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Purpose of Battery Modeling

Electric Vehicle Problems — All Thermal Problems
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Battery Design Issues Occur at

Different Time and Length Scales

®» Electrode-level issues

Coupled electro-chemical diffusion processes
® |on transport, charge depletion, etc.

Materials
Length scale ~ electrode pore size

=» Cell-level issues
Local potential differences between electrodes
Distribution of current density (and heating)
Distribution of capacity / state-of-charge
Local temperature
Abuse tolerance (overcharge or overdischarge, crush)
Length scale ~ cell dimensions

®» Pack-level issues

Cell-to-cell variations
®  Terminal voltage
®  Thermal boundary conditions (convection, conduction, radiation)

= Cell history
Drive cycle load
Propagation of thermal runaway
Length scale ~ pack dimensions
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Battery Model Applies to Different Topologies

®» Pouch

Alternating layers of cathode and
anode

Multiple layers in parallel

LT EETL | O

Contained in flexible pouch
=®» Prismatic

‘Jellyroll’ flattened inside rigid can
structure (racetrack)

=» Cylindrical

Jellyroll wound around a central post

Contained in rigid can
18650: 18mm dia, 650 mm height
=» Chemistries

Li-ion flavors, NiMH, alkaline, lead-
acid

6 B ThermoAnalytics



Battery Model Thermal Scenarios

» Batteries are transient devices | _

Speed (mph)

Cooling System Faults
Drive Cycles s
Load Balancing

US 06 Drive Cycle

=
T——
"

60 120 180 240 300 360 420 480 540 600

Time (seconds)

" Avoiding overcharge/discharge

Hot Soak

" Time at temperature reduces life

Preheating for Cold Start
" Cold batteries lose capacity

Abuse Tolerance
Thermal Runaway

Hill climb with trailer

The aim is to mimic the
Three phases: physical test procedure and
- Conditioning produce the same results
- Load using RadTherm.
- Soak
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Battery Model Overview

=» TAITherm supports 3 battery models:

NTG Equivalent NTG Distributed NREL Equivalent
Circuit Model Model Circuit Model

imposed current | Current imposed current |

cathode bus node Veathode = Veen + 1/ YA cathode bus node Veathode = Veell + | (Rs + Rq))

Cathode

Anode

Collector resistance = Ry

resistance = 1/YA s Cathode——_|

- Collector

(user) cell node assigned voltage il
Vee = Vanode + U

resistance = Rg

(user) cell node assigned voltage
Veel =Vanode ¥ Voo + ZAV]‘

AV]:( AV]'Y—R”' | )exp(-At/’cj)+Ri,j |

Ry = T = RiG I
— potential = U \ _—  potential = V. i
anode bus node g Vanode anode bus node g Vanode
Q =I* YA+ | Tdu/dT Q= *(Rs + Ry ) + ZAV//R, + | TdU/dT
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Battery Models in TAITherm

=» Empirical
Model parameters derived from measured performance data

=» Electrical and thermal behaviors are coupled
Battery resistance depends on temperature and depth of discharge
Temperature depends on heating from I1°R and chemical reactions

=» Battery models compute an imposed heat on the battery

geometry

To compute the imposed heat, some electrical circuit equations
must be solved simultaneously

® Equivalent circuit models have one circuit equation per cell, and one value
of heat applied to the entire cell

" Distributed model have as many circuit equations as there are elements
describing the electrodes, and the heat is computed for each element

gl ThermoAnalytics



Battery Model Basics

Current

Current Current

Current

®» Electrical model
Cathode

relates current transfer Tab
Cathode
between electrodes to Tab

voltage difference across \

electrodes \

=» Resulting heat o

applied to the thermal
model

Tab

Anode

\T Anode
Separator
Cathode

Cathode
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NTG Equivalent Circuit Model

Current

» NTG (Newman, Tiedemann, and Gu)

» Electrical domain modeled with
lumped parameter nodes

=» Current-voltage characteristic

Current

for cell modeled as Sl
V=V =U+I/YA
= | =current
= |/, = voltage on the positive Voey
p
electrode (cathode) I||"/\
= |}, = voltage on the negative R, )
electrode (anode)
" U = ‘open cell voltage’ (1YA)
= f(DoD,T)
= Y = ‘cell conductance’ ] Anode
= g(DoD,T)
= Q0 =1%/YA+ITdU/dT \

Applied uniformly over cell
Cathode
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NTG Distributed Model

Current

®» Electrical domain modeled with

Local heating

AT

Voltage distribution on collector | _
plates d( 1 Anode
L=

Cathode

{

geometric mesh Current
Collector plates

» NTG current-voltage Cathode VAV,

characteristic applied between L =

each element pair in electrodes _ 1
» Local current density E\]\]‘/k/ Gollctor |
®» Local depth of discharge | s ///4” {L\lﬁp
=» Local parameters (U, Y) / | T
»
»

y
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Back to equivalent circuit model...

