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Thermal Management Software &R A MAGNA

Powertrain Cooling Air Conditioning

1B RIRED SRR

« Temperatures ;& &

« Pressures [£ 51

* Mass flow [RERE

* Heat flow #&

« Other Energy flows HEREE R

Windows Desktop Software for the 1D-Simulation of the Vehicle Thermal Energy Management
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Thermal Management Software &R A MAGNA
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Capabilities of KULI eco
KULI ecot&iR I &k



E-Components in KULI eco BBFE&R{4 M MAGNA

- Battery Cell
- Battery Module
- Battery Pack

- DC/AC
- DC/DC

* Electric Motor
| Generator

|KULLI

ENERGY MANAGEMENT OPTIMIZATION
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Storage Simulation of the
complete electric
drivetrain...

El. Ener aryerrantt- )

Convers?gn A b N ALY
Thermal management

Electric and electric power

Propulsion  €onsumption...
P HEEREEREIH .

... for both
EVs and HEVs
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Application Example — Energy Flow Analysis §EEiRath M MAGNA

67,8 kW power drain from battery

l Base AC-System
~
3 kW
8.6 kW S 11.6 kW
Battery | === ===~ Ao oS5 > | Condenser
¥ so2kw
0,4 kw
DC/DC | m e e e e - 11.7kW [
/ _ P ~mmm—- - |High T Rad
‘SSBkW 43KW_ -~ 7
’ -
Invert </
nverter | = kW, ’
1kwW
0 kV\N 45KW ,
E-Motor | |Auxiliaries

4

44 kW useable power at e-motor

Simulaton patameters

Quickly assess where the energy is going!
KULI software S
I ENERGY MANAGEMENT OPTIMIZATION I;% %Elsﬂ EEIJLJZH




Application Example — Battery Cooling Concepts Bt 2#Di&it M MAGNA

Steady state cell temperature distribution:

RSHEITERTTEERDT
N M\

5968 29,4231 28,8491 28,6392

29,2409 29,0497 28,4196 28,

=
294203 29,1451 28,8475 <in
| > Out< 29,4203 29451 28,8475

AT =1.15K

l > I |

5p/2sflow A AT = 0.67K

b Inlet
| software
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(also lowest dp!)



Application Example — Transient Temperature Distribution in a

Complete Battery Pack fE—/ & # it & RS E 557 M MAGNA

Transient simulation of a battery pack with 33x9 = 297 cells

At ERFSAE 33x9 = 297 M HIK
Cooling plates between cells 21X fEFE TS Z [B]: modules connected in series 482 [6]9E B,

—v —— cells in modules connected in parallel B2 (6] 5
I S - S : B [°Cl
| Iy H-
T k_J L 23 D 25,5
1080 s - BE
* Each cell is modeled ] % z:s
separately AT EER & e W -
- Convection dominates over . I { -
heat conduction 3 RES T HRES ‘. J J EE
* High battery loads lead to . / \ J/\ l{ /\ 5}’ 22
inhomogeneous cell iR i 215
temperature distribution & 5177 S5 J L L R B
HEENTSS % R 5 R R R IR Rl IR SRR R IR ES
N I R A B
S I U LA T




Application Example — Transient Model of a Battery with

Asymmetric Layout T %}1§770 & BB SEERE A MAGNA
4 Parallel flow to modules T — KULI battery model Rt AR A
in back = ZRiEE H EL 76 . < (using KULI battery modules)
Serial flow through
Front modules
B S e B B S . -

.

