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Batteries everywhere !

e 3

Aerospace and Defense Automotive

Handheld Devices

Batteries for Traction
Batteries for Aviation / Aerospace
Batteries for Consumer Electronics
Stationary Batteries
Energy Storage Systems

EXPPO

Battery Operated Systems
= Driving Range : 450 Kms in case of vehicle
- Talking Duration : 14 hrs. in case mobile

= Back-Uptime : 6 hrs. in case of UPS / Storage

By 2030, ~ 30% of all cars are expected to be electric, according to the

International Energy Agency

= Range

= Charging time

BMS

Battery Management Systems

- Battery life
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Motivation
Collaboration Gap Long Iteration Cycles Safety Critical System

d=h - [ 0

HHL "

Multi-Domain Modeling Simulations V&V and Hardware-In-Loop

Environment & Auto Code Generation Testing
BMS Algorithms
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Agenda

What is BMS and what engineers worry about?

ication Kit

IE
- - Simulink Requirements Qualfy code generation and verification tools for 10 26262 and IEC 61508 cerlification
u Requirement: Author, manage, and
trace requirements to models, .
o e on o s ﬁ system Test e e
System Architecture
Syslem Composer System + Software Architecture :
Create and elaborate speciications
- Simulink, Stateflow, Fixed-Point Designer - - J
| softvare Digital Validation Simscape Products
] Logic Implementation, simulation
A\

180 26262 and IEC 1508 certification C Cer
, Trace: Bidirsctionsl
System + Software Requirements
v . \ ‘Simulink Requirements /
System Integration Test Vehicle Road Test
of architectures, compositions, and /
interfaces for model-based systems T pility  Bidrectional SW HIL Test - Functional Speed goat HIL
d software design. raceabiliy : Bidircctiona o
enginesiing and sofhware design. . rage Simulink Real-Time
Simulink Check Check: Veriy compliance of design Software Coverage | Polyspace products
T model with style guidelines, modeling
standards, and industry cerification \

e \ /
Design Verification: Use formal Design Checks SW Integration Test ‘ Polyspace products
verification to find hidden design -

Palyspace - Check complance fo
/ standards such as MISRA, and find
securty vulnerabiltes and software bugs
/ in source code

" Prove that the source code is free of
Software Integration criical run-ime errors

/

Simulink Design Verifier °Tors,prave your design mests

esign, Verify and Deploy BMS algorithms g

funqesoen.

‘Simulink Test - (inclucing testing for ModeLin-ie-
loop, software-in-the-loop,
processos

-
hardware-in-the-loop) ’—\—‘ . Software in the Loop (SIL) Embedded Coder, Simulink Test
. Coverage Equivalence Test Show functional
Simulink Coverage S°verage : Measure test |

‘complefeness vith models equivalence, model to code
and generate code coverage \ / Execute on desktop / laptop
metrics / computer

. .
o \
Automatic Code : Floatir
. Embedded Coder Automatic Code : Floing \ ¥/ Processor nthe Loop (PIL) Embedded Coder, Simulink Test
AUTOSAR MNumerical equivalence, model

the-loop, and

Code to target code.
Execute on target board

=

ummary - Q&A
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What is Battery Management System?

Software Electronics Battery Pack

YA

if (((uint32 T)State Machine DW.temporalCounter i3) < 150) { —
State Machine Dw.remporaICouﬁfer 13 = (uint8 T) ((int32 T) (((4ir
Sta?e_WaCﬁlﬁe_Dw.fempora1Couﬁfer_13] +1)); B —_
}
if (((uint32 T)State Machine DW.is active cZ State Machine) == ( """
State Machine DW.is active c2 State Machine = 1U;
State Machine DW.is MainStateMachine = State Machine IN Standt -

*rty BMS State = 0;

State_Machlne_DN.MonitorCurrLimMode = MonitorCurrLimModeType 1

State Machine DW.MonitorCellVoltageMode =
MonzforCellﬁolfageModeType_NoCel1VoltFault

State Machine DW.Delta = (real32 T)fabs((real T) ((real32 T)
(" rfu Pac< Volfagej - sum QJOC{ﬂGB(Ifu Cell VolfagesJ)JJ;

— o —rT T T8 T - 1

el
8
T

Supervisory tasks
SOC estimation
Contactor management

Isolation monitoring 0000 T« g - - - -
Fault detection and recovery Mea;urement -
Thermal Management Cell Diagnostic,

1 1 1 1 1 1 |
)
Current & Power Limits Cell Balancin UUUU
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Where do we start ? What to be considered ?

BMS Architecture Battery Models Safety and Process

TN

Illllll_

1) ll[!l__
TN

.

| 1
S > o S ol - | ol

Gain insight into Architecture Development
Gain insight into cell behavior and model it

An overview on Integrated Software Development

\B EXPO @\ MathWorks:



Agenda

What is BMS and what engineers worry about?

Simulink Requirements

Requirement : Author, manage, and
trace requirements to models,
generated code, and test cases
System + Software Requirements

Developing the architecture

\

System Composer System + Software Architecture :
Create and elaborate speciications
of architectures, compositions, and
interfaces for modekbassd systems
engineering and software design

Simulink, Stateflow, Fixed-Point Designer L

r—

System Architecture ‘

Logic Implementation, simulation

Developing battery models

Simulink Check Check: Verify compliance of design

SRS made vith style guideines, modeling
standards, and indusiry certfication
standards

Design Verification: Use formal
verfication to-find hidden design
. - . Simulink Design Verifier Smrs. Prove your design meets
requirements, and automatically
generate test nputs
Test: Develop, manage, and
’ tests

Bidirectional
Sil equirements

Traceability : Bidircctional

150 26262 and IEC 61508 certication  L=C-Cerlificaion Kit
Quaify Gode generation and veification fools for 50 26262 and IEC 61508 cerification

System Test
/
System Integration Test

/
SW HIL Test - Functional
Coverage

Speed goat HIL

\ Simulink Real-Time
ol | Digital Validation Simscape Products
\

sttt

Software Coverage Polyspace products

\
\ ,/

Design Checks | SW intsgration Test ‘ Polyspace products
- | Polyspace - Check compliance o
8 / standards such as MISRA, and find

securty vulnerabilties and software bugs
B / in source code
= E Prove thal the source code is free of

‘Simulink Test
Io0p, software-in-the-loop,
processor-in-the-loop, and
hardare-in-the-loop)

(including testing for ModeLin-the-

Coverage : Measure test
Simulink Coverage ‘completeness with models.

and generate code ct
metrics

Embedded Coder Automatic Cos
AUTOSAR

Hardware-in-Loop testing

Summary - Q&A

Coverage

Equivalence Test |

\
\
\
\

/

Software Integration

criical run-ime errors

Software in the Loop (SIL)
Show functional

Embedded Coder, Simulink Test

equivalence, model to code.

overage \ / Executs on desktop / laptop
\ / computer
- Float \
do : Floating \ / Processor in the Loop (PIL) Embedded Coder, Simulink Test

Point, Fixed Pont,

Code

Numerical equivalence, model
to target code.
Execute on target board

Venicle Integration Test

Vehicle Road Test

'e.‘nporalCm:er_i3) < 150) | ﬂ

temporalCounter i3 = (uint8 T) ((int32 ) (( (i1

_ :emporalCm:er_i3) +1)); - -ﬂ
e ‘4=r'w"M_DL‘J,is_ac:ive_cZ_S:a:e_.\ﬂac'nine) == (
is active c2 State Machine = 1U;
is MainStateMachine = State Machine IN Standt - -ﬂ
0;

Dif.MonitorCurrLintode = MonitorCurrLintodeType } -

Software

( (*f: J_Pacﬁ(

1l Electronics

Battery Pack
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Vehicle EE Architecture

Electrical/electronic architecture is evolving toward a centralized setup.

Architecture Generation High-level architecture
type
Distributed 1
-
-,
2 Body/comfort Chassis Power train
—-
—-
—-
Infotainment
3 Central gateway
—-
—-
Today =]
Domain Domain
centralized 4 controller
Vehicle 5 Infotainment
centralized Gateway
Sensor Actuator

Main features

@® Independent engine-control
units (ECUs)

@ [solated functions

@ Each function has its own ECU
(1:1 connection)

@ Collaboration of ECUs within 1 domain

® Domains: body/comfort, chassis,
power train, and infotainment

@ 3 or 4 independent networks

@ Limited communication among
domains

@ Stronger collaboration via central
gateway
@ Cross-functional connection

i o handle complex functions
® Ability t 11 lex f t
{eg, adaptive cruise control)

@ Central domain controller

@ Ability to handle more complex
functions

@ Consaolidation of functions
(cost optimization)