Current

Current
Cathode
Tab
Voew
1k
R (U)
(1/YA)
Anode

/

Cathode
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NREL Equivalent Circuit

Current

» NREL (National Renewable
Energy Laboratory) Current

Cathode
Tab

=» Current-voltage
characteristic for

VOCV
cell modeled as S HIF
R >
Ve = Voeo + SOV + R+ R || e S N
= | = cell current &
= V. = terminal voltage
= I/ ., =open cell voltage \ Anoge
= AV; = voltage drop across
filter circuit \
" R, = cell internal resistance Cathode

R_.; = optional current limiting resistor
15 gl ThermoAnalytics



‘Bus nodes’ Are Used to Connect Cells

=» Bus nodes are lumped capacitance nodes

Voltage computed by solver so that current in equals current out

oSt GUiE: Total current at positive terminal is imposed

Pack positive terminal * Bus node name required to be “packPositiveTerminal”

Voltage at pack negative terminal is set to zero

e

= Bus node name required to be “packNegativeTerminal”
Other bus node names are arbitrary

Cell 1 Connections are identified in the config file
= Each cell definition has a cathode bus and an anode bus,
thus:
“bus node 1” Cell 1 cathode bus = “packPositiveTerminal”

Cell 1 anode bus = “bus node 1”
Cell 2 cathode bus = “bus node 1”
Cell 2 anode bus = “packNegativeTermina

Cell 2 =» |f a lumped capacitance part has the name of

a bus node, it will be used by the solver
Voltage, current appear in post-processor

I”

oo\ oI —e— A/

Pack negative terminal: V=0
= Model diagnostics
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Cells Can Be Connected in Arbitrary Configurations

= Series O-HIFOW-O-HIFOWA-O-FIFO -0

___B
=» Parallel . - . i
f
=» Current distributions are found by adjusting node
voltages until net current into node is zero
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Cells Can Be Connected in Arbitrary Configurations

» Series / parallel combinations

r=—thti
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Comparison of Equivalent Circuit and

Distributed Models

®» Equivalent Circuit = Distributed Model

Sacrifices detail for Sacrifices speed for detail
speed Most appropriate for cell
Appropriate for pack modeling
modeling * Cell size / aspect ratio
" Cooling concept " Tab size / location
studies

" Hot-spot analysis

" Cell-to-cell variability = Uniformity of utilization

= Fault conditions of active material @ (0)
(shorts)

r ® Drive cycle analyses
l I l | Can be used together
=128 mm-»
Stagnant Air Coolingh#ly )

gl ThermoAnalytics
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Comparison of Models

Distributed Equiv. Circuit Equiv. circuit

Voltage
distribution on
electrode

—

Computed

Applied locally on
electrodes

Cell heating

Temperature
distribution on
electrode

Cell to cell
variation of
parameters

Computed locally
from local heating

Not allowed

Possible,
connections must
be meshed
Charge carrier DoD computed
depletion locally

‘ Transient voltage
No
effects
Fault analysis Possible, but very
cumbersome
Cell parameter
inputs

U, Y, constant

du/dT
Circuit topology None
inputs

Longer
Larger

Pack circuit
topology

—

20

NA
Applied uniformly to cell
mass

Computed locally from
global heating

Yes

Yes, connections created
virtually

DoD computed for cell

No

Possible, but
cumbersome

U, Y, constant dU/dT

List of connections

Shorter
Smaller

NA
Applied uniformly to
cell mass

Computed locally
from global heating

Yes

Yes, connections
created virtually

DoD computed for
cell

Yes

Yes

Functional Rs, R/’s,
t's, Rcl, dU/dT

List of connections
Shorter
Smaller
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Data Needed for Input to Models

=» Readily available from supplier:

Cell capacity, electrode area

=» Available from supplier or measured by user:

Discharge curves at different C-rates or pulse profiles
" voltage versus depth-of-discharge
" sufficient to resolve curve at beginning & end of discharge

=» Difficult to obtain from supplier:
Cell material properties
" material thicknesses

" material properties
(density, specific heat, conductivity)
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Battery Model Inputs

NTG equiv. circuit NTG distributed NREL equiv. circuit

U (= f[DoD,T]) U (= f[DoD,T])
Y (= g[DoD,T]) Y (= glDoD,T])
dU,./dT (= constant) dU,./dT (= constant)
Bus node list *
Current *
Cell list *
Anode bus *
Cathode bus *
Initial DoD Initial DoD
Electrode area *
Cell capacity Cell capacity / area

