."; International Council on Systems Engineering
\ E A better world through a systems approach

) Requirements
P 1. . eVehicle

llllllll

Reauirements
Powertrain

syt o 1 s b o e e

Driving the Future of MBSE -
SysMLv2 and Simulation-

Driven Verification of an eVehicle "t
ePowertrain and Battery System

Alexander Busch, Ph.D., CSEP
Soeren Schreiner, M.Sc.
Christoph Edeler, Ph.D.
Hemesh Patil

Tushar Sambharam

Bernhard Kaiser, Ph.D. @
Rajagopalan Badrinarayanan, Ph.D. !"l. e =
.f

INCOSE International Symposium 2025 | Ottawa, Canada

Requirements
Battery System




Requirements

‘ Range > 275 km ’

Budget
&
derive

Mass < xxx kg

Cost < xxx $

Size battery pack &
determine EV range

T

Most impactful architectural decisions (relative)

Battery Number of Cells
Battery Voltage
Charging Power (kW)

Battery Cells in Parallel

Battery Cells in Series

Number of Motors

Rear Motor Mounting
Front Motor Type

Battery Cathode Material
Rear Motor Type 1

Front Motor Mounting
Rear Motor Type 2

0.0 0.1

Adopted from Khan (2024)

0.2

03
Sensitivity

0;4 0:5
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g Architectural modeling W

«part def»
TechnicalSystemOrComponent

: TechnicalPort [*] :>> Ej

1

«part def»
AutomotiveSystem OrComponent

A TechnicalPort [*] :>> Ej

Blend of
 SysMLv2 standard libraries

» User-defined libraries to
m provide Automitve context
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and range requirements

srequirements Ta) -
) ) wparts I wparts
satishy L1_Ansystar: eVehicle drivingAnalysis
e areributes atrributes
structure range :>> Range = 399,636259924031 [km| scamario : String = SanFrancisco
analysis : Boolean = False Ax
requiraments h
Range : RequirementDefinition ~
canstraints
[act = 330}
wan £ D sparts F::’\.
documentation L2 in = i OrComponent <
The range of the vehicle with a battery SoC = 1.0 shall be equal or larger attributes
than 390 km for the "San Francisco" drive cycle scenario.
- . " >
e y
] e 3 ‘ = ; wequirements =
. Requi a4 (] I 5 o ive_HY, a4 batteryPackRequirements
——— esatisfys atuributes documentation
The battery should be able to provide adequate power for high performance. ass = Mass = 530.70000000000005 fke]
2 structure
costi== Cost = 13810.6 B .
structure srequirements
: : . — | Battery_Pack_Voltage : RequirementDefinition
«requirements ﬁth documentation
BatteryMass : RequirementDefinition G ot = Pack_Voltage should be mare than 742
Th | battery sh I.Ibeldg(h e:;n;:_ "L4_cellStack A === cellStack . .
e total ‘mass shal less than in any case.
\ / GRS requiraments
wvoltage : Real :>> Voltage = 360 [V] Battery_Pack_Current : RequirementDefini ™ P k
f P 3 curent:Real == Current =300 4] S I S socumentation - ac
BatteryCost : RequirementDefinition energy : Real ;== Energy = 108 [J] esatisfys Pack_Current should be less than 320 A. I’ e
e e discretizationType : String == 'Discretization Type' = Series \ }
The total battery cost shall be less than 14000 USD in any case. wsatisfys cellsinParallel : Integer == ‘Cells in Parallel' =42 ’
' 4 \ jaet= 4 N 3
celsnseries nteger >~ Cell In seres' =113 asatisfya crequireny’ '
< y totalCells : Integer :>> Total Cells' = 4662 Battery_Pack_Energy : Requiies, i nition
‘mass : Real ;== Mass = 514.70000000000005 [kg] T documentation™
cost: Real == Cost = 13688.6 Fack_Energy should be more than 100 kiWh.
cellCost : Real == 'Cell Costs' = 16317 B
energyDensity : Real == Energy Density’ = 0.20959999599959998 [J/kg] xsatisfys p -
owerDensity: Real :>> ‘Bower Density’ =5.04 (L)
':a y :n::l:” i sity kel Battery_No_of_Cells : RequirementDefinition
documentation
.0 S No_of_cells shall be less than 6000
- = Module
> cellGroup »

GUAGE - cellType >> Type= LG Chem INR21700-M50T
—
~ A

streicture N
SYSTENS = )
== cell .
lI,l‘.'IIEI.IIIIl'. T Cell o incose.org | 7
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1@5 Simulation workflow and connection to MBSE s