@ Virtual domain

® Limited dedicated hardware

® Ethernet backbone

® High-complexity,
high-computing functions

https://mww.mckinsey.com/industries/automotive-and-assembly/our-insights/automotive-

software-and-electrical-electronic-architecture-implications-for-oems
April 25, 2019 | Article

mckinsey.com

LAB EXIPO

Central Gateway architecture
100s of ECUS

BMU
ICAN3-P( Daisy Chain)
McCcu DCDC CHG TGU OBD
vCcu ‘ |
‘ | CAN1-HS
ABS ESP EPS Other Other
BCM
CAN2-MS
Cluster TPMS Parking
| | LIN
CAN-I DOORS AUX ABT
Domain Controller Architecture
Reduced ECU’s & Combined Functionality
am AsILC AsILC ASILB
BMU Dcoc CHG OBD
CAN3-P
ASILC CAN-EPT
CAN1-HS
Gateway
| I CAN2-MS
Service-oriented architectures
Cloud Based, Ethernet am AL AsiLC ASILB
BMU DCDC CHG OBD
CAN-P
EPT
ASILC
Ethernet
BCM
Service Gateway CHASIS
| _ _ ADAS
— ) - p)
Q Cloud Services - )
C >
o =
é:’l

Cockpit
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BMS System Architecture : An EV Perspective

Yehicle Architecture
BMU

IC.ILNS-P { Dalay Chain)

Mcu T DeDe CHEG TEU
| | ‘ ‘ CAN1-HS
ABS ESP EPS Other Otk
BCM
CANZ-ME
Cluster TPMS Parking
| | LIN
CAN- DOORS AUX ABT
BEPO A Mtk
Component Architecture
Cel Dalancing
OwecUnger Voltage
OvenUnder Cumest
Overilleder Temp
WU updates
A Mathworks
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System Architecture

i

CAN
AUX BATTERY I
.  ro—— |
\ |
“ DC-DC l
: 22 11

AC/DC Converter/ 1118 lJ_L'j:] Corartr
Charg;:r::.‘;r e LI RLII NS Inverter : MC;TORJ
Generator

'A

Software Architecture
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e 1
— Tariag |
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. : «
ScheduknCpecsting System
and Support Uslities
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Challenges in Architecture development

The Gap between System Concept and Implementation

Early in the Process Later in the Process

Concepts / Descriptions
u * e

SelfLocation . L
! mre&vw; I * - —
Q’ﬁ DriveComir b

MotorEncoderCoun
Slenk 'U(n
feocanc,

DO-G”L-’ . Functiona I Requirements

ConTRoL —r .-—:2 1.1.Normal Mode of Operation N E E D -

Durning the normal mode of operation, the Fault Tolerant Fuel Control System

TR

2| sl

=

I

- a

BatteryData

shall determine the fuel rate which 1s injected at the valves Tr aC e ab i I i ty
111 Stoichiometric mixture ratio
During normal mode! of operation|the System shall maintain the M H
stoichiometric mixture target ratio of 14.6 y n C ro n I Z at I O n
1.12. Oxygen Sensor (EGO) = . .
e Sy e e ot s AN AIYSIS & Simulation
exhaust gas (EGO) by r adumm value of the EGOsensor During a o
calibral bl warm up period the oxygen seasor correction shall be disable S
112 High Oxygen Level | B
Ifm EGO sensor determines a high o n level present in the exhaust =
the System shall increase the fuel m_p_x,d.q_,q maintain the —
och Ometric mixture target ratio F —

& MathWorks



Challenges in Architecture development

Expectations from the Architecture models

Be Intuitive Facilitate Analysis Tackle Complexity Enable Implementation

Electric/

Electronic 39

Mechanic Disciplines

Traceability

1. Functional Requirements

1.1. Normal Mode of Operation
During the normal mode of operation, the Fault Tolerant Fuel Control System shall determine the fuel rate which is injected at the valves.

I

1.1.1. Stoichiometric mixture ratio
During normal model of operation, the System shall maintain the stoichiometric mixture target ratio of 14.6.

- 1.1.2. Oxygen Sensor (EGO)




Solution : System Composer Ecosystem

Be Intuitive Facilitate Analysis Tackle Complexity Enable Implementation

System Compose

4@ AiData
1
28571428571 35
1 :
—
1 1

>
AiData
0.00313469797 1387 23

R
FueLevel

‘. b —
GPSCala
>




Developing the Architecture : BMS System

System Architecture Do
— HW and SW Interface _
— Feature Allocation £ e W == e e
— Analysis : =y ,_ :

v Port selection

System Composer
— Define Interfaces
— Different architectural Views o
— Components Definitions . ‘
— BUS and Signal Definitions s -]

— Requirement traceability

] R ¢ W gt s

e L

® N

LAB BXIPO &\ MathWorks' 17



Developing the Architecture : BMS Software

System Composer e — ey e
— Software Interfaces = . -
— Shared signals -E. m—— R M= S
— SWC Components : :
— Data Dictionary , :
— Requirement Traceability - —— g =

-~
st *
»
» — - e Poeet L
L R
.
o
o ot 9 omerts
o Rl

20
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Agenda

What is BMS and what engineers worry about?

Simulink Requirements

Requirement : Author, manage, and
trace requirements to models,
generated code, and test cases
System + Software Requirements

Developing the architecture

\

System Composer System + Software Architecture :
Create and elaborate speciications
of architectures, compositions, and
interfaces for modekbassd systems
engineering and software design

Simulink, Stateflow, Fixed-Point Designer L

r—

System Architecture ‘

Logic Implementation, simulation

Developing battery models

Simulink Check Check: Verify compliance of design

SRS made vith style guideines, modeling
standards, and indusiry certfication
standards

Design Verification: Use formal
verfication to-find hidden design
. - . Simulink Design Verifier Smrs. Prove your design meets
requirements, and automatically
generate test nputs
Test: Develop, manage, and
’ tests

Bidirectional
Sil equirements

Traceability : Bidircctional

150 26262 and IEC 61508 certication  L=C-Cerlificaion Kit
Quaify Gode generation and veification fools for 50 26262 and IEC 61508 cerification

System Test
/
System Integration Test

/
SW HIL Test - Functional
Coverage

Speed goat HIL

\ Simulink Real-Time
ol | Digital Validation Simscape Products
\

sttt

Software Coverage Polyspace products

\
\ ,/

Design Checks | SW intsgration Test ‘ Polyspace products
- | Polyspace - Check compliance o
8 / standards such as MISRA, and find

securty vulnerabilties and software bugs
B / in source code
= E Prove thal the source code is free of

‘Simulink Test
Io0p, software-in-the-loop,
processor-in-the-loop, and
hardare-in-the-loop)

(including testing for ModeLin-the-

Coverage : Measure test
Simulink Coverage ‘completeness with models.

and generate code ct
metrics

Embedded Coder Automatic Cos
AUTOSAR

Hardware-in-Loop testing

Summary - Q&A

Coverage

Equivalence Test |

\
\
\
\

/

Software Integration

criical run-ime errors

Software in the Loop (SIL)
Show functional

Embedded Coder, Simulink Test

equivalence, model to code.

overage \ / Executs on desktop / laptop
\ / computer
- Float \
do : Floating \ / Processor in the Loop (PIL) Embedded Coder, Simulink Test

Point, Fixed Pont,

Code

Numerical equivalence, model
to target code.
Execute on target board

Venicle Integration Test

Vehicle Road Test

'e.‘nporalCm:er_i3) < 150) | ﬂ

temporalCounter i3 = (uint8 T) ((int32 ) (( (i1

_ :emporalCm:er_i3) +1)); - -ﬂ
e ‘4=r'w"M_DL‘J,is_ac:ive_cZ_S:a:e_.\ﬂac'nine) == (
is active c2 State Machine = 1U;
is MainStateMachine = State Machine IN Standt - -ﬂ
0;

Dif.MonitorCurrLintode = MonitorCurrLintodeType } -

Software

( (*f: J_Pacﬁ(
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Battery Pack
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Model the cell behavior

llﬁlll

] B
i
JHRREE
ol T

T
IEIEE0

Gain insight into cell behavior and model it
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Why do we need to model a battery ?

a Goal: Model should match real data as closely as possible
—ANWN—
R0
l

> experiment

@\ MathWorks:



Battery Model

Transient

DYnamiCS \
C,

I'm

Equivalent Circuit Model

Open-Circuit
Voltage

-

C Terminal
| ] | = Ro Resistance
Il Rl - In R n

™C

—»—] > A
De ’
m
+ \\ Parasitic
Losses
L

[E, R,C,] =f(SOC, Temperature...)
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Battery cell modeling as RC equivalent circuit

1RC Equivalent circuit representation of Battery cell equstions e
v == i*R20*exp *(1-

pow == v*i;

Resistors, capacitor, and voltage source are end &

dependent upon SOC and temperature
! _ __IF F Diode §Z "

c1

- w I
\T;f; Beranch a Thermal
g - |Model RP
= = !