Anode/Cathode conductivity
*Implied or derived from model/geometry set-up

Voew (= f[DOD: T])
R, (= g|DoD,T])
R; (=r[DoD,T])
T (= t[T])
dU,./dT (= u[DoD,T])

Bus node list

Current

Cell list

Anode bus

Cathode bus

Initial DoD

Electrode area

Cell capacity

gl ThermoAnalytics



Battery Model Parameters are Obtained From

Cell Discharge Data

®» NTG parameters
derived from curves of voltage vs time for constant charge or discharge

=®» NREL parameters

derived from curves of voltage vs time during prescribed current pulses at
(approximately) constant DoD
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NTG Coefficients Derived from Voltage Curves at

Constant Current for Different Discharge Rates

n/ =YV -U)
» Consider V as a function of C-rate (current density) at different
values of DoD:

Current density = C.,,. * capacity / area

% Fit a line through the data at constant DoD

C-rate
DoD -0.5 -1 -2
0.01 3.232 3.165 3.076
0.02 3.221 3.139 3.055

Current-Voltage Characteristic at Constant DoD

3
2
4 ®
0.04 3.215 3.130 3.039 2 3.5 J
0.08 3210 3127 3033 2 33 ~ 0.0 b6
010 3208 3127 3.034 2{ 53, N & '
012 3206 3126 3035 2! %, | 5 0.2 DoD
0.14 3203 3125 3036 2! = l 3 0.4 DoD
016 3201 3123 3037 2{ = °° N 0.6 Dob
018 3197 3121 3038 2! g% & '
. : : . £,4 0.7 DoD
. . . _ ool
2.7
2.6
2.5
5 4 -3 2 1 0
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NREL Coefficients Obtained from Voltage

26

Measurements During Pulsed Current Test Profile

» Hybrid Pulse Power Characterization (HPPC) test as specified in

“FreedomCAR Battery Test Manual For Power-Assist Hybrid Electric
Vehicles” (DOE/ID-11069, published October 2003)

Fixed duration current charge / discharge cycles at successive increasing

Current

T T ‘
| ]
: NOTE: Time scale is approximate because some ‘HPFCI Profile | |HPP(|: Profile ‘
I |elements in the test sequence have variable length
: For example, the C,/1 discharge is conducted to a |
Discharge | |minimum voitage, not necessarily for one hour. i
1 1
1 1
1 I
10% 1 |[70% ' 0%
! ! Ci1 ' let ! Ci1
| | 1 I I
I 1 1
l C,/1 Discharge | |_| i —| i
____________ b | i
rd 1 1 1
I 1 1 1
! N i
: | | ooooo ‘ : | our Res! | : our Res ,
I 1 I I
Regen
1
-120 -60 0 60 120

values of DoD

Time (minutes)

Figure 2. Hybrid Pulse Power Characterization Test (start of test sequence).

180

Measured Computed
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TAl is Developing a Tool to Simplify Battery

Parameter Generation From Test Data

Plot data for terrperature of | 25C =

Flot model voltage prediction [V

[™ Show Uparameter

[+ Show Y parameter

{™ Curvefit coefficients

{® Tabular data

£ EEHE

[+ Uniformspacing every | 2 = | points

™ Select points by picking on plot

27

a5

a3
S 41
a 3.9
&3z
235

229

27

25
0.00

Y ($/mA2)

——-9.80(m) ——-19.60 (m)

+ -9.80 + -19.60 -58.80 -98.00

-58.80 (m) 98.00 (m)

£33 %
E 31 Baa
= *‘*"-P}_\++

+ o+

-~

0.20 0.40 0.60 0.80 100

T=0C
T=25C

0.20 0.40 0.60 0.80 1.00

Temperature is defined as: ambientTemp

Write parameter
definition to file...
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Inttial Temperature (*C)

Seed SS

» No restrictions on —
thermal boundary B

H Coefficient (W/m=-K)

conditions

® Value

TAITherm - A123_196Ahr_eqcitdf _1 -
M | File Edit View Tools Units Window Help
» Thermal domain |
deled with (] ) e £efot] 2] 2o | 5|2
art || Element | | gir-che || Hide | HideUns || Show | Meisbbor || Iy Hide ssigh
modaeie w It Model Browser
m e S h Geometry Editor Analyze Post Process.
Part Selector
Name D
eqcCelll |1
. . Total Parts: 5
» Electrical domain
. I Parts Assembly Curves Environ Conduct Properties Scenario
m O d e | e d W I t h Temperature Part Type #ofLayers Conduction Type
Assigned Mutti-Layer | |4 % | Pianar -
lumped o Cabuted
capacitance nodes | fransparent
created virtually me
Front | Middle | @ Back
. Material sl
®» Part naming a
CO n Ve n t I O n | I n kS Thickness (mm} 278 Enable Water Wash Ed
1 Surf P rti
electrical and
thermal domains o S et Surece -