Run a Modelica system simulation
model to evaluate eVehicle range

Inputs from SAM Outputs to SAM
|Name |value |units Ce.";ame g T |units [Name |value |units
+u  cellType LG Chem IN... = e TEChem SR UICES NI 399 636 km
i [EERElEgE 360 v -+ cost 35 s o
+m packcurrent 300 A = 0.069 kg :':v"‘m'?‘.f: - /777 Responses | Battery Pack (Cell Stack) S
+a  TolaPackEnergy 108 KWh =+ maxCurent 72 A == N moQelica |name |value |units
+ requiredS0OC 0.5 .+ nomCapacity 5 An [ —— P4 Language e batteryMass 5307 kg
+a muqunage 0 % .+ nomResistance 0.025 Ohm . TS 51 4:7 kg
2 discretizationType  Series -+ nomvVoltage 36 v o batteryCost 138106 $
+a IRLoSS true , N , . . = packCost 13699 6 $
+d useGranta false celiSelect electricRange = packCellCost 16317 3
= == packEnergyDensity 0.21 kWhikg
5 @ =% packPowerDensity 5.04 VAKg
i =+  ftotalCellsinPack 4662
celiSelect_Excel A\ FelectricRange_TB | A\ — totalCellsinPack_. 0
‘ ’——- % ' (®)|-+  censnseriesinPack 111
=+ cellsinSeriesinPa 0
Inputs Sizing postProcess  Responses ~+  cellsinParallelinP... 42
=23 cellsinParallelinP... 0
' X electricRange_FMU

Select battery cell information from Size a battery using simple

look-up table or material database canonical equations in a script
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€3: Linking MBSE with Engineering Simulation i

Enabling System Analysis,
Model-based V&V by Simulation and Engineering
Systems Engineering Trade Studies Simulation

[ J |

H . o '
- T - SAM Part Attributes Analysis Variables
I & Requirements Inputs & Outputs)
Batery pack ‘;“‘ W: « ol :' celiSelect | :' electricRange |
e sk B nge | v e ) i - = : i 5
] Erpresan A | — — i 8 ;J i H H
e o ! . celiSelect_Excel ! A ! lec |
cost 1] h. 1 1
- ) ) h ’_:,_. f :
1
] i

SYSTEMS MODELER i
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42
SAM Part Attributes Analysis Variables
& Requirements Inputs & Outputs)
i g
B L3 batteryassemt. v packCument Real
— s
@ Module config  String s modulevoiage  Real
T e
Do o e b
e | 1 ; o ey m . =
@ Execute B Sl === (3) Verify the viable

verification by (@ Perform trade system design &

system-level study to identify save back to the
simulation SAM

fHijn

jij(‘”’ii

Initiate system performance analysis

Initiate a Design of Experiments (DoE) to conduct a Trade Study

Verify the system design for the most-promising cell type

incose.org | 12



Release & Publish Cz:)

..........................

celiSelect_Excel

e ————h e —————

1 - Sy5tem'|-éve| <5ceu l_ ranta electricRange_FMU
Subject Matter-Experts S Imla tie it oL . | S siiisncnisn IO
Specialist
m‘a"ﬁl‘.?é 2
Systems LANCUACE L Release &
Engineer Publish

| =

SAM Part Attributes| - { Analysis Variables
& Requirements (Inputs & Outputs) @

Execution SPDM
server




cose Early-on conceptual design

validate

Low-Fidelity & OD

incose.org | 14

=



gg: Early-on conceptual design

-

|
|

incose.org | 15



ign

led des

Later-on detai

E

@




B
. Q

Requirements

eVehicle

Requirements

Powertrain

SE]
(=]
5]
U]
s
SIE]
o5
s

5]
B
s
o 5
S
T
)
S

=
(]
)
(%]
>
(V)]
>
L -
(¢]
)
+—
M
om

Requirements

Requirements

Cell



INCOSE

Subject Matter-Experts

Systems
Engineer

Release & Publish CZ:) ]

System-Level | M

Simulation
Specialist

S'I'STEHS
MODELING I

LANGUACE

I ,
@
Release &
Publish

| =

SAM Part AttributesJ T Analysis Variables | @

& Requirements

(Inputs & Outputs)

Execution SPDM
server




Vehicle Control | g e MCU Suprevisory = Chassis

= == e

e = T AT

e

F= =e

Hes a1

=
o

N La Battery Pack o = - Transmission : = |
=
- L
. =
- - - == : I BMS . Ti
¢ ¢ ¢ ¢ ¢ ¢ ¢ @ 5 Brake
o o o @) + L) :
i = = Q}
v ¢ ¢ ¢ ¢ ¢ ¢ ¢
W E Y EY W w w
¢ ¢ ¢ ¢ ¢ ¢ @ &
W R R




I@E Battery Electro Thermal Submodel *Mw

P N\

I |

| Gk !

T - KrREEER ARRes, 1

1 i !