Source (Em)

Battery cell equivalent discharge circuit

1t

B—H
a3k (&
Temperature T
Sensor
2 l
H pattery b [i —3 )
thermal @ ggldeal Heat Flow Kt
mass Source Ktas a
function of
@.J ] temperature
=+

Ps

LAB BXIPO &\ MathWorks
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Experimental Data

Battery data is collected by conducting a series of tests with the battery

« Used to determine battery capacity « Used to determine battery dynamics
* Multiple Temperatures * Range of SOC
« Multiple Currents « Multiple Temperatures
* Multiple Currents
. Discharge at 25 °C « Discharge and Charge Curves
Measured Data - Pulse Discharge
4.2
4
38 [
2 [ | —t
S 3.4
% 3'2[) 2 4 6 8 10
> Time (hours)
0
2-10
E -20
10 304
Time (h) 0 2 4 6 8 10 12

Time (hours)

AB EXIPO @\ MathWorks:
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Parameter Estimation Process

fix)=0
== — »—
) o+
Battery @ -
- P :L

Double click here
to open the
Parameter Estimation
App with preloaded data

C

current

—

1

| in
Current

o vV E stimated

V_out

.—bE

- YV Measured 5

Vaoltage

Em =
RU = ‘R[} =
3.8000 3.5039
0. 3-8000 0.0070| 3.5668
0. 3.8000 0.0075| 3.6119
U. 3.8000 0.0074| 3.6507
. S S
- 3.8000 0.0074| 3.6825
0. 3.8000 0.0072| 3.7140
0. 3.8000 0.0069| 3.7999
0. 3.8000 0.0071| 3.8846
0. 3.8000 0.0072| 3.9776
0 3'aﬂun 0.0073| 4.0796
= « U = - - -

0. 3.8000 U-Uf7l 4.1960
0. 0.0076

'LAB BE>XIPO &\ MathWorks'



Look-up Tables

Repeat parameter estimation for each
Temperature break-point in LUT

= Values will characterize the battery
—AAAAA—
R1 performance

Em SOC | SOC | SOC SOC
[ 1 0.9 0.8 0
5°C 14.20V 410V (4.050V 3.50V
- 20°C | 418V 407V |4.02V 3.49V
_?_ 40°C |4.15V 402V |3.97V 3.43V
A Matorks

Cl
)




Battery Cell Blocks in Simulink and Simscape

= Chose block for fidelity and simulation speed

-  Parameterize as function of SOC & Main Dynamics Fade Thermal Variables

Temperatu re Charge dynamics: Mo dynamics
= Add thermal and fade effects 0 dy! :
. _ ] One time-constant dynamics
= Create custom battery blocks using Agetcur rull ¢ Apatcur "°? Two time-constant dynamics
Simscape language or Simulink Three time-constant dynamics
Y BatiTemp - | Batvon p Y satiTemp | sawerp  [FOUF time-constant dynamics
Five time-constant dynamics
Equivakent Circuit Battery Datashest Battery
o o
Main  Dynamics Fade  Thermal  Variables __ﬁ { -, Battery +’ Battery
Vector of state-of-charge values, SOC: |['I31r .25, .75, 1] info p +—I ) (Table-Based) ? (Table-Based)1
- + ] |
Temperature dependent tables: Yes - tabulate parameters over temperature JBattCurr ’ A | Battvoltp =R 3
€
Vector of temperatures, T: |[2?-’3.15r 298.15, 323.15] BattSoc [p
No-load voltage, VO{SOC, T): B.1, 3.14; 3.25,3.27, 3.3; 3.28, 3.31, 3.34; 3.3]  Eetimation Equivalent Circut Battery
Terminal resistance, RDO{SOC,T): LE, .002; .04, .017, .008; .039, .012, .006; .027, .013, .021] | -ﬁu +°
Ampere-hour rating, AH(T): |[2.1_?Jr 4.1, 4.2] | 5 { Battery [ Battery1
Self-discharge: Disabled 'T Il 'T

\B EXPO @\ MathWorks:



Model Battery Pack

= Connect cells in series to build
battery pack models

= Simulate electrical and thermal
behavior of battery pack

= Parameterize as function of SOC &

Temperature

= Simulate capacity fade effects

= Choose model fidelity

Main  Dynamics Fade  Thermal

Vector of state-of-charge values, SOC:
Temperature dependent tables:
Vector of temperatures, T:

Mo-load voltage, VO{SOC,T):

Terminal resistance, RO{SOC,T):

Ampere-hour rating, AH(T):

Self-discharge:

S Conn1
S
AmbientT I
AmbientTemp E— A @
< Q |+
- Convective Heat =<7 Q-
I Transfer 11 2) e pattery_Cellt m ey
T
B = Conn2 soc
Cell1Temp - | A * ._4@
Temperature Sensor o -<= 0.001
< Q |+
1 Convective Heat =7 I
Transier!t 3% @) . Battery_Cell2
~u o T | Conn3
Cell2Temp m P TiA * .—®
LI
Temperature Sensori m .
> STOP
< o |+
1 Convective Heat =7 Q-
+ Transfer2 17 D) i Batery_Coll3
B m Tl Connd
Cell3Temp m p LA * * @
Temperature Sensor2 - .
> <=10.001 STOP
: CellTemp | ) < Q +
Calt . i COI'-I\-‘BCJNE '-!ea} ] @) ™ Batterv_Cell4
Main Dynamics Fade  Thermal Variables —
Fade characteristics defined by: |Eq uations :
Variables Equations .
. =0.001 STOP
QUSRS B R SN | ookup tables (temperature independent
[0, .25, .75, 1]

Yes - tabulate parameters over temperature

discharge cycles (%):

Change in terminal resistance o | Main Dynamics  Fade

|[273.15, 298.15, 323.15]

| after N discharge cycles (%):

Charge dynamics:

B.1, 3.14; 3.25, 3.27, 3.3; 3.28, 3.31, 3.34; 3.33, 3.5, 3.59] || 2fter Iy discharge cycles (%):

Change in ampere-hour rating
First polarization resistance,

|5, .002; .04, .017, .008; .039, .012, .006; .027, .013, .021] |

R1(S0C,T):

Cell6Temp

7 First time constant,

[2.9, 4.1, 4.2]

taul{SOC,T):

Disabled

Change in no-load voltage after N _boakup tables (temperature dependent] |5

Conn6

Thermal Variables

|One time-constant dynamics
No dynamics

One time-constant dynamics
Three time-constant dynamics

Four time-constant dynamics
|Five time-constant dynamics

=



Start with Simulation
Battery Cell €-> Large Battery Pack

BalCmd | BaiCmd
_4_||._ _,_l I,_ __4___I'_ conni l Connd D—b Balancing_Commands Cell_Voltages
Conn2 Conn2
*—9 *—o
Cc1 Cc2 C3 Conn3 Connd ———— +BattPack Cell_Temperatures
Cell\voltages —
RO e AAN— A AN~ e AANN~— PaCk i Connd Syste
Em wonnS Conng F—y & :
R1 R2 R3 ————{-BattPac urren
Conné Connk
H Ceonn? ’ Conn? Battery Pack Dynamics
= Cell Dynamics ool
Contactor_Cmd
BalCmd]> BalCrd > > |
l ——-BattPack
Conn Connl Contactor_Status
_I’.b_p.i“--.__ 8 ) — | *BattPack
-] Al P — —] Conn2 Conn2
| = ———  { +Charger
Conn Connd
| oni onin | charger
Callvoltages f—
Ed o |+ Connd Connd —— L .Inverter Isolation_Status
=,
Ba Celle [u
| — ConnS Conng ——— +Inverter
m T |,
= I St Coond Contactor Dynamics
T 8"
L | ConnT : Conn?
I Call_Module_06 ‘ CallMonitoringUnit_06 —>— BMS_State
< o + BalCmd Uy BalCmd imi
Ba calls .{;}T l U v] >—> Current_Limits
| - Connd Connd Inverter_State
r . m 7;: ' —— +Inverter
g I Conn2 Conn2
T, E— T ———-Inverter
Connd Connd
CallVoltages F—— Inverter Dynamics
Connd Connd
T h er I I l al M O d el Conns Conng —>——P|BMS_State
B J Connf Conné >—> Current_Requests
T3] Charger_State
' ] ConnT y Conn? —— Charger
Call_Module_07 CallMonitoringUnit_07
—————— +Charger
BalCmd BakCmd
Conni Charger Dynamics
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Agenda

« Whatis BMS and what engineers worry about?
Developing the architecture
Developing battery models
Design, Verify and Deploy BMS algorithms
Hardware-in-Loop testing

Summary - Q&A
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Design BMS algorithms in Simulink

. @=»{BMS |
@ BMS_Input S_Input

BMS_Input

CurrPowerLimCalc

B DischargeCurrentLimit

DischargeCurrentLimit

ChargeCurrentLimit

MinCellValt

Current_Power_Limits_Calc

»<_[PLANT] |

MaxCellVoltf|——

StateRequest
StateRequest

| ChargeCurrentLimit

4 State_Machine ChargeCurrentRed:

StateRequest
PosContactorChgrCmd

PreChargeRelayChgrCmd

P ChargeCurrentReq

(C2_)BMS_Output
BMS_Output

» F’c's{:ﬂntar:u:wChngnﬁ.l;‘I‘I S_Oulput

DischargeCurrent /~

DischargeCurrentLimit

P PreChargeRelayChgrCmd

| NegContactorChgrCmd

P PosContactorinvirCmd

P PreChargeRetayinvtrCmd

NegContactorinvtrCmd

NegContactorChgrCmd
— ChargeCurrentLir
ChargeCurrentLimit
PosContactorinvtrCmd
i MaxCellVolt MaxCellVol t D PreChargeRelaylnvtrCmd
- MinCellVolt NegContactorinvtrCmd
MinCellVolt
Faults
[PLANT] > BMS_Input
BMS_Input = BMS_Stat *
State_Machine
d SOC_Estimation N
BMS_State
BMS_State -
g E @ h
PLANT
S mput_ ] EMS_Input
N Z
SOC_Estimation
H Balancin i N
g_Logic
BMS_State BMS_State
MaxCellVolt BalCmd [1x6]
' am BalCmd
- MinCellVolt
MinCellVolt
PLAN BMS_Input m
{ N BMS_Input NPy