: Thermal coupling —
Batt HX  E Pu e < between front and back
<__-<_ <><—LY by heat conduction

A fERA 2 [E|HFE S e F




Application Example — Battery Temperature Distribution

=]
. she M MAGNA
Analysis EBitiBEE SOt
Transient maximal temperature span Temperature distribution
in module (for NEDC): in the battery module EBjtB&
NEDCHABESEEIRE RREST @t=1180 sec
e —_—_——_——————————— — — ———— ——————— J_ [°cl
Py A L. | | | | I \\\ / .
204 Safety limit 30°C i 5 e
292 1 T 33
Firstcell = = - % zs
Last cell —— ] 585
Parallel f g
arallel T1low —
28 . 255
278 1 : 24
276 : 225
:2 \ : 21
af | | | | | ! / L] 105
8% — - LML‘A‘&A. : . 18
. 16,5
@] software Serial flow B
ENERGY MANAGEMENT OPTIMIZATION




Application Example — Investigate E-Component

Temperatures During Drive Cycles {TI#EIAPAIR F2h {2 M MAGNA
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| software
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Application Example — Simulate Boost Power and

Recuperation for Hybrid Vehicles iR & M mae
lin | | fin . —&— E-motor shaft
N - power
: Max. Bc?ost Power 9.1 - Battery SOC
m_% P ji 3
g af ﬂ» !
= g ?«J 4 rj o
: ~ e ak T Boost
o - — — — —-ﬂlﬂﬂ—\————————--;——
v Recuperation
L o] .
\ A Residual SOC
+ ’ E'EL'('- |_ ’ '
800 1000 12 _"n

| software
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Application Example - Range Prediction of an Electric

Vehicle F&s JEB- =i 2] E M MAGNA
o S | | i
AC switchedon | [ = | ® | predicted vehicle range FMIEEES
ZSifE [ 7 |NEDC T
?ﬁﬂﬂ:}a 1 o | simulated driving distance ItE1TIFEEER
i
LR
uv | : il
i i Range loss due to AC
iveN _— i v | TSRSk
o et sty S e 8
i i T _—— | Vehicle range
| | e T 1TIREERE
| B | 76km
| SN i i
e ! Sequential simulation of NEDC cycles
TR SRR yntil battery charge limit is reached
|CC¥®] software ESNEDCERERE AR
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Application Example —
Electric Driving Range ZHRZRFAX1T

Influence of HVAC System on

100

o0.

80.

— 0

aked Cabin {50°C)
econditioned Cabin {20°C)

70.

N o
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40.
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ce of Cab

M MAGNA

State

[l aYall
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30. ‘OUU’

20. ﬁﬁ

220

10.

R |

Preconditioning effects
ACin idle mode...

a

0 200 400

IKULI
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Temperature distribution
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Appllcatlon Example — Slmulate AC Coupled Battery

M MAGNA
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Application Example — Controller Development with the KULI
Simulink Toolbox R KULI Simulink T &8 {TIEHIZF £

KULI provides the thermal simulation
model.

KULHR R B :

« Battery thermal model B3t 1% 5!
« Cooling circuits (Coolant, A/C) #I)4 &R
« Cabin model Fe G fgiRA

» Temperature Levels

R
* Volume flows i & g

— S IKULIE
s Llge=rr

B Configuration of the KUL/Simulink-block
File Tools Help

ST

Version |KullAnalysisZ KuliAnalysisCr2.9... v Twpe: e
‘‘‘‘‘‘‘‘ CIECSKULI_6100\data\CoolingSystems\ExEngine_HYBRID_advscs (1)

1.BATT v [Barrvp 1)« [ECELL[1.2.3)

Actuator
1 [ExternalHeatSupply (W]

- >
DJdld

* Energy consumption

‘ KULI model

[E=mEcE ==

sista.
InternalohmicResist... Ohm]

Exchange

HiEZH =
soCstart &3]

via 1 e %
(KULI
Simulink Simulink model [

Mass
OpenCircuitvoltage  [V]
S0

T ONOAAEAEAAEEAAEEE

‘m‘u‘b‘m‘vw‘u‘o‘w|m‘u‘a‘m‘b‘w‘m

Connectors loaded from component:
1.BATT/BATTM4.1 1VECELL[1.2.3]

Create Simulink-block
uuuuuu

Toolbox D
Simulink provides an ideal

« Pump / fan rpm environment for developing

T controlling strategies.
R | REFER Simulinki2{tt 7 — M EIEHI )
* Valve position B e

@O E



Application Example — Using a Matlab/Simulink Cell Model
in KULI 3R FMatlab/Simulink g i & 8!

