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Agenda

- What is BMS and what engineers worry about?
Start with single battery cell and build a pack
Design BMS algorithms
Generate code and deploy
Model V&V
Hardware-in-Loop testing
Summary

MATLAB EXPO 2019



What i1s BMS?

4\ MathWorks

Software

Battery Pack

Electronics

if (((uint32 T)State Machine DW.temporalCounter i3) < 15U) {
State Machine DW.temporalCounter i3 = (uint8 T) ((int32 T) (((int32 T)
State Machine DW.temporalCounter i3} + 1});
}
if (((uint32 T)State Machine DW.is active cZ State Machine) == 0U) {

State Machine DW.is active c2 State Machine = 1U;
State Machine DW.is MainStateMachine = State Machine IN Standby;

*rty BMS State = 0;

State Machine DW.MonitorCurrLimMode = MonitorCurrLimModeType NoCurrLimFaul

S:a:e_Machine_DW.MonitorCellVoltaquode =

MonitorCellGoltageModeType NoCellVoltFault;

State Machine DW.Delta = (reEIBZ_T)fabs((real_T)((rea132_T)
((*rtu Pack Voltage) - sum gvOCKAG3(rtu Cell Voltages))));
State Machine NW. FanltPresent = false:

Supervisory tasks
SOC estimation
Contactor management
Isolation monitoring
Fault detection and recovery
Thermal Management
Current & Power Limits
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Block Voltage,
Temperature Measurement
Cell Diagnostic
Cell Balancing 3



Motivation

Collaboration Gap
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BMS Algorithms
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Long Iteration Cycles Safety Critical System

o

L —}

V&V and Hardware-In-
Loop Testing

Simulations and Code Model

Generation
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Where do we start?

Gain insight into cell behavior and model it
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Equivalent Circuit Model

Transient

Dynamics \
C,

C Terminal
- | | | - = Ro Resistance
’: Il R 1 - In R n

Open-Circuit > —»>—{ | ri A

Voltage

m
+ \\ Parasitic

D Losses

[E, R, C,] =f(SOC, Temperature...)
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Battery Cell Blocks in Simscape

Main Dynamics Fade Thermal Variables

= Chose block for fidelity and simulation speed
Charge dynamics: No dynamics

= Parameterize as function of SOC & e ame
Temperature

b Two time-constant dynamics
Three time-constant dynamics
- Add thermal and fade effects
= Create custom battery blocks using

Info } ) BattCurr - Info

Four time-constant dynamics
Five time-constant dynamics

BatiTemp Battvoit [ N BatiTemp | Battvoit

Equivalent Circuit Battery Datashest Battery

p g g Info pr ] +n
= + —r—J ~ Battery = Battery
Main  Dynamics Fade Thermal Variables J BattCurr A | Battvorp _Lr (Table-Based) === (Table-Based)1
é T T
Vector of state-of-charge values, SOC: |[0r .25, .75, 1] BattSoc [
Temperature dependent tables: Yes - tabulate parameters over temperature Estimabon Equivalent Circuit Battery
Vector of temperatures, T: [273.15, 298.15, 323.15] K v | . .
+
No-load voltage, VO(SOC, T): B.1,3.14; 3.25, 3.27, 3.3; 3.28, 3.31, 3.34; 3.33,3.5,3.59] | |V v | 'ﬁ— () Battery T Battery1
Terminal resistance, RO{SOC,T): js, .002; .04, .017, .008; .039, .012, .006; .027, .013, .021] ‘ | Ohm v‘ 'T I\f 'T
Ampere-hour rating, AH(T): ‘[2.9, 4.1, 4.2] ‘ | hr*a w ‘
Self-discharge: Disabled -

MATLAB EXPO 2019
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Parameter Estimation

Goal:
Rl
—AMWW— Model should match real data as closely as possible
0
]
O l
model (E,,R,,R,,C))

experiment

MATLAB EXPO 2019
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Parameter Estimation

Em =
V_Estimated, V_Me ed
T T
Before
e | — .0100| 3.8000
‘ Il II |' - -0100| 3.8000
| * \ \ | -0100| 3.8000
% ssc_lithium_cell_1RC_estirm - Simulink — O | | 1 L0100 3.8000
SIMULATION .0100| 3_8000
ssc_lithium_cell_1RC_estim -0100 3.8000
@® | [Pa]ssc_lithium_cell_1RC_estim -0100 3.8000
-0100| 3.8000
A IE ? Double click here 100! 2 ennmr
.0100 3.8000
e SoC — Parawowgsﬂmenuﬂon A1 00 T
= - Lo ¥ App with preloaded data .0100| 3_8000
atler
curren); @ — @ .0100
L] )
Em =
O ‘ (1)
Lin W _Estimated _ N
Current i V_out V_Estimated, V_Measured
= T T T T T T ;
5 - ) = 3.5039%
o er
Voltage oo ' 3.5668
@ | 0.0070| 3.6119
Isothermal Lithium Battery Cell - 1 RC Branch Equivalent Circuit for Estimation -
B _ 0.0075| 3,6507
- Copyright 2012-2019 The MathWorks(R), Inc. 0.0074 3 e
0820
Ready 126% odel5s 0.0074
3.7140
0.0072 . 550
0.0069 3.799¢
0.0071| 3-8846
0.0072| 3.977¢6
0.0073| 4.079¢
0.0071 4.1960
MATLAB EXPO 2019 u.oo7e
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Look-up Tables

—AAAA—
S TVVVVTT .
Repeat parameter estimation for each
HH Temperature break-point in LUT