Balancing_Logic

P Faults BMS_Info (1 _)BMS_Info
ol B _state BMS_Info
] SOC
P BalCmd
[1x6]

BusManagement
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Design BMS algorithms in Simulink

ingle
@™

MinCellVolt

| UnderCellVoltageLimit

UnderVoltageLimit

single

single

single

Pack_Current

O

MaxCellTemy

CurrPowerLimCalc

@
BMS_Input
BMS_Input

BMS_Input

/-

DischargeCurrentLimi

ChargeCurrentLimi
MaxCellVol

MinCellVolf

Current_Power_Limits_Calc

single

LowTempDchrgCurrentLim

HRTW single

+ |Isin

EE—

- single +
| single(max(max(Battery(1).R0_LUT))) r—b

InternalCellResistance
slngle 1-D T(u) single
O™ _—
MinCellTemb

HighTempDchrgCurrentLim

P min

DischargeCurrentLimit

StateRequest
StateRequest

DischargeCurrentLimit

»{ StateRequest

State_Machine

DischargeCurrent /~

ChargeC:
ChargeGurrentLimit
M: IIVolt
VarCoivai T|MexCellvel
MinCellVolt
MinCellVolt

[PLANT] Se———e——y
BMS_Input

BMS_Input

o @

DischargeCurrentLimit

S_Output

B ChargeCurrentLimit
ChargeCi Q ChargeCurrentReq
PosContactorChgrCmd| »! PosContactorChgred
PreCharg horCma Prec hgrGmd

NegContactorChgrCmd

NegContactorChgrCmd

State_Machine

BMS_State

[PLANT]
BMS_Input

BMS_State

BMS_Input

SOC_Estimation

[=—»(Z_) BMS_Output

BMS_Output

(C1_)BMS_info

BMS_Info

PosC md PosC ma
PreCharg md P md
NegC md d
Faults BMS_info
BMS_Sta  State
soc
md
[1x6]
BusManagement

0LE8 -

SOC_Estimation

BMS_State

MaxCellVolt

MinCellVolt

BMS_input

Balancing_Logic

OOE D

4

BalCmd

[1:6)
BaiCmd

BMS_State

MaxCellVolt

MinCellVolt

[PLANT] BMS_Input
single

/-

Balancing_Logic

single

DischargeCurrentLimit
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Design BMS algorithms in Simulink

&8& ChrgCntctState == Contact.Init]

[StateRequest == SRE.Driving && ...
InvtrCntctState == Contact.Close]

[StateRequest ~= SRE.Driving && ...
InvtrCntctState == Contact.Init]

Driving
en:
BMS_State = ...

[StateReqt
ChrgCntctState

== Contact.Close]

BMS_State_Enum.BMS_Driving; |2

2
[StateRequest == SRE.Driving && ..
InvtrCntctState == Contact.Close]

[~FaultPresent]

[FaultPresent]

[FaultPresent]

== SRE.Charging && .}.

[StateRequest ~= SRE.Charg

MaxCellVolt < voltThreshold]

CC_Mode

en:
ChargeModeReq = Charge_Mode_Enum.CC_Mode;
du:

ChargeCurrentReq = min(l_cc,ChargeCurrentLimit);

[StateRequest ~= SRE.Charging || ... 2
ChargeCurrentReq <= (I_cc/currentFactor))

[MaxCellVolt>=...
MaxCellVoltThrsid]

[StateRequest == SRE.Charging && ...

CV_Mode
en:
ChargeModeReq = Charge_Mode_Enum.CV_Mode;
du:
ChargeCurrentReq = ChargeCurrentReq - CV_Gain*(MaxCellVolt - MaxCellVoltThrsid);
ChargeCurrentReq = min(ChargeCurrentReq, ChargeCurrentLimit);
o

[FaultPresentl{ChargeCurrentReq = single(0);}

Fault
en,du:
BMS_State = BMS_State_Enum.BMS_Fault;

/
i
|
]
]
|
'
i
|
i
i
'
'
i
|
]
i
]
'
i
|
]
i
|
|
i
|
i
'
'
|
i
]
i
'
|
i
i
|
i
'
i
i
i
]
i
|
i
i
i
i
'
1
i
i
]
i
'
1
i
i
]
i
|
i
i
i
|
i
|
i
i
I
i
i
|
i
i
]
i
1
i
i
i
]
i
|
i
i
\

\,

(C20) BMs_Output
BMS_Output

(C1_)BMS_info

BMS_Info

Balancing_Logic
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CurrPowerLimCalc )
DischargeCurrentL. T DischargeCurrentLimit
ChargeCurrentLimit| B ChargeCurrentLimit
@ BMS_Input
BM(S_?WE\MS’I"W‘ MaxCellVoltb——— ’ State_Machine ChargeCi Ch tReq
- (g wstaterequest
MinCellVol SbRomest  SeReest aeRequest PosContactorChgrCr PosContactorChgrCS-OUPU
Current_Power_Limits_Calc DischargeCarrentLimit [DischargeCurrent PreCharg hgrCr hgrCmd
. . NegContactorChgrCi ntactorChgrCmd
ChargeCGurrentLimit h i D‘ PosC - . -
<PT) MaxCellVolt ellvolt tC] PreCharg Pr rCmd_
MinCellVolt ellVolt Nese .
BMS_Infc
Ms._input s
BMS_input -~ w—v—b BMS_State
State_Machine
- S0C
md
SOC_Estimation [1%6]
BusManagement
8VS_State BMS_State
MainStateMachine \ SOC [t
L]
[PLANT] e _input
Standby KCh_a rging ° \ SOC._Estimation
en: [StateRequest ==SRE.Charging Sl
= T e - BMS_State = BMS_State_Enum.BMS_Charging; Stat Balancing_Logic
BMS_State = ... &8& ChrgCntctState == Contact.Close] — — — — ging; BMS_State Stete
BMS_State Enum.BMS_ Standby; 5 Tnit_Mode wocanor (M MDD
; MaxCellVolt [1x6]
) en: ' BalCma ™ cma
< ChargeModeReq = Charge_Mode_Enum.Init_Mode; VinGeivn ellVolt
_Input



Design BMS algorithms in Simulink

‘CurrPowerLimCalc
DischargeCurrentLimit T DischargeCurrentLimit
ChargeCurrentLimit B ChargeCurrentLimit
BMS_Input
Bus ‘HDUE‘MSJ"W‘ MaxCellVoltfh——— State_Machine ChargeCi ) ch iReq
- ()| StateRequest
MinCellVol SlobToest  SEoRecuest PosContactorChgrCmd PasContactorChgrerR1S-Cutput (Z)8ms_Ouput
leraques BMS_Output

Current_Power_Limits_Calc DischargeGurrent PreCharg hgromd hgrGmd

DischargeCurrentLimit

NegContactorChgrCmd ntactorChgromd
hargeCurrent
ChargeGurrentLimit d D ‘
PoSC: md P md
————C Vol tD -
MaxCelNolt elivolt PreCharg md rcmd__
NegC: md d

ellVolt

MinCellVolt

BMS_Info BMS_info

[PLANT —CD
Bus_mput TPt BMS. Sta  Siole BMS_info

Coulomb Counting

State_Machine

single o
Pack_Current O . single K Ts [ |single ke md
» SOC_Estimation [1x6] T
z-1 BNs_swme TR Mo-Ste
PackCurrent 1-D T(u) 80
single
single ——|capacity [PLANT] BMS_Input Input
OC._Estimanon
S S  State Balancing_Logic
— S DD |
single (6) single single (2 single [PLANT) s ot Lot
Cell_Voltages g (TR g B{y1  xhat—2 4 !\I I ’ g
Cell_Voltages & 210 SOC_EKF
Volt
EKF SOC1
L ]
=F‘au’:.k(iLln'enl ]
single (6) single
Cell_Temperatures u Y . »
6
Temp State Transition Function
- | Y '| 1r X
»
PackGurrent

Measurement Function
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Design BMS algorithms in Simulink

CurrPowerLimCalc
DischargeCurrentLimi T DischargeCurrentLimit
ChargeCurrentLimit B ChargeCurrentLimit
@ BMS_Input
BMS, ‘HWE‘MSJHW\ MaxCellVoltfh——— State_Machine ChargeC Ch tReq
- ()| StateRequest
MinCellVol StateRequest PosContactorChgrCmd PosGontactorChgrc S Output (2 ) BMS_Output
StateRequest BMS_Output

Current_Power_Limits_Calc DischargeGurrent PreCharg hgromd hgrGmd

DischargeCurrentLimit

NegContactorChgrCmd ntactorChgromd
hargeCurrent
ChargeGurrentLimit d D ‘
PosC ma P ma
————C Vol t -
MaxCelNolt elivolt D PreCharg md rcmd__
NegC: md d

dinCellVolt

MinCellVolt

] Faults BMS_info CT)BMS_info
[PLANT] Se———————p{BMs_input
BMS_input BMS_Sta  State BMS_Info