* Use your existing Matlab/Simulink Cell-, Module- or Battery Models in KULI!
A AFEKUL 8 FA £ 3 A HoMatlab/Simulink 87T, #R4B 5k B iR R

* Example: An existing detailed cell model (considering the internal structure of the
battery cell) can be linked into the KULI environment: E=fj: —MNEFREGER

- N =
(%EL‘E.\ T EE:"::‘ E,\] W %B%*’Q ) -E-I- UE?ELC [ Simulink bl )
Y xva =r External Simulink Cell Model
E?ﬁ% E KU L I 1ﬁﬁﬁiﬁa Simulink controller ¢+ ¢
. . Identifier m ey
— No effort for re-building : !
. . Mame of Simulink model: External Simulink Cell Model |
already existing models g Sl
TLEFHER < ! S
— The cooling system is Y shonSimunkmscel g =" !
simulated using KULI ‘ B
ERAKULAEAH RS T o P
e Coolant warm-up /‘éz'f/];%'ﬂﬂ- Inputl:  Cell Temperature c = —— | i
o Tnput2:  S0OC % \=| ! . E '
° Pressure drops Eﬂ_fﬂl% Input3:  Electric Current A Ll i n [—i out H i
- Mass flows FE7E Sl : ! 0 B
Input & ) i i
It is also : o
pOSSIbIe t.o mOdeI the Simulink variable Unit _Actual S0C e '.I i
complete battery in Matlab Output:  Internal Resistance mOhm = ;
AU S | IR — | :
(KULI handles the coolingsys.) | (W oot e .
B+ A] LA MatlabiE 1R EE N Ea it )  [Cmed]
CRAKULIRIEA AR SE) ‘ .
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Components and Features
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Battery - Different levels of detail REHHBEIE

M MAGNA

Modelling effort © I ®

Simulation of avg. cell

temperature @ @
We do this...

Simulation of temperature

spread @ @

... with the effort of that!

CPU time @ @
Cooling system design @ @
Controller development @ @

| software

ENERGY MANAGEMENT OPTIMIZATION

© ©® ©6 o0|o
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Battery - Typical Internal Structure BiBYH;BAIS

e

M MAGNA

Internally most traction batteries are subdivided into modules...

ZEER P AIERRT LA AtEE
... and modules consist of individual cells.

.. PRIRREN BRI

- — »

Battery ce
Rt R

fl

Battery module
FithiRd

Cell

This can be used for modeling a battery very efficiently...
XA LAESEEEIFE SR
IZ¥®] software

ENERGY MANAGEMENT OPTIMIZATION
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Battery - Setting Up Complex Structures 3784514 A MAGNA

KULI makes intensive use of symmetry
to facilitate the setup process of even

very complex structures.

BMEEIFESERIEHAT, KULIEEERESRE

FAXIFRIEEE R

Although modeling is easy, simulation
results for all individual cells are available!

BAERERE, BKIHE% SRS BEURTESER

I Used cell model

Prismatic_cell MAP_def. kuliECELL

Orientation of the cells

Geometric data of utilized cell

. Width

] Height

@) Cuboid Cylinder
Width (y) [mm] 200
Height (z) [mm] 245
Depth () [mm] 15

Configuration
Cells in y-direction 4

Cells in z-direction 3

Cells in x-direction 5

IZge m) sottware

ENERGY MANAGEMENT OPTIMIZATION

S

Example:
Definition of a module set up

from 4x3x5 identical cells.

TEN —"Mx3x5tEE B e HIEE
Battery is similarly set up

from 1x4x1 of these modules.