Imposed Heat (W)
® Value

Fluid Temperature ("C)

® Value

N

Model Size (mm
#=111738e-03

Y =160.002
I =237 068 \
“isible Size (mm):
¥ =1.117538-05 [
w = 160,002 \
I =237 066
“isible Counts:
Parte =3 [
Elements = 27 E’“\
k“"'m-.\ I
‘E\ [
]
= Part List =
| D | Name Type Hidden Geom
1 eqcCelll Multi-Layer Shell
2 eqcCellAnodeTab Standard Shell
3 eqcCellCathodeTab Standard Shell
4 packNegativeTerminal Assigned, no Geometry No Geom
5 packPositiveTerminal Lumped Capacitance No Geom
Select Al Invert Selection Deselect All
Close

29

gl ThermoAnalytics



NTG Equivalent Circuit Model — Single Cell

» Th erma I resu |tS : Fie Edit View Tools Units Window Help
p Modsl Browser hiodel Size (mm)
. . . #=111738e-03
d I St rI b u tI O n Geometry Editor Analyze Post Process v = 160,002
I=237.066
Elapsed Time (sec) | 2885
’ =) isikle Size fmm:
Time Step | 189 ¥ =1.11759e-05
Y =160.002
] 7 = 237 0FR
Animate Speed: + - Repeat %/ Dynamic Update “izible Counts:
RN
Parte =3
Elements = 27
Results. Relations PassiFail Plot/Export Environment Annotations Motes
Part |1 Part Type: Multi Layer
Average Temperature (°C)
21.6604 Display Heat Rates/BCs
218™1 @ Display Heat Rates/BCs
21.67%1 Display Heat Rates/BCs
216791 Dizplay Heat Rates/BCs
2186703 Display Heat Rates/BCs
200 202 20.4 206 2049 211 213 e i) 217
Visualize | Front & Back
Display | Thermal Results ¥ Temperature =
Heat Rates. Boundary Conditions.
. 2 |
Display as Flux Part List - L
Heat Rate (W)
_ _ [0/ |name Type Hidden | geom |
! Incident Outgoing Net 1 sqcCell Multi-Layer Shell
@ Conduction | I | 0251774 2 eqcCellAnodeTab Standard Shell
0 Convection 0 o 0 3 eqcCelllCathodeTab Standard Shell
- Y Y 4 packNegativeTerminal Assigned, no Geometry No Geom
@ Radiation 0 0 o 5 packPositiveTerminal Lumped Capacitance No Geom
Q Solar { |0
Q Imposed [ I ] 0.63848 Select Al Invert Selection Deselect Al
Close:
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Electrical results
are also available
in post-processor

(J
i
TAITherr - A123_196Ahr eqe.tdf * ‘. - =TAonl X
File Edit View Tools Units Window Help
E D B
, =
Mode! Browser | TAITherm Results Plot -_ O —
Geometry Editor Analyze Post Process.
Terminal Voltage vs Time
Elapsed Time (sec) 2885 3300 —
l ] = Part & packPostiveTerminal
Time Step | 199 I B
O | 3250
Animate Speed: + Repeat % Dynamic Update 1
RN 1
3200 —
Results. Relations PassiFail Plot/Export Environment Annotations Motes I 53 B
2 4
5\3150 =
Part |5 Fart Type: Lumped Capacitance I E ]
EX ]
= 3100 o
Average Temperature (°C) g ]
2998.02 ]
3050 o
3000 -
Ll ]
| ]
2950
i L e e e |
0 500 1000 1500 2000 2500 3000
Time (sec)
Temperature Axis Limits Time Axis Limits.
MWax | 3300 Win Wax
Win | 2850 0 3000
Export Image. Print. 4 Add To Report Close
Heat Rates Boundary Condtions S = — ——— — =
i 2%
Display as Flux Part List L
Heat Rate (W)
_ _ [0/ |name Type Hidden Geom
! Tl Outgoing L2 1 eqcCell Mult-Layer Shel
@ Conduction 19.6002 2 eqcCellAnodeTab Standard Shell
0 Convection 0 o 0 3 eqcCelllCathodeTab Standard Shell
- Y Y 4 packNegativeTerminal Assigned, no Geometry No Geom
@ Radiation 0 0 o 5 packPositiveTerminal Lumped Capacitance No Geom
Q Solar 0
Q Imposed -186 Select All Invert Selection Deselect All
Close:
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NTG Distributed Model — Single Pouch Cell

» Distributed model TS -

LA e Fauirsy
EXCHEIEYNE

File Edt View Toole Units Window Help

employs a mesh for

the thermal and the ep—.