{figBalCompl = true;} St Machine

s0C

md

BalancingOFF SOC_Estimation [1%6]

en: BNs s | oMo-Stae
BalCmd(:,:) = false; e —
en,du: [PLANT] AT _Input

DeltaCellVolt = MaxCellVolt - MinCellVolt;

BusManagement

SOC_Estimation

) e F . State Balancing_Logic
[(lgEnBalancing & ... [after(BalOnWait,sec)] e e CJECMC DE Y |,

BMS_State ~= BMS_State_ Enum.BMS_Driving && ... [ ) e T

{ Wait, ) cor ) . VinGonvor TP
gféirégz‘lafgl' ilt‘r:?get%&erav] [BMS_State == BMS_State_ Enum.BMS_Driving] %In Driving State PLANT] TR G .m

fBaIancingON N\
en, du: ®
DeltaCellVolt = MaxCellVolt - MinCellVolt;

Balancing_Logic

BalActive

en, du:

BalCmd = ((CellVoltages - MinCellVolt) > TargetDeltaV/2)';
flgBalCompl = all(~BalCmd);

[after(BalNotActWait,sec) && ...
DeltaCellVolt > TargetDeltaV]
1 2

[flgBalCompl]

BalNotActive
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Simulation System

CurrPowerLimCale ) - — E P T P I 't
DischargeCurreniLimt DischargeCurrentLinit a n
P ChargeClrreniReg
<ChargeCurraniReqe
ChargeCurmenLimi| hargeCumentLinit
— BUS Input v MaxCelVolt <ChargeCumeniLinji> ‘ I
BMS\ ——H{BMS Input single sy -
B o I V\.ﬂaxCeI\VuIlEiccmI StateR&esthE State_Machine ChargeCureniRed fargeCuranieq (1) N <cmmgmmum‘plCWCWM
sing) P StaleReq boolean '.r—\ From BMS
MnCeatf— SttiReuest  SRE PosContactorChgrCmd PosConaciu ol -0 P DulpulBMS Ot
boolean ENMS _Oulul —DIF I hPo&Coanwctmcmmd
‘ <PosContackorGhgrCd Voul_Ch it Chy i3 i
Curtent_ Power_Limits_Cale MDischargeCurenl PreChargeRelayChgrCmd PruChargeRelayChyCind SetPlantConfguraton e Jw—— DechageCrerLn
boolean B
NegContactorChgrCmd NegContactorChgrCmd <mcnmnax.ﬁﬁ%ﬁéﬁ“’c“m .
P ChargeCurrentLi
argeCurent.i O} L | o P s Vout e ot Ind] .—b St
PosC md PosContactornvtiCmd Call Vol Mg
t Cell Votages [Cell Votages| v h,g"ﬂ“ﬁ’mhgw StateRequest
boolean S L
[PLANT] [PLANT] BMS_Input D PreChargeRelaniCnd PreChargeReayniCnd Ly
boolean Pack Volaga [Pack Votage| —— PosConlzclatviCmd ty Hhy
plaxCellol NegContactorinvtrCmd F——————— NegCantactorinrCrd PosContatoirtnd>
MaxCallvolt single Falls
Faults P Fallls 7 Pack Curent [Pack_Curenf] > PreChargeRelayindCmd
inCallot a BMS_WOS . BMS Info I GrhagReintit: Lhy Lny
—HMinCelliol BS_Siate Enum 88 o y B
dngle B Stalgr—8———{BMS Siate <BaCmd>
Cal Temperalures [Call Temperatures) NegConlactomirCrd
State_ Machine <NegContatodpvtCrgs
50C Hnvt Hnir
3l E-l
—{Bacnd ”
S0C_Estimation
Bushanagement ) i e
111
Lﬁ =0 : — Charger Load
- single Batlry Pack - PreChargeCircuit
<500
[Call Valtages]
Cal Voliges single (96)
$0C_Estmation Pack Volage
_ Pack Vokage gl
MENS Stale Balancing_Logic Pac o]
BMS_State_Enum - Pack_Curen! sinq\elBMS_‘ﬂDh

singe| bodlean 6] (ut Cho Wiy To BNS
' BalCmd 2aond
M MaxCelVolt Vout Invt]
mg‘c m - - "
single (96
BMS Input Cell Tomperatures]
Cel_Temperahures

BMS Controller
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Design BMS algorithms in Simulink

StateRequest . .
(1 )— Set Plant Configuration
StateRequest
/ BMS_Software \ ' Battery Model ‘
StateR t BMS _Inf 3 StateR t
ateReques _Info BMS, Info ateReques
BMS_Info .
.
£ TEREEL BMS_Input
—’BIVISI t MS_Output F BMS
—npu —uipd BMS_to PLANT P From_
BMS ECU PLANT FEAN '—l!—LMS
BMS_Output
1
. <
Delay Subsystem
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Real-Time Testing of Battery Management System

Testing BMS with Real Battery Cells/Pack

— Longer test cycles

— Difficult to reproduce results ——"
— Difficult to tespt fault conditions ;;%%;;
— Limited test automation _
000000 0=
ﬁﬁﬁﬁﬁﬁ 0=

Measurement & _
Diagnostics Main Controller

& MathWorks
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Evaluate System Behavior with CoSimulation

StateRequest . .
(1 ) Set Plant Configuration
StateRequest
/ BMS_Software \ ' Battery_Model ‘
StateRequest BMS_Info 3 StateRequest
q - BMS_Info q
i BMS_Info
:
SEREEE BMS_Input
$ BMS_Input MIS_OQutput From_BMS
—nP U BMS_to_PLANT > -

\ / ‘ HLAM-A_BMS

BMS ECU PLANT -

BMS_Output

o

Delay Subsystem
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Performance Analysis

Discharge + Charge

Cell Voltages Temperatures

LR

Pack Current

Charge Only

Temperatures

Cell Vallages

Pack Current

Discharge Only

" 'MW! o0

Fack Current

LIS

Evaluate SOC Estimation

Coulomb
Counting EKE
UKF
A Mt k

ATLAB BXIPO &\ MathWorks
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Agenda

« Whatis BMS and what engineers worry about?
Developing the architecture
Developing battery models
Design, Verify and Deploy BMS algorithms
Hardware-in-Loop testing

Summary - Q&A
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Generate C/C++ Code From BMS Algorithm Models

<@ &  Find:

BMS Algorithms

[Current]

[Cell_Voltages]

Cell_Temperatures]

Current
S0Cs

Cell_Voltages

S0Hs
Cell_Temperatures

S0C_SOH_Estimation

[Current]

[Cell_Voltages]

Cell_Temperatures]

[SOCs)]

[SOHs]

Current

Call_Voltages Current_Limits

Cell_Temperatures
S0Cs

Current_Requests

S0Hs

Contents
[s0Cs]

Summary

[SOHs] Subsystem Report

I

Traceability Report

Static Code Metrics Report

[Current_Limits]
Code Replacements Report

Highlight Navigation

[Current_Requests;

Previous Next

Current_Power_Limits_Calc

[Cell_Voltages]

Cell_Temperatures]

Contactor_Status]

[Isolation_Status]

Cell_Voltages Balancing_Enable

Cell_Temperatures

Contactor_Cmd
Contactor_Status

|zolation_Status BMS_State

[Balancing_Enable

Generated Code

[-1 Model files
State_Machine.c (16)
State_Machine.h

[Contactor_Cmd]

i |

[BMS_State]

State_Machine

State_Machine_private.h

4+ v Match Case

DW.

‘N.:emporalCoun:gr_i3) + 1))

e Machine DW.temporalCounter i3) <
temporalCounter i3 = (uintSif)((int

ine D

.is active c2 State Machine =

e Machine DW.is active c2 State Machine) ==
10;
State Machine IN Standby;

ou) |

if (((uint32 T)Stat
tat achine DW
t achine DW.is MainStateMachine =
r S State = 0;

[Cell_Voltages]

Balancing_Enable]

[Charger_State]

[Inverter_State]

Cell_Voltages
Balancing_Enable
Balancing_Commands

Charger_State

Inverter_State

State_Machine_types.h

[+] Shared files (3)

falancing_Commands

Balancing_Logic

S e_MaEhine_DW.MonitorCurrLimMode = MonitorCurrLimModeType NoCurrLimFault;
State Machine DW.MonitorCellVoltageMode =
MonitorCellVoltageModeType NoCellVoltFault;
State Machine DW.Delta = (real32 T)fabs((real T) ((real32 T)
(('rtuipack7Voltage) - sumﬁ-TOCKRGB(rt17Ce117Voltages))));
State Machine NW.FanltPresent = false:
State_Machine || View All
© | 4l State_Machine » T3 State_Machine | Q
3 ' -
K i = O
®
C_]
) e —
o i
— N N [} e— e—

UL

C_J
]
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Deploy algorithms on Target Controller

Processor in Loop
Battery

Management
System S32 Design Studio + Pin — Clock - Peripheral Tools

Model-Ba 1 Design Tools for Simulink

ﬁlif\llﬂll,uu_ﬂ D’”: ‘

Serial Connection - UART

Debug Connection - JTAG Ig— i
Example : S32K from NXP

A Matiorks




Did we generate code too early?
Is this ready to ship?