FE SR AR 1x4x 1 MRBEHIBL



Battery - KULI Modeling Options Fa 2% %Ik M MAGNA

All of these variants will lead |(3attery model: 1 integrated component ) 1.BATT
to a detailed model that cells aan modules modeled automatically
SHkEFY - £*= e 7'7'; Y
allows evaluation of individual BERE: SRS (U |
BaEsr) ou L |,
cell temperatures!
ArETER MR LS E BTt Use the KULI
HIEE Yes Battery Pack!
Are the modules
Yes arranged regu!)arly
Are the cells In the pacK? No | Modelthe battery [ [.. g
a_rranged regularly pack from KULI --= =
in the modules? NG Model the battery Battery Modules!

pack from KULI
- Battery Cells! 1=

~@- 1= ~@- = -

e i Module based model: 9 modules
e.g. manual cell based model: 288 cells [ (cells modeled automatically)
BIan: FaER288 T ETHEARA: oMEE
ENERGY MANA;E;EN-T OP;I'F:/IIZ:TION (%ﬁ E E}J@ﬁ)




Battery Cell in KULI eco E8ithER s A MAGNA

1 ECELL
Features of Battery Cell FHajthER iF4:

«  Heat transfer to ¥k In Out
—  Ambient I/ E .
— Refrigerant #l;$5

¥

— Any supported component by conduction
?&égjpp p y (ave)

+  Applicable as BMAF

—  Pouch & Prismatic cell
NS 72 o
—  Cylindrical cell EERZEE T oo Womersm v
o Electric Circuit % 2ContrOut3 N-Dimensional Map

— Resistance Model E3pHiSEY
» Constant F&
»  Temperature dependant EFiEE
» SOC dependant 3FS0OC
»  Temperature & SOC dependant
EREFRE&SOC
»  R-or RC-model
REKRCIEEY
— External Model (Simulink, ..)

HMERIRBY (Simulink...)

| software

ENERGY MANAGEMENT OPTIMIZATION

Magna MILA: EV concept car
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Battery Module / Battery Pack E8ithi&i4H / Baith &

Features of Battery Module / Pack:
I@.ﬂ!’f;éﬂ | Bt

Can be assembled from
cells /| modules with a few clicks

1.BATTH

In @.Dm

%E@ﬁﬁﬁ@ﬂ%ﬁﬁ*ﬁ%ﬁlﬁéﬂ

Used cell model

Prismatic_cell_ MAP_def.kuliECELL

* Inherits geometrical data

fr'om CE'I-ISJ mOdU|eS Orientation of the cells
ﬂiﬁalb‘/*ﬂgﬂmnn Geometric data of utilized cell
+ Several Coollng options: ) Cubord Cylinder
I Width y) [mm] 200
gﬂl?ﬁﬂ’— R . Height (z) [mm] 245
*  Fluid Cooled #/% Depth 0 [mm] 15

(flow through module)

+ Air Cooled [Xi&
(ﬂOW around mOdUIe) Cells in y-direction 4

° Heat COndUCtlon ?&1%% Cells in z-direction 3
« Can inherit electrical data from Cellsinx-direction 5

Configuration

battery cells /| modules
'JL)ﬂiEt@.‘iﬂ:uW/#;?ﬂH@lEB??ﬁE

. ports heat conduction to other modules / components

Eh*&lﬁ%ﬁﬁ(ﬂﬁéﬂgnﬂﬁ

|KULLI

ENERGY MANAGEMENT OPTIMIZATION

Width
‘ 3

Height




Battery Example - Air Cooled (Honda Insight) .
FithZhl - 25930 (FHinsight) M MAGNA

[ General data | Structure | Heat conduction| Convection |Electric propesties|

Flow through

e e B Battery in ambient circuit
= i

Convection type of utilized module

@ Flow around the module

Flow through the module

ow DBattery Cooler Fan 1BATT
In E-Out In i Out

Configuration

[3) General data [ Structure | Heat conduction| Convection |Electric properties

Flow direction in +y-direction v

Cross section [cm’] 80 Flow through

Volume of coolant [I] 2 @ Flow around the module “) Flow through the module © No convection
Fitting factor

Flow around
Factor: Heat transfer to module 1
Fitting factor

Pressure loss Heat transfer to cell 1

[7] Pressure loss model

Heat-transfer modul -> surrounding medium
Meodel
) Flow defined with 2D curve(s)
in x-direction
in y-direction
S Module