Geometry Editor Analyze Post Process

electrical domain
Mame )

Separate parts for covee. — _
cathode and ' @

Parts Assembly Curves Environ Conduct Properties Scenario

Ly

Model Size (mm):

anOde Voltage Part Type
EERIEL Standard hd
@ Calculated
. % Electrical Input
» Part naming
Material electricalAluminum -

convention links Tickness (mm) 0.3

Initial Voltage (m\) Current (&)

electrical and e | ® Voo -
thermal domains

Bypass 58 ) Curve

= Part List -
| (] | Name Type Hidden |Geum ‘
1 anode_1 Standard Shell
2z anodeTab_1 Standard Shell
3 Ll Standard Shell
4 cathodeTab_1 Standard Shell
5 cel 1 Mutti-Layer Shell
L3 thermal&nodeTab_1 Standard Shell
T thermalCathodeTab_1 Standard Shell
] positiveLead Standard Shell
9 negativel ead Assigned, w/ Geometry Shell
Select Al Invert Selection Deselect All
Close

w
N
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NTG Distributed Model — Single Pouch Cell

=» Voltage distribution
is rendered in the
post-processor

L]
[ File Edt View Toole Units Window Help

TATherm - A123 196Ah disttdf * i R —— f 5

Model Brow: Model Size (mm):

H=10
Geometry Editor Analyze Post Process = 160,002
I =037 066
El; d Til ) | 300
gessdimeizect Wigible Size (mm
Time Step | 20 =10
Y =160002
(.} I=24248 |
Animate Speed: + o - Repeat X Dynamic Update Vigible Courts: -\_‘_q_\
Vo
Partz =6
Elemerts = 54 I
Results Relations PazsiFail Plot/Export Environment Annotations hotes \\_‘\E\
Part '8 = Part Type: Calculated ‘M\\
Awverage Voltage (mv)
28672
29640 29865 29600 249715 29740 29765 297941 29816 29840
Vigualize | Front & Back
Part List P
Currents | Boundary Conditions | D | Name Type Hidden Geom
) ) 1 anode_1 Standard Shell
Display as Current Density o4 anodeTab_1 Standard Shell
G £ A 3 cathode_1 Standard Shell
Tuitify) 4 cathodeTab_1 Standard Shell
Incident Outgoing Net 5 cell 1 Multi-Layer Hidden Shell
Conduction Current 97.0838 6 thermal&nodeTab_1 Standard H!dden Shell
7 thermalCathodeTab_1 Standard Hidden Shell
Y{Vp-Vn) 0 0 0 a positivel ead Standard Shell
Imposed Current o8 9 negativelead Assigned, w/ Geometry Shell
SelectAll Invert Selection Deselect Al
Close:

gl ThermoAnalytics



» Time plots of
terminal voltage are
available as well

TAITherm - A123_196Ah_disttdf * ‘ - q
|
[ File Edt View Toole Units Window Help
|_ | Fifis
|:||:| I_ | Smun’h quhtlng (?w:
Modsl Brow: &) |## TAITherm Results Plot
Geometry Editor Analyze Post Process
Elapsed Time (sec) | 315 _
3100 o = Elem 80
Time Step | 21 ]
7} 3000
Animate Speed: + o - Repeat | Dynamic Update 2900 ]
Vo -
. - = ]
Results Relations. Pass/Fail Plot/Export Environment Annotations Notes = 2800
= ]
& ]
Part '8 = Part Type: Calculated = 2700
= ]
|| | 2600
Awverage Voltage (mv) ]
| 2962.89 o 3
| ]
2400 -
I B e e s ey e e |
0 100 200 300 400 500 600 700
Time (sec)
“oltage Axis Limits Time Axis Limits.
Max | 3100 Win Max
Min | 2400 o 700
Export Image... 4 Add To Report...
Part List
Currents Boundary Conditions
Dizplay as Current Density ‘ X | T Type STELET e
1 anode_1 Standard Shell
Current (A} 2 anodeTab_1 Standard Shell
. . 3 cathode_1 Standard Shell
! ckient Outoaiig et 4 cathodeTab_1 Standard Shel
Conduction Current 97.9838 5 cell_1 Mutti-Layer Hidden Shell
¥(Vp - Vn) 0 0 0 6 thermalAnodeTab_1 Standard Hidden Shell
7 thermalCathodeTab_1 Standard Hidden Shell
rrrezd e 8 8 positiveLead Standard Shell
] negativelsad Assigned, w/ Geometry Shell
Select All Invert Selection DeselectAll
Close