What if there are bugs?

Where are they? How do we find them?

\B EXPO @\ MathWorks:



Agenda

What is BMS and what engineers worry about?

Simulink Requirements
Requirement : Author, manage, and

Developing the architecture FEan  —

System Composer System + Software Architecture :
Create and elaborate speciications
of architectures, compositions, and
interfaces for modekbassd systems
engineering and software design

Simulink, Stateflow, Fixed-Point Designer

System Architecture ‘

Bidirectional
Si equirements

Traceability : Bidircctional

Logic Implementation, simulation

model with siyle guidzlines, modeling
standards, and indusiry certfication \

Developing battery models o g,

150 26262 and IEC 61508 certication  L=C-Cerlificaion Kit
Quaify Gode generation and veification fools for 50 26262 and IEC 61508 cerification

System Test
/
System Integration Test
Speed goat HIL

/
SW HIL Test— Functional
Coverage ‘Simulink Real-Time
Digital Validation Simscape Products

Venicle Integration Test

Vehicle Road Test

Software Coverage Polyspace products

Standarss \ /
Design Verification: Use formal Design Checks SW Integration Test ‘ Polyspace products
vertfication to find hidden design g ! Polyspace - Check campiancs fo
Simulink Design Verifie efors. prove your design meets \ 8 / standards such as MISRA, and find
requirements, and automatically \ security vulnerabiliies and software bugs
generate test inputs g / in source code:
. . . N Prove that the saurce code is free of
Test: Dovelop, manige, and Tests 2 Software Integration crfical run-time errors
ests
] Simulink Tes!  (neiuding testing for MogeLin-the-
Io0p, software-in-the-loop, \ /
) processorin-the-loop, and \

hardare-in-the-loop)

Coverage : Measure test
Simulink Coverage ‘completeness with models.

Coverage

Equivalence Test

Software in the Loop (SIL)
| Show functional

Embedded Coder, Simulink Test

and generate code coverage
metrics

Embedded Coder Automatic Code : Floaling
Point, Fixed Pont,
AUTOSAR

Hardware-in-Loop testing

temporalCounter 13 = (u
:emporalCan:er_i3) +1))

e

Summary - Q&A |

0;

1. MonitorCel IVoltagellode =
oltagellodeType NoCellVoltFault

190 mico)

'emporalCoan:er_i3) < 150) |

1) ((

'

e Machine Dil.is active c2 State Machine) == |

is active c2 State Machine = 1U;
is MainStateMachine = State Machine IN Stand

il.MonitorCurrLintode = MonitorCurrlinModeType !

'

\ /
\ /
\
\ /

Code

int32 1) (({ir

114 my

ALl Dl (re

Software

((’EZJ_P&CK

_CelI_Vo

Electronics

equivalence. model to code
Execute on desktop / laptop
compuer

Processor in the Loop (PIL) Embedded Coder, Simulink Test

Numerical equivalence, model

totarget code

Execue on target board

Battery Pack
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Why Testing, Verification and Validation

Safety Critical System i Functional Safety Certification

@\ MathWorks:



Typical Development Workflow

Unit test finds some Errors found during
Most errors introduced : .
errors integration or in field

* *ﬁ%&:& o
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Challenge: Errors introduced early but found late

Unit test finds some Errors found during
Most errors introduced : .
errors integration or in field

» *#%’&#& atd
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Model-Based Design Verification Workflow

Model Verification Code Verification
Discover design errors at design time Gain confidence in the code
Review and
Component static analysis Equivalence
and SyStem testing
testing ,/’—-~N\ ,’—h\ ’_—_———————-~--~
’ S v N »*"_ ——_ Equivalence Sso
4 \ A " L~ ~ _ N
/ \ 7 ¢ X checking >
V Simulink Models 'y 1 "
Design Model used for T
i roduction code TR TS
Requirements Model p ) C/C+¢r¥f‘“{® I
generation
Generated code
v Faster development v Reduced cost
v Less hassle v More Engineering
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Systematic Functional Testing with Simulink Test

Test Case

“T‘. Test Harness: basic_inport_ol

utport - Simulink

e 5

Inputs

-] &

asic_inport_outport

File Edit View Display Diagram Simulation

~8 BEEg-E-w4ge b

Analysis Code Tools Help

@ > 30 Normal

@ - v
- ]

- Model Sim through SIL, PIL and HIL
w— = Scale with PCT and CI
MAT file (input) | . I
. [1| speed speed * - > ._.@
nano s 1h &> S| S 2 | gear
|gna throttle . : .
i R
B/ ey .|z Test Harness
. I— = ode
2 v’
3

Test Sequence

o

Excel file (input)

and more!

LAB EXIPO

Main Model |

Assessments

MAT file (baseline)

v function customCriteria
» Perform custom criteria

1 test.verifyThat(test.sl

MATLAB Unit Test

Assessments

Excel file (baseline)

i
T

and more!
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Requirements Verification with Simulink

-SIL"‘I&:“‘VEIIIIlllllllIIlllllllllllIIlllllllllIllllllllllllllll!‘lléé

Dsplay Diagram Simulation Analyss Code Toois Help

Requirements Simulink / Stateflow
v 4 crs_req_func_spec Ln

val Driver Switch Request Handling i T BolE:s
B1.1 Switch precedence | I d Engne M:RPM > g E gg §
B1.2 Avoid repeating commands mpiem ente | "

EEEEEEEEEE

- a
u []
[ ] User Inputs Cal n
. Brake L] L
L] E brake ™ gmar transmission speed
L] Throttle - > [ ]
- throttie -
= ) % L
. - Double-click to shift_log vehicle
Verified et
[ ] and selectan G
® | jnput maneuver >
: vehicle mph
y n (yellow)
u. & throttle %
[]
L]

Test Case

'i Test Harness: basic_inport_outport - Simulink ‘ = ﬁ

I n p u tS File Edit View Display Diagram Simulation Analysis C AS S eS S m e n tS
o - T R m— -
Scenario | basic_inport_autport 'I' 4\ )
4\ @® |[*a/basic_inport_outport ¥ | .XI5

' e Signal 1P
xls |

Signal Editor

= ~ \;::iEcLe ' @ JI > | MAT / EXCG'
MAT / Excel o - = File (baseline)

file (input) ! e

§

OB R LES

4
2

Ready 148% ode5

Test Sequence =

’ Inpglt /
3

Test
Assessments

> Ou ’ shift_logic "
3 v function customCriteria
: H Perform custom criteria
Simulink Test - _ :
1 test.verifyThat(test.sl

MATLAB Unit Test
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Track Implementation and Verification

Requirements - crs_controller

View: Requirements - & O & &= EE 4% (S

Index ID Summary

vl crs_req_func_spec

viE1 #1 Driver Switch Request Handling

=1.1 #2 Switch precedence
E1.2 #3 Avoid repeating commands
=1.3 #4 Long Switch recognition
=14 #7 Cancel Switch Detection
= 1.5 #8 Set Switch Detection
= 1.6 #9 Enable Switch Detection

Implementation Status

- Implemented
Justified

Missing

Verification Status

B Passed
Bl railed

Unexecuted

Missing

4\ MathWorks




Detect Design Errors with Formal Methods

rJ,k Simulink Design Verifier Restr@. Simulink Design Verifier Results " F”"]d run-time design errors:
NP R
" Bac!f to summary - Close Bacl_< to summary - Close results o Integer overflow
antipatternla/Sum antipatternla/Abs
Overflow VALID Overflow ERROR - View test case « Dead Lo gl C
Derived Ranges: Derived Ranges: Divisi b
Outport [-128.427] || Outport 1/[-128..127] IVISIONn DYy Zero
- N
- f * Array out-of-bounds
| & \4 v d
S ¢ Range violations
I Tm I_’ <= | boolean :O : g
| int8 elationa ut
o - Generate counter example to reproduce error
Constant
Simulink Models
: Model used for o i e
Requirements besign production code R e |
Model . C/C+% H@n 2
gen eration :

Generated code
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Coverage Analysis to Measure Testing . |dentify testing gaps

* Missing requirements

Simulink « Unintended Functionality

R %; = * Design Errors

________________________________________________________ -
\
1
uP uP 1
i T 1 [ ]
h 4 : ode coverage
: -
e ~
DOWN N
State.ﬂ OW Code Coverage Report for slvnvdemo_counter + E [D B D
_____________________ ——
_____________________ N N4 P 1 G t d C d lvdemo_counter_slvny
—21 1 Transition "UP" from "third | ' el
a2 A Lo
A A A A UP was never true. Decisions analyzed: )
; - S : S o Summary
false 5151 Model Hierarchy/Complexity Testl
[speed < up_th] = S . C R t
i o overage Reports |, s
Decisio] R . integer
=
- overflow
Conditions analyzed: 20 34% mm 34% mm 7% = 00% o 10% m 50% m—
Description: True | False 13 71% wessmm=s NA NA 100% we— 50% w— 50% m—
SRS SO U aaer - th St 51 0 ion 3 67% e NA NA 100% wesssmmm NA 50% w—
- - - , 2 100% —NA NA NA NA NA
putGElower 51 0 N
- ....SystemLag NA NA NA 100% = NA NA
6.......Throttle & Manifold 10 73% wesssmmes NA NA 100% we— 50°% w— 50%  m—
MC/DC analysis (combinations in parentheses did not occur) Tiiiiinss. Intake Maniold 2 100% s NA NA 100% eomm—— NA 50% m—
Tru al TLAB
decision outcomes: ,:1_9 Fn 4 § e MATLAS 2 100% ee———— NA NA NA NA NA
&2 8 Eanction
9. comsanns EIOIEES 6 83% e NA NA 100% oossssss 100% o 500 m—
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Agenda

What is BMS and what engineers worry about?