@ Plate theory;

insightman.com

Air flow through batte
IZWIN] software Air flow around module

ENERGY MANAGEMENT OPTIMIZATION




Example: Air Cooled Battery (Mitsubishi i-MiEV) Z5,$T0H;ith

M MAGNA

108

=]

[Tempe e nostrgitkg

28877

o 3
jﬁ!etclrmt ] o

2BATTH

rgetermert ||

oni

- — - LhatTm

. o

Battery

alloelie b ks

2BATT N Te M ial variage
ZHATT Temhalwiag: 1)
n
JBATT Tem halwiag: )

il

. 2B

o . o
AT \

Back module pack
(10 modules)

modules

Front module pack
(10 modules)

2 additional

| software

ENERGY MANAGEMENT OPTIMIZATION

o
Wy T TTTTTTTTTTT
i e
TRQ_eMaci e - = | OpeEtg Palit
o 1 !
[
L
[T SR
R
1 kbl Raige
L
ek 1z ! o
1
H 1
I | I
: : Compressor Torgee
| 1
%EI 1 ! [ZECmcompreszararuig pover —-:]@1\
1 [T
1
H 1
1 el 1
: | 1 1
- 1
[ LT
I [ T T ——— ad !
1 o |
Coolt 10000 1 | Tracton I rer [ i herer aiaris)
\ "
1 H 1
. [— o [— o \ 1 . | !
| T
\ 1 i !
Ak rage b pakd poner ———4|— 1 L
1
UfEsE Heat DCOC




Battery Example - Fluid Cooled (Opel Ampera) & /$Hith M MAGNA

" N . - L]
T Coolant Cirut Battery in coolant circuit

Flow through In
Flow around the battery @ Flaw through the battery © Both Mo convection

Flow through In ﬁ ot out in out
n type of utilized module ®l
nd the madule

| @ General data | structure | Heat conduction| Convection |Eiectric properties|

Flow through
Flow around the module © Flow through the module No convection M Od l I I e

Liquid cooled battery

I ®] software Cooling fins between cells [ Prismatic cells

ENERGY MANAGEMENT OPTIMIZATION




Example: Refrigerant Cooled Battery B, ={H;th

M MAGNA

Pouch Cells
LSRRI

\]Z/
y X

Thermal Contact
Plates

Contact Layer

LS

Refrigerant —
out — >

N\
Cooling Plate
TR

| software

ENERGY MANAGEMENT OPTIMIZATION

W Refrigerant
In

Condenser

h: 4545
p: 14.03

TXVs 1 anK

Evaporator

sure) p [bar]

/

/

Cooling Plate

€ Compressor

h: 403.9

m:113.8

spec. enthalpy h [kJ/kg]

Effect of thermal contact plates

Cooling plate on bottom of module!1
leads to temperature spread in z-direction

m’ kg, T [°C)

Modules

EOCC .

w
B

Average Cell T: 32.1°C
Total Dissipated Power: 1080W




Example: Fluid Cooled Battery (TUM Create Taxi) & &3t M MAGNA

18 Cell Stacks 5
412 cells ~

LW

G EVAL

Cell module Cell stack

— e — s — ——

System layout

I software Ay

ENERGY MANAGEMENT OPTIMIZATION




KULI eco - Electric Machine

Features of Electric Machine
FEHR R
* OP defined by torque and RPM
TR FEFREEE X
— Motor- and generator-mode
RN L BIRN
«  Waste heat &£
- Efficien% map (Torque, rpm)

WEE (HIE, #FiR)
* Electrical power requirement
TR IhE
. TemEerature Levels of
= B ZA AR
— Stator EF
— Rotor #F
— Coolant &%

+ Heat transfer to 33z#t
—  Fluid ik
— Ambient If1E
— Other components (conduction)

Hi T G ES)

1 EMACH

k
IE Eective torgque for gener: r
i
|
1
i
______ 1
|
xa R
,,,,,,,,,,, on
1.CET -‘-5 %
o

v

Example: simple generator model

Pl B ELEER
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Efficiency of an Electric Machine EB#133 A MAGNA
Typical E-Machine Efficiency Map: Electric machine
B R E T R Emelency m
©3.438
- 21.875
A % % 90.313
Positive torque: o e
Motor mode - - % 85.625
: B ..
Negative torque: "8 ! : I
Generator mode 100 ] : g o2
(recuperation) v ..
200 = 71.563
s T S e Bt IR 70