([ ———————————————————————————————————————————————————————
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NTG Distributed Model Applications

(b)

» Effects of tab size/location, cell
size, collector thickness:

Voltage gradients on collector plates

Non-uniform current density <+—160 mm—»

00 =515 525 538 550 565 575 5548 600

Non-uniform ion depletion

Non-uniform heating @) (b)

- 263 mm—— >

-+128 mm-»
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» Modules or packs
are modeled as
groups of individual
cells

» Effect of cooling
strategies can be
investigated

36

TAITherm - packWithStagnantAirCeoling.tdf

File Edi View Tools Units Window Help
Mosdal Brow:
Geometry Editor Analyze Post Process.
Part Selector
Name o]
cell 8 - | 26
Total Parts: 138
Farts | Assembly Curves Environ Conduct | Properties Scenario
Temperature Part Type #ofLayers Conduction Type
Assigned Multi-Layer | |a % | Planar -
® Calculated
Transparent
Front | Middle @ Back
Material

LiPO (from WW-W_Battery_Airnodes_Bypass_noCooling)

Thickness (mm) 225

Surface Properties

L] Su.r.fac;e Condition Default Surface

exture Map

Initial Temperature (*C)
Seed S5

@ Bypass SS

Convection

Hand Tfluid -

H Coefficient (Wim™K)

® Value
Curve | |2
Routing

Enable Water Wash Edit

0.50

Imposed Heat (W)
& Value
Curve 0

Routine

Fluid Temperature (*C)

Value
Curve

Rou

® Fuid

[

138: Battery. air A

Mol Size (mm:
W=33T2TY
Y=37385
I=436E669

“isinle Size (mm
H=537277
Y=37385

£ =436669

“izible Courts:
Parts =136
Elements = 8§31

Defauft -

Display

Messages

1) Uging Graphice Level 2
Using OpenGL Version 4.0
2) This TDF file was written with RadTherm 10.2a-2011-12
3) Model statistics: Elements: 31 Parts: 138
Shell Elements: €31
Cuads: 831

4) Thermal results data was written by version 10.2a-2011-12

E) Opened “Wkelvin\pub\sdp\batteryModeling\batteryController\controllerDemo\packWithStagnantAirCooling tdf
8) Geometry rotated successfully
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NTG Equivalent Circuit Model —

Pack with Different Cooling Concepts

TAITherm - pack\‘\ﬁthSOOA[rStreamCooling‘tdﬁ . ‘—

Case with air forced
through pack at
various flow rates

=» Advection links it | Spoot s —— et %o
between fluid NOAES | | wuss | acsions | rossrot | rotmsport | envroment | Amotosos | tots
models coupling to pact (12 =] raryee: HuiLayer

fluid flow

[
| Eile Edt View Tools

Geometry Editor

Elapsed Time (sec) 1370

Analyze

Units  Window Help

Model Browser

Post Process

g
» » »
i

LN

Awverage Temperature (°C)

front  ———+ | 30.5500 @ Display Heat Rates/BCs

30.5835 Display Heat Rates/BCs

30.5835 Display Heat Rates/BCs

» P FOVI d e s q u | C k 30.5835 Display Heat Rates/BCs
30.5747 Display Heat Rates/BCs

alternative to
coupled CFD

/—'m

180 205 23.0 255 23.0 305 330 355 33.0

Vigualize | Front & Back

» I n Ve st I g a t e n O n - Display | Thermal Results = | | Temperature |~
uniform cooling in WentRtes |_Bounday Condions
| Display as Flux Auto Scale
pac k 18 2
Heat Rate Flux (W/m=)
_ _ Messages
Incident Outgoing Net UL, B
Q Conduction 52.3309
. 22) Thermal results data was written by version 10.2a-2011-12
5 c
@ Canvection (0 25,2638 282635 23) Opensd “WelvinipubisdplbatterylodelingioatieryControllericontrollerDemolpackitnS00AirStreamCooling 1af
Q Radiation 417.418* 475853 * -58.534% 24) Geometry rotated successfully
Q Solar 0 25) S.uccessfully wrote the irpaga file:
kelvin\pub\sdpibatteryModeling\batteryController\controllerDemot fullMage. png
Q Imposed 0 26) Successfully wrote the image file

W
~

“ikelvin\pub\sdpibatteryModeling\batteryControllericontrollerDemoinoFluids.png
27) Successfully wrote the image file
batteryController\icontrollerDemotjustFluidNodes. png

Lahi hednhattenModal

p p
28) Image export canceled
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NTG Equivalent Circuit Model —