Simulink Requirements
Requirement : Author, manage, and

Developing the architecture IR —

System Composer System + Software Architecture :
Create and elaborate speciications
of architectures, compositions, and
interfaces for modekbassd systems
engineering and software design

Simulink, Stateflow, Fixed-Point Designer

System Architecture ‘

Bidirectional
Si equirements

Traceability : Bidircctional

Logic Implementation, simulation

model with siyle guidzlines, modeling
standards, and indusiry certfication \

Developing battery models i e,

150 26262 and IEC 61508 certication  L=C-Cerlificaion Kit
Quaify Gode generation and veification fools for 50 26262 and IEC 61508 cerification

System Test
/
System Integration Test
Speed goat HIL

/
SW HIL Test— Functional
Coverage ‘Simulink Real-Time
Digital Validation Simscape Products

Venicle Integration Test

Vehicle Road Test

Software Coverage Polyspace products

standards \ /
Design Verification: Use formal Design Checks SW Integration Test ‘ Polyspace products
vertfication to find hidden design g ! Polyspace - Check campiancs fo
Simulink Design Verifier 7S, prove your design mests \ 8 / standards such as MISRA, and find
requirements, Vﬂ"d automatically \ security vulnerabilities and software bugs
generate testinputs g / in source code
- - - E Prove that the source code is free of
Test: Develop, manage, i‘nd‘ Tests E Software Integration criical nun-fime erors.
ests
| | Simulink Test  (including testing for Modelin-the-
Ioop, software-in-the-loop, \
) processorin-the-loop, and \

hardare-in-the-loop)

Coverage : Measure test
Simulink Coverage ‘completeness with models.

Coverage

/

Equivalence Test

Software in the Loop (SIL)
| Show functional

Embedded Coder, Simulink Test

and generate code coverage
metrics

Embedded Coder Automatic Code : Floaling
Point, Fixed Pont,
AUTOSAR

Hardware-in-Loop testing

temporalCounter 13 = (u
:emporalCan:er_i3) +1))

e

Summary - Q&A |

0;

1. MonitorCel IVoltagellode =
oltagellodeType NoCellVoltFault

190 mico)

'emporalCoan:er_i3) < 150) |

1) ((

'

e Machine Dil.is active c2 State Machine) == |

is active c2 State Machine = 1U;
is MainStateMachine = State Machine IN Stand

il.MonitorCurrLintode = MonitorCurrlinModeType !

'

\ /
\ /
\
\ /

Code

int32 1) (({ir

114 my

ALl Dl (re

Software

((’EZJ_P&CK

_CelI_Vo

Electronics

equivalence. model to code
Execute on desktop / laptop
compuer

Processor in the Loop (PIL) Embedded Coder, Simulink Test

Numerical equivalence, model

totarget code

Execue on target board

Battery Pack
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Hardware-In-Loop Testing of Battery Management System

: . Sensor and Fault Emulation
Testing BMS with Emulated Battery Cells
o — Produce Isolated Voltages
— Reduce testing time _
— Sink and Source Current

— Test fault conditions safely _
: — Support Series and Parallel
— Automate testing Configuration

— Temperature simulation

1
BIF1A

b
BI*1A

<1001011100101> N

Wiring and Signal Conditioning

Measurement & _ )
Main Controller

Diagnostics

), EXPO 4\ MathWorks




An Integrated Solution for Embedded Development with Simulink

SO 26262 and IEC 61508 certification  LEC Certification Kit
Qualify code generation and verification fools for ISO 26262 and IEC 61508 certification

Simulink Requirements

Requirement : Author, manage, and S
trace requirements to models, \ System Test J
generated code, and test cases

A Traceability : Bidirectional
System + Software Requirements /

Simulink Requirements

Vehicle Integration Test

System Architecture i i
System Composer System + Software Architecture : y l System Integration Test J Vehicle Road Test
Create and elaborate specifications /
of architectures, compositions, and
interfaces for model-based systems bil g | SW HIL Test — Functional Speed goat HIL
engineering and software design. Traceability : Bidirectional Coverage L .
9 g 9 7 YTy Simulink Real-Time
Simulink, Stateflow, Fixed-Point Designer .
Implementation: componentization, Software Architecture t Digital Validation l Simscape Products

Logic Implementation, simulation

/

Simulink Check Check: Verify compliance of design ‘ Software Coverage l Polyspace products
— model with style guidelines, modeling

standards, and industry certification

standards

Design Verification: Use formal Design Checks { SW Integration Test ‘ Polyspace products

verification to find hidden design § Polyspace : Check compliance to
Simulink Design Verifier mors, prove your design meets o standards such as MISRA, and find

requirements, and automatically b} security vulnerabilities and software bugs

generate test inputs =) in source code
Test - Develop. manage. and T é . Prove that the source code is free of

- DEVEIOp, g€ { Software Integration critical run-time errors
] ) execute simulation-based tests
Simulink Test  (including testing for Model-in-the-
loop, software-in-the-loop,
processor-in-the-loop, and . .
hardware-in-the-loop) Software in the Loop (SIL) Embedded Coder, Simulink Test
Coverage : Measure test Coverage t Equivalence Test J Show functional

equivalence, model to code

Execute on desktop / laptop
computer

Simulink Coverage

completeness with models
and generate code coverage
metrics

Embedded Coder Automatic Code : Floating

Point. Fixed Pont, AUTOSAR Embedded Coder, Simulink Test

Processor in the Loop (PIL)
Numerical equivalence, model
to target code

ecute on target board
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https://www.mathworks.com/products/simulink-requirements.html
https://www.mathworks.com/products/system-composer.html
https://www.mathworks.com/products/simulink.html
https://www.mathworks.com/products/stateflow.html
https://www.mathworks.com/products/fixed-point-designer.html
https://www.mathworks.com/products/sldesignverifier.html
https://www.mathworks.com/products/simulink-check.html
../Simulink Test/SLTest.pptx
https://www.mathworks.com/products/simulink-coverage.html
https://www.mathworks.com/products/embedded-coder.html
https://www.mathworks.com/products/embedded-coder.html
../Simulink%20Test/SLTest.pptx
https://www.mathworks.com/products/simulink-real-time.html
../Polyspace/Polyspace.pptx
https://www.mathworks.com/products/iec-61508.html
https://www.mathworks.com/products/simulink-requirements.html
../Polyspace/Polyspace.pptx
https://www.mathworks.com/products/embedded-coder.html
../Simulink%20Test/SLTest.pptx
https://in.mathworks.com/solutions/physical-modeling.html

I 8026262 CO m p I | an C e Traceability matrix analysis

‘\ IEC Certification Kit

HIL test SIL/PIL test B
Simulation / test authoring / coverage analysis “} Simulink Real-Time “-\ Embedded Coder, Simulink Test

Model vs. code coverage comparison
Simulink Test, Simulink Coverage

@\ simulink Test, Simulink Coverage
]

Test generation
‘\ Simulink Design Verifier
~—nay

el L
—-—— ——
- -
- —

- Integration testing T~
i Embedded software testing S~ :
Modeling standards checking, Design error detection .= ~.o MISRA checking
Simulink Check, Simulink Design Verifier e SA L Run-time error detection
T e ’ L emmmmmm—— S ‘\ Polyspace products
- . ; S~ ~ ~ —neny
_ /./ _-~" Module and integration S~ e m—m L N
Property proving RV ag testing / traceability S L~ TR
Simulink Design Verifier e~ .. .- Back-to-backtesting ~\«
e 7 — - ’ 4
/// /’—_ “\\ \\ / _ \,Q
7, -~ So N 4/ -7~ R
- / ~ )
. e ly ~ \ 7’ N N\
Requirements linking “ ¢ N \ /f'Prevention of \\
. . . / - \ : :
‘\ Simulink Requirements ,,",’ - ~~. AN \ ”” unintended \\ Static code analysis \
] e \ . | s pe .
!/, Requirements" s - \ : - ‘7 functionality Y and verification
7 1€ \ p ~. % Review ., ~. \, \ == \
:’/ traceablllty \ '/ \‘ \ and Staticll \ l \| I/ \\ \\
v ‘* \ M vy analysis v Vo ) J
\ \
Model used for
System .| Software textual R Software h | Executable . \ > roduction R Generated <~ /‘ Integrated
requirements | requirements 1 architecture 1 specification | T X : 1 C/C++ code 1 object code
code generation

Requirements Architecture Modeling
Authoring Development

4\ simulink Requirements ‘\Svstem Composer ‘\Simulink, Stateflow, Fixed-Point Designer
—nay ey —neny

