ( ] ) .
dc &c *D:—' (0] 7[)[7{ 7!{_1: oy0)=¢
—=D— yel0.L] W, Fd Hp
ot " .
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F el(y.1) FAD I=1-1=Ile ¥ -¢ |
; me| _q —p. e 1y
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. s mel, g
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CADFEM has implemented Semi-
physical model in Simplorer

- 15-
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ADUAL FOIL, Fuller and Newman Electrochemical

(1993) Systems

A Open source Fortran code
ALi-ion battery

ADetailed model
A6 non | inear, <coupl ed

A Over than 50 parameters
AVery high accuracy

AModel used to evaluate other battery
models

y
|+

Current Collector (Al)

Almplemented In Simplorer

Fig. 1. Schematic of Li-ion battery during discharge.

K. Smith, C. Wang, J. Power Sources 160 (zooecenzn F7Em

- 16-
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Newman Model vs. Semi-Physical model

435 0.50
0.75
- Curve Info
5375 — EqpPosx
= c TR
i g
. T .50 + x_DualFol
£ 3.25 Curve Info % Imported
B | = EqpPos.v-EqpNeg.y 2 oy DualFoi
i TR { + | Imported
£ :
T 1 + = « Y Component 1 = 0251 m— Egpheg.
W2.75 Imported L | = Eqpheg.y
225 0.00 -
0.00 10000.00 20000.00 30000.00 40000.00 0.00 10000.00 20000.00 30000.00 40000.00
Primary Sweap Time 5

I Newman model
== s nns Semi-physical model

Note:

The Semi-physical model uses an
equivalent method to treat the
porous media

_17- CADFEM
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aterial parameters by optimization with optiSLang |

Optimization: 11 parameters to fit the SOC Curve

ODTIMIZATINN Draiact: avalutinnarv. alanrithm FA Fila: D-\ncarcimballarmavari\Fioana Nakumantal?. SEMINARFAN_11-03 ACIIM 201M&imnlarar antiSl anolavalutinnarv. aloarithm _EA\Save_evolutionary_algorithm_EA.bin
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Avehicle Dynamic Simulation

AElectrochemical Modeling of Li-
lon Battery

AThermal Model of Battery (1D
CFD)

ACompact Thermal Models via
Model Order Reduction

ABattery Pack Electrothermal
Simulation at System Level
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