Pack with Different Cooling Concepts

TAITherm - packWithEdgeCocling.tdf * —-.
‘ Edge Conduction to | Eile Edt Miew Tools Units Window Help

liquid-cooled plate i
W=33T2TY
Geometry Editor Analyze Post Process W= ATIES
I=442284
Part Selector
Name ] “isinle Size (mm
H=537277
CoolingPlate - |[ 139 hd @ W= 37IRE
Total Parts: 141 2= agza
“izible Courts:
Pats | Assembly | Curves  Envion | Conduct | Properties | Scenario Parts = 133
Elements = 663
Temperature Part Type
S =skued Standard -
® Calculated
Transparent Electrical Input
Front # Back
Material
Aluminum ~
Thickness (mm) 1.5 Enable Water Wash
Surface Properties
_. Sl.lrfac:elt:.ndmun Default Surface 0.50 A
Initial Temperature (*C) Imposed Heat (W)
Seed 55 * Value
® Bypass 5SS Curve 0 Display | Defautt -
(_} Routine
Convection

[+]
MNone -

13) Using Graphics Level 2
Using OpenGL Version 4.0
14) This TOF file was written with RadTherm 10.2a-2011-14
15) Model statistics: Elements: 869 Parts: 141
Shell Elements: 869
Quads: 869

18) Thermal results data was written by version 10.2a-2011-14

17) Opened “Wkelvin\publsdp\batteryModeling\batteryController\controllerDemo\packWithEdgeCooling. tdf

18) Geometry rotated successfully

W
00
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NTG Equivalent Circuit Model —

Pack with Different Cooling Concepts

aa
. a6 S _ _ I
l ~ - 24 | Stagnant air (no cnnlmgﬂ I
| | r ESE _

g
| a4 53
: = 5 &
Stagnant Air Cooling { E 28 - = 2
o = 26 o 5 | Forced air @ 50 Limin |
L | Edge cooled plate |
22 A
20 - | Forced air @ 500 Linin
18 T . . |
10450 1100 1150 1200 1250 1300
Time {sec)

Air stream cooling

=» Evaluate effectiveness of cooling
strategies

Temperature limits
Cell-to-cell cooling uniformity

=» Determine requirements for cooling
system parameters

Edge cooling to cold plate e.g. Flow rates
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Combined Equivalent Circuit & Distributed Models

It is possible to
combine models

Investigate detailed
electrical and
thermal behavior of
a cell of interest in a
pack without the
computational
overhead of a full
distributed model

L]
[ File Edt View Toole Units Window Help

- & & L
i Part | Element | | gi-ch

Thickness (mm) | 0.16

Initial Voltage (m\')

® Seed 5SS 2000

Bypass 58

ﬂ
Hide || Hidelins | Show

Edit ID

(@]
=17 (Em )
]

Properties Scenario

% Electrical Input

Model Browser
Geometry Editor Analyze Post Process
Part Selector
Edit Name
distanode_3
Total Parts: 26
Parts Assembly Curves Environ Conduct
Voltage Part Type
Assigned Standard -
@ Calculated
Material electricalCopper

Current (A)

® Value

[t}
Curve

¥ =500
W =200
Z=:311 066

Wigible Size (mm
¥=7240

Y =160002
Z=511.068

Wiginle Courts:

Partz =21
Elements = &4

J

|_ —|
Neishbar Inu H.da Assmn |:||:| I_ _I ;u

B3] Model Size (mm):

e
» ? » »
quhtlng

E= Part List BY
D/ |name Type Hidden Geom
1 eqcCell_1 Multi-Layer Shell
2 eqcCel_2 Multi-Layer Shell
T distcel_3 Multi-Layer Shell
12 distcathode_3 Standard Shell
13 distanode_3 Standard Shell
14 eqcCel_4 Multi-Layer Shell
15 eqcCel_5 Multi-Layer Shell
Select All Invert Selection DeselectAll

Close
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NREL Equivalent Circuit Model of Transient Pulse
Data

=» Terminal voltage predicted by TAITherm compared to transient
voltage data -

Voltage computed by TAITherm
s Voltage data

DoD

S
2
()
8o
©
=
o
>

400 10[0)
Time (min)
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NREL Equivalent Circuit Model —