I . T C‘le\ C.Llll i I

I g PR L i l_

I ! . + ! =T |
I AN ™ = - 4| EE | ESE EPUA BN SN | BN | BRI | BN | S ) S| . I ?ﬁ:%:é: § .D: .‘?D UE
' HPPC Data ECM Cell Battery Pack : # =
\ : 3

L@@!@DM!
R

Battery Pack

o

incose.org | 20



Vehicle Control

Battery Pack

BMS

| g — MCU Suprevisory = Chassis
= e -
BT e ’ s :
& ‘—
= == J
s S
B =
5 —]
- =
= -
S o
= =
=
=
= . -~ .|  Transmission ;
=
= = | | g
| e
|- ) = ¥ .
e A I + ]
| MoP soiver |
|
vl

e i uemeI]

—s

Wheels




' e Motor + Inverter Plant submodel

Saturation Model Buildup Efficiency Map at 375V DC

Torque Grid as a function of DC Voltage

Model Status: N x . oY
Model Build Date Method | Max Current N s . “30v
. 300w
= £ 225 : . .
(peak) R _ 200 . .
| Saturation 15042116:09 |30 points ful 4808 "o| £ R B BT
e g 'E_E é 150 ¥ : 3 1 .
iron Loss 1504211609 | FEAMap 30 05 | e—| B L L A R R - R
points » PR I ]
AC Loss 1504-2116:09  [FEA Map 30 4808 * 0 ' L BT N .
points M = N H s . H ':' E
Magnet Loss 150421 16:09  [FEA Map 30 4808 ° T —— '
points o O 1000 2000 3000 4000 5000 6000 7000 000 9000 10000
Speed (rpm)
Motor CAD .
Output nsys Generating the motor
Plant model
o response surface
Verification OPTISLANG
S Input
0 R C T L - LSRG * "o
250
P S = HIEE T 14 200 - - - -
- > < - (%i) e %
L I iy ) F—————0 RPM FT o 7 -] -] <]
= = 1200 375 12.37019 445323 =
e DCV ) 2200 375 122165 8146037 O
5 (=) B , 3200 375 12.06282 11.84119 .g
e - 4200 375 115237 15.0819 o
— 5200 375 1021633 16.97984 (O
AR oo 0 o e 'i 6200 375 144315 27.62573 S
;l %\) I Xk 7200 375 18.10331 4006272 QO
=} * L h 8200 375  18.41855 47.30359 O
| — | 9200 375 1777634 52.65166 (O
‘-» MOP 10000 375  16.99017 56.15805 "6
1200 375 28.76105 10.07145 N
2200 375 2859893 1837174
3200 375 28.43682 26.67932 o
FMU EXpOft 4200 375 2736635 33.91131 "6
5200 375  24.49532 37.97839
(P|ant Mode|) 6200 375 27.27296 50.13851 S
7200 375 31.30598 67.08542
MLuUdC.UIy | ££
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simulation in system context

B Ansys Twin Builder 2025 R1.3 - EV_Range_Estimation - Range_Calculation - SchematicEditor - [EV_Range_Estimation - Range_Calculation - Schematic]
W1 File Edit View Project Draw Schematic TwinBuilder Tools Window Help
| I A A
4 |/ Oatasts
Save Find
) Paste X Bements & Definitions *

™| Design st TF Variables * @{ @ Zoom In — s Bsworie - 3 ’ 2o EGit Active Setup  RJp Replay Anatysis [ Add TR
% Quomon " [r [ . . ™ * @ optimetrics =[] Add AC
oom =

fty QzoomAea ¥ ” v

8 Settings *
¢ Reports - Aoty - Profile & Monitor (57 Output Disiog 8 Add DC

& Launen *

$8 Teols *

o ® (4
) 3
Model ROM Coupling Characterize Import
Desktop  View
Project Manager
= [ EV_Range_Estimation
“ {2 Range_Calculation
i Ports
# K2 Battery_Pack: Battery_Packs
® IR ¥6_10: ¥G_LO1
@ I MCu_supervisory: MCU

Schematic  Smulaton  Resuts  Automaton  AnsysMinena  Learning and Support

3 x

MCU Suprevisory

# 3 MCy Torque Demand
® B Battery SOC
- B Battery Temperature (deg k)
- 3 Pack Current (A)
# B SO0C_vs_Distance
# B3 Vehide Speed HIdH "
® B3 Acc_brake_omd 15 I
B Power
@ BJ Effciency

- 3 Defintions

[} = ‘;- :i

Battery Pack

8 x
g |
g ] [—

Transmission

®

Paget | +

E Virtually verify and validate vehicle performance with

o *)‘ Range

|

c Acceleration

Drivability

E‘,} Regeneration

3 x JProgress

Number of selected items: 0 X: -6779mil Y: 2756mil

“A £ /A Max Speed
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,®\ 21st century product & system development faces increased complexity, tighter

QEIRVY budget, faster time-to-market as well as distributed engineering teams.

MBSE Connectivity Engineering Simulation

electricRange‘:
1

SAM Part Attributes
& Requirements

® cont

E; / . p— et s o ; 1= ;ﬁg . b
M%Ez T oL for Virtual Verification & Ansys @ fmu h
Trade Studies

An open tool ecosystem that leverages open standards to connect architecture &

requirements with simulation for distributed teams across organizations.
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