Efficiencies around 80% - 92%

WEE80% - 2% AL h

(for most operating points Z# T /7 T)

Revolutions



KULI eco - Inverter (AC/DC) i¥% 352§

71.875

300 70
2000 4000 6000 8000 10000

1.0CALC
Features of Inverter (AC/DC): ] g
. AIternatlng Current «< Direct Current 1 g’
3‘23& ;ﬁ.ZIE-JH(]%ﬁ Electroniccomponents in KULI

* Heat transfer to T —
ﬂ‘(fgsf Typical Inverter Efficiency Map: m
— Fluid ;&{& I
— Ambient 35 = s
— An%/ supported component by conducti = | % 90625
A =
- Waste heat & S =~
— Efficiency map (Torque, rpm 38 ° e
s (e, T =
— Map of Dissipated Power (Torque, rpn —
ﬁ&*nlj] 1 (?ﬂ%ﬁ ?Fg EF) a0 = 73.75

Revolutions
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KULI eco - Converter (DC/DC) M MAGNA

1.0CoC

Features of Converter (DC/DC): n fur

TRastrtE =
* Direct purrent < Direct Current
BHiRZ EaE#

 Heat transfer to

‘ARz
— Fluid 7#&fE o
— Ambient If & :
— Any supported component by condu §
?‘&1:%% P HliHs

- Waste heat £ £
— Efficiency map (Power / Current, Vol

§i$ (Ijjﬁ/EE,”;ﬁ, EE,}.:I_E(LS, HS)) e 139 i14 141

Voltage primary side [V]

Typical Converter Efficiency Map: 08.5
98.313
98.125
97.938
97.75
97.563
97.375
97.188
97
96.813
96.625
96.438
96.25
96.063
95.875
95.688
95.5

[v] epis Auep

-100

T

AERENERREECEN



Application Example: Complete Thermal Model for an E-

Car B ESEEARE

M MAGNA

1.40C
-
: =l =l
AT 3 L) y
1B
o )
] Simulation parameters Ll -
“ Multi-Zone Cabin Model
T
: -8 S XGRS
- 0
2.E00 twLE T negee e [T H 4 J\
. ‘ |
|
! [ 1.CAB
H.\ . Lo >
Controller ing superheating A1k ratio br. 1 (no target approach: Superheating temperature I Il 1
=== = s ‘ | =
| DT
| |
. .
i AC-System (with Chiller)
AC ON OFF " " g . o
R s
- z31F .?I'"é
oo - i iy L] P D=
e o ord - - o v
e ) -
o L——Iﬁ jow ratio br. 1 garget approachy] mgrmm- |
. 1 AGPHE [0]

L

B-{Quantiy of heaf

/% ratic br. 1 (arget approach)]

vfive_Bypass_E-Machir}

Low Temperature Battery Cooling Circuit

RS AN 1R IR

= Ra_eMac!
Pl i

High Temperaturs Cooling Radiator ]

E-Motor and Power
Electronics Cooling
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KULI eco — Benefits {Ji#& M |

Understand the energy flows in your e-cooling system and ensure safe

operation of all parts IBf#EAYB- SR FREERFRIEFMBEMFNZ2TE

Quickly set up even very complex battery models... and evaluate them on cell-

level! (RIFZVZIFESRAIEMIRE, HotRTCHAIIFRNR

Compare how different operating strategies for hybrid usage and HVAC

i = influence your range [bEGR SE N R ZRARIEHZE TR EREGRIITZ N
N ’/i\_ Integrate all your thermal management needs in one tool: engine cooling, E-
¥ cooling and AC RAE— M TLRRAENAEMINSE. B-LELARTHRFERRK

|KULI

ENERGY MANAGEMENT OPTIMIZATION




DRIVING EXCELLENCE.
INSPIRING INNOVATION.
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