Pack of Cvlindrical Cells

Radiation between
complex geometry
is quickly and
accurately modeled
Can be key
component of
propagation of
thermal runaway

atn - Wi e ST . e
File Edit View Tools Units i Help
Mode! Browser Modlel Size (mm:
H=54
Geometry Editor | Analyze | Post Process W = 36
I=832
Part Selector
Name ] Wigible Size (mm
H=154
cell_5_jr - |13 5
Total Parts: 23 Z-Es2
iglhle Courts:
Parts Assembly Curves Environ Conduct Properties Scenario Parts = 21
Elements = 525
Temperature Part Type #of Layers Conduction Type
Assigned Mutti-Layer - [2 % Cylndrical *  Soid
@ Calculated
Transparent
= Part List =
| 0] | Name Type Hidden Geom
1 cell_1_jr Multi-Layer Shell
Front Middlg) | 2 cell_1_top Mutti-Layer Shell
. 3 cell_1_bottom Standard Shell
Waterial 4 cel 2_jr Multi-Layer Shell
5 cel_Z_top Multi-Layer Shell
et 6 cell_2_bottom Standard Shell
7 cel_3_jr Multi-Layer Shell
Thickness, o - r, (mnl 8 cell_3_top Multi-Layer Shell
9 cell_3_bottom Standard Shell
Initial Temperature 10 cell_4_jr r.|u|t.r—Layer Shell
" cell_4_top Multi-Layer Shell
Seed S5 12 Standard Shell
@ Bypass 55 13 Multi-Layer Shell
14 Multi-Layer Shell
15 Standard Shell
16 cell_§_jr Multi-Layer Shell
17 cell &_top Multi-Layer Shell lay | Defauft ~
13 cell_§_bottom Standard Shell
19 interConnector Standard Shell Messages
20 positiveConnector Standard Shell
21 negativeConnector Standard Shell pel2
22 packPositiveTerminal Lumped Capacitance No Geom n 4.0
23 packNegativeTerminal Assigned, no Geometry No Geom ritten with RadTherm 11.1a-2013-07-nrel-circuit
Elements: 525 Parts: 23
Invert Selection Deselect All
144
Close ds: 381
a was written by version 11.1a-2013-07-nrel-circuit
Sy Opened weelnmpublsdp\batteryModeling\NRELegcMutorials\NRELeqcPack_reference.tdf
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Design Study for OEM

=» Single pack (24 cells) and case
=» 40 A current

Temperature vs Time

44
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Underbody Analysis — Full Pack with Exhaust

=» 96 cells, battery case, exhaust line, insulation
» 25 A current
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Agenda

Background
m Design issues
m  Modeling issues

TAITherm Battery Models

m  Physical description
®  Modeling concepts
m Relative strengths

Input Requirements
m Electrical parameters
m Thermal parameters
Use in Typical Applications
m  Single cells
m Pack / module
m  System integration
Future Development

=  Runaway model

m Life model
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NREL Thermal Runaway Model

» Describes heating from unwanted chemical
reactions at elevated temperatures

Elevated temperatures due to hot ambient
conditions, I°R heating at shorts,
internal discharge

» Temperature-dependent imposed heating
derived from reaction kinetics

=» Use to evaluate risk of thermal runaway or
failure for plausible failure scenarios, evaluate
mitigation strategies
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NREL Life Predictive Model

=1
(=]

Driver Pl Controller Engine On/Off _E'lleadmn Output
7 Dynamics Compensaticn llere

=» Describes capacity and resistance changes
over time as a function of stress statistics
Calendar fade: function of T(t), SOC(t)

in
(=]

b
a o
L

=
.

Battery Powar Demand [kW)
. i
(=] [=]

=
.

Cycling fade: function of DSOC, T, C,.., DT ] =
» TAITherm runs generate life operating ooEom mmmmememe e
Statistics’ WhiCh are then input to |ife Fig. 4. Enlargement of Filtered and Unfiltered Battery Test Cycle.

predictive model

» Use to estimate time to end-of-life,
performance characteristics at end-of-life

48 B ThermoAnalytics



Summary

» TAITherm can be used to address battery thermal
design issues
Cell, pack, and system integration
=» 3 battery models in TAITherm provide flexible tools
for optimized design / analysis process
Efficient transient modeling

Representative thermal environment
=» Validation info:

Peck, S., Pierce, M., “Development of a Temperature-Dependent
Li-ion Battery Thermal Model”, SAE 2012-01-0117

Peck, S., Olszanski, T., Zanardelli, S., Pierce, M., “Validation of a
Thermal-Electric Li-lon Battery Model”, SAE 2012-01-0332

Peck, S., Velivelli, A., Jansen, W., “Options for Coupled Thermal-
Electric Modeling of Battery Cells and Packs”, SAE 2014-01-1834
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Questions

®» Please contact: |§M_J_JL_JH

Scott Peck, Senior Research Engineer , ', Ehw@_@}ﬂm

= Scott.Peck@ThermoAnalytics.com
" +1-906-482-9560 (x208)

Technical Support

" techsupport@ThermoAnalytics.com
" +1-248-380-4348 (press 2)

Sales

" sales@ThermoAnalytics.com
" +1-906-482-9560 (press 1)
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