Code Generation Comp.ilat_ion
and Linking

‘\ Embedded Coder Third-party tool
e
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https://www.mathworks.com/products/simulink-requirements.html
https://www.mathworks.com/products/system-composer.html
https://www.mathworks.com/products/simulink.html
https://www.mathworks.com/products/stateflow.html
https://www.mathworks.com/products/fixed-point-designer.html
https://www.mathworks.com/products/embedded-coder.html
../Polyspace/Polyspace.pptx
../Simulink Test/SLTest.pptx
https://www.mathworks.com/products/simulink-coverage.html
https://www.mathworks.com/products/embedded-coder.html
../Simulink%20Test/SLTest.pptx
../Simulink Test/SLTest.pptx
https://www.mathworks.com/products/simulink-coverage.html
https://www.mathworks.com/products/sldesignverifier.html
https://www.mathworks.com/products/simulink-check.html
https://www.mathworks.com/products/sldesignverifier.html
https://www.mathworks.com/products/iec-61508.html
https://www.mathworks.com/products/sldesignverifier.html
https://www.mathworks.com/products/simulink-requirements.html
https://www.mathworks.com/products/simulink-real-time.html

|ISO 26262:2018 Structure

1ISO 26262-1 « Vocabulary

ISO 26262-2 « Management of functional safety

ISO 26262-3 « Concept phase

ISO 26262-4  Product development: system level { = Model-Based Systems Engineering
ISO 26262-5 * Product development: hardware level { = Design of hardware system

ISO 26262-6 * Product development: software level ) '\{I?Dd:\l/-e?SSriiraeSign

ISO 26262-7 « Production, operation, service and decommissioning :\éigicggﬁgriﬁ\éi"daﬁon

ISO 26262-8 « Supporting processes { = Tool classification and qualification
ISO 26262-9 « ASIL-oriented and safety-oriented analyses

1ISO 26262-10 « Guidelines on ISO 26262

ISO 26262-11 « Guidelines on application of ISO 26262 to semiconductors { = HDL Code generation

1ISO 26262-12 « Adaptation of ISO 26262 for motorcycles
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For BMS Applications

Business Logics and Architectures

= Algorithm Development

Verification and Validation

Physical Modelling and Co-Simulation

1
Dat t . Field Recorded Data — [ e J - Battery Pack Modelling ;
: ala managemen Import — Cell Behaviors )
= Architecture Models - Excel based test cases . S - Electric Powertrain
= Share model as executable - Test Scenarios and Scenarfo | &7 —  Plant modelling
= Assessment SigEet —  Co-Simulations
- - Signal builders —_— . - Parameter estimations
== . Supported Various .
Reporting formats ‘_
. ) - Model and Code ) E— : :
Automatically generated Production Code Coverage S HIL and Integration Testing
- Generate C/C++ Code T e e e m EE [ = = ’
: : e [ e Mt e =
= Easy Integration with Legacy Code g ESE B pe=r o ‘ i
- DLL generation capability e m=R 2 m—a Ao g 5= = —
. AUTOSAR Specific Code . = —
Traceability Formal Verification &Test case Generation v <{eeioitioeio}> ’ —
Wiring and Signal Conditioning o

Coverage annotation

= Bidirectional Traceability
. Reqs. — Architecture — Design — Code — Test Cases — Reports

I @
‘ . \ » ‘
External ( — - b Links to model
Requirements Simulink Requirements - _i
5 |Implements @ -
Y DC-DC o
- o ey [ = i { - |
: (L] [ (= =
AC/DC Converter/ § 1 Conv |’1erl‘, -
Charger/ AC or DC i -J lnveiter e
Charging MOTOR/

CAN Generator

- E B
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Conclusion

o« 4 3 >
Conn3
<C T I -+
mz = T _ Battery(3)
CellO3 I <[Batt03]
— I ‘o
Leverage models to Test your design iterations Gain confidence in design
communicate technical every step of the way and work towards safety
specifications, design through simulations and certification
iImplementation, results Hardware-In-Loop testing

and maintain traceability
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Learn More about Battery Management System

A two-day course describes modeling Battery pack for designing and testing Battery
Management System in Simulink® using Simscape, Stateflow, and Control System Toolbox.
Topics include:

i
. . . . P . I
- Creating Physmgl Models us_lng.Slmscape ) L-D
= Cell model and its characterization R
. Battery Pack modeling i (O] I A ] bt
- SoC Estimation using EKF il ? ‘ L»
- Logic-Driven System Modeling using Stateflow vollage_sim

= Fault-Detection/Cell Balancing using Stateflow
- Harness creation and testing of Battery Management m—
Systems using Simulink Test —

nnnnnnnnnnnnn
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Training Services
Exploit the full potential of MathWorks products

Flexible delivery options:
= Public training available in several cities

= Onsite training with standard or ENHANCE
YOUR SKILLS

customized courses

« Web-based training with live, interactive
Instructor-led courses

More than 48 course offerings:

= Introductory and intermediate training on MATLAB, Simulink,
Stateflow, code generation, and Polyspace products

= Specialized courses in control design, signal processing, parallel computing,
code generation, communications, financial analysis,
and other areas


http://www.mathworks.com/training

MathWorks Consulting | Battery Simulation and Controls

MathWorks Consulting Services leverages industry
background and technical expertise gained from hundreds of >
customer engagements to solve your battery simulation and Batiery Modeling Develogiment Service
controls challenges and to bring you the best battery turs ConoigSocns ks i gl cmgaries 3 e g of s
performance.

estabiisn

= Areas we can help you:
— Develop or assess and improve your battery management s RO ... AP

equivalent circuits and battery packs. your specific battery or complete system
System e Optimal methods for cell test data acquisition and e Automated battery parameter estimation techniques
analysis that you can apply and customize to similar data sets

e Data processing and optimization

— Develop and improve accuracy of your models S N s e oM 0 o4 O S i M

estimating battery parameters from measured data experience and leave you independent and in control of
1 1 We develop your processes, tools and design work. MathWorks
— Automate parameter estimation to a model from your S Toskplent 1or ING Rtsesy cull o pack Consulting Services i ready to work with you 0n your
« Plant models for offline and real-time simulation battery modeling development project

expe ri m e n ta I d ata environments using Simulink®, Simscape™,
SimPowerSystems™, and SimElectronics®
Multi-RC equivalent circuit cell models
Battery pack models from series or parallel cell

— Develop or assess and improve your SOC or SOH estimation
. Thermal models for the battery pack, conditioning
t b bient dit , et
al g O r I t h m S ;‘::!::: I:::-I’:\’:)d‘::‘, slu.:)lll‘:std:-hm»d plant models
for each component of an electric vehicle
Creation and validation of system level plant models

— We seek to teach and build in-house competency through

fault injection FOR MORE INFORMATION

project-based coaching sessions and knowledge transfer. i o

\B EXIPO

) MathWorks' mathworks.com
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https://www.mathworks.com/services/consulting/proven-solutions/battery-simulation-and-controls.html

WHITE PAPER

Developing Battery Management Systems with
Simulink and Model-Based Design

8 https://www.mathworks.com/disc

Technical Aricles and connical At RPN
Newsletters

Modeling and Simulating Battery Performance for Design Optimization

By Cecilia Wang, Romeo Power

MATLAB Central =  Files  Authors My File Exchange  Contribute  About

Design and Test Lithium lon Battery Management Algorithms
version 1.0.1 (8.95 MB) by Chirag

This example project can be used as a reference design to get started with designing Battery
Management System with MATLAB and Simulink

EXPPO

More about Battery Management System

Battery Modeling

Examples and How To

+ Battery Management System Development in Simulink (7:17) - Video

+ Lithium Battery Madel with Thermal Effects for System-Level Analysis
(24:05) - Video

+ Automating Battery Model Parameter Estimation using Experimental Data
(25:28) - Video

+ Real-Time Simulation of Battery Packs Using Multicore Computers (22:57) -
Video

+ Battery Simulation and Controls - Cansulting Services

+ Sifting Through Multisource Data for Safer Battery Materials with Machine
Leamning - Article

Papers

+ High Fidelity Electrical Model with Thermal Dependence for Characterization
and Simulation of High Power Lithium Battery Cells - IEEE 2012

+ Battery Model Parameter Estimation Using a Layered Technigue - SAE 2013

+ Simplified Extended Kalman Filter Observer for Battery SOC Estimation -
SAE 2013

+ Battery Pack Modeling, Simulation, and Deployment on a Multicore Real
Time Target - SAE 2014

+ Model-Based Parameter Identification of Healthy and Aged Li-ion Batteries
for Electric Vehicle Applications - SAE 2015

Download Link to
File Exchange

For more info:
Prashant Hegde
phegde@ mathworks.com

THANK YOU
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https://www.mathworks.com/campaigns/offers/battery-management-systems-white-paper.html
https://www.mathworks.com/discovery/battery-models.html
https://www.mathworks.com/company/newsletters/articles/modeling-and-simulating-battery-performance-for-design-optimization.html
https://www.mathworks.com/discovery/battery-models.html?s_tid=srchtitle
https://www.mathworks.com/matlabcentral/fileexchange/72865-design-and-test-lithium-ion-battery-management-algorithms
mailto:phegde@mathworks.com