Em SOC [ SOC | SOC SOC
(Volts) 1 0.9 0.8 0
5°C

> 20°C

- 40°C

MATLAB EXPO 2019
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Start with Simulation
Battery Cell €-> Large Battery Pack

BalCmd 1 BalCmd
i EEE—
1 It conni Conni D—D Balancing_Commands Cell_Voltages
“ Il : 'l Conn2 Conn2
Conn3 Conn3 —— +BattPack Cell_Temperatures ———p
oe— S |_Temp
c1 c2 c3 cavatages |
3 Connd
rRo L awn— Lawn— L Pack System
enns conns BattPack Current
— -l ———p<
Em
R1 R2 R3 Conné Conné
ConnT . Conn? Battery Pack Dynamics
I I D H Cell Module 05 CallMonitoringUnit_05
3 e y Namics - - > Contactor_Cmd
- BalCmd]> l BalCmd
——-BattPack
—>
Conn Connl Contactor_Status
[ +BattPack
Conn2 Conn2
{ +Charger
Conn3 Connd
o an | -Charger
Cellvoltages b—»
o
[ Coed e ———  -Inverter Isolation_Status ———
+
- Conng Conng — tinverter
-
= e Conné Contactor Dynamics
Conny 3 Conn?
Coll Module 06 ‘ CallManitoringUnit_0& —>—»|BMS_State
[ BalCmd BalCmd > Current_Limits
= -'+ B Inverter_Stat
nverter_State ———
Ba Cells H Comn1 Gonn —————— +Inverter
o < | Conn2 Conn2
8 I . | -Inverter
——] T Conn3 Conn3
CellVoltages F— Inverter Dynamics
Connd Connd
Thermal Model °“"“5 =
Cannf Conné >—P Current_Requests
B I J Charger_State ———
- T & Conn? , Conn? ——— -Charger
Call Module 07 CallMonitoringUnit_07
- - | +Charger
BalCmd BalCmd 1
MATLAB EXPO 2019 = . e y—
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Evaluate System Behavior

StateRequest . .
(1 ) Set Plant Configuration
StateRequest
/ BMS_Software \ ' Battery_Model ‘
StateR t BMS_Inf 3 StateR t
ateReques _Info BMS_Info ateReques
BMS_Info i
: )
'-:'. SEEEEC BMS_Input
—J» BMS_Input VIS_Output F BMS
—npu —utpu BMS_to_PLANT W] From_
BMS ECU
BMS_OQutput
1
z [

Delay Subsystem

Pack_Current

Demo

MATLAB EXPO 2019
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Discharge + Charge
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Discharge Only
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harge Only

Cel_Voltages
j : g Cell_Temperatures =
I I
I T I~ Cell_Temperatures:1
I~ Cell Voltages:2 sl = Cell_Temperatures:2
_ J~  Cel Vollages:3 I~ Cell_Temperatures:3 [
e T Cell_Voltay | g Cell_Temperatures 4
J~  Cel Volta I~ Cel_Temperatures:5
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=T
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35|
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Evaluate SOC Estimation

2 E (H- | ea-@ k[T D
W SOC_CC ™ SOC_UKF M SOC_EKF m <SOC>
1.00
095 {
Coulomb counting EKF
090 {
085 {
—p Curr
single D1
SOC
SOC_cC
—» Temp B
Coulomb Counting
UKF_EKF_1TC
Current single D1
SOC UKF fF——————
- SOC_UKF
Temp
single D1
SOC_EKF
Cell_Voltage SOC_EKF
0
UKF_EKF 0.45
- 0 1.00e+3 2.00e+3 3.00e+3 400e+3 5.00e+3 6.00e+3 7.00e+3 8.00e+3 9.00e+3 1.00s+4

MATLAB EXPO 2019
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Generate C/C++ Code From BMS Algorithm Models AN g

BMS Algorithms

[Current]

[Cell_Voltages]

Cell_Temperatures]

Current
S0Cs

Cell_Voltages

S0OHs
Cell_Temperatures

< € Find: | | 4+ v Match Case
Contents 388 if (((uint32 T)State Machine DW.temporalCounter i3) < 15U) {
389 Statei}’[achineiDW.temporalCounteriiB = (uil’ltSiT] ((iﬁtBZiT) (((iﬁtBZiT)
390 State Machine DW.temporalCounter i3) + 1));
Summary ) = = -
Subsystem Report if (((uint32 T)State Machine DW.is active cZ State Machine) == QU) {

S0C_SOH_Estimation

[Current]

[Cell_Voltages]

Cell_Temperatures]

[SOCs)]

[SOHs]

Current

Cell_Voltages Current_Limits

Cell_Temperatures
S0Cs Current_Requests

S0Hs

Traceability Report

Static Code Metrics Report

[Current_Limits]

Code Replacements Report

[Current_Requests Highlight Navigation

|

Current_Power_Limits_Calc

[Cell_Voltages]

Cell_Temperatures]

Contactor_Status]

[Isolation_Status]

Cell_Valtages Balancing_Enable

Cell_Temperatures

Contactor_Cmd
Contactor_Status

Isolation_Status BMS_State

State_Machine

[Cell_Voltages]

Balancing_Enable]

[Charger_State]

[Inverter_State]

0 UG (o

Cell_Voltages
Balancing_Enable
Balancing_Commands

Charger_State

Inverter_State

Previous Next

State Machine DW.is active c2Z State Machine = 1U;
State Machine DW.is MainStateMachine = State Machine IN Standby:
*rty BMS State = 07
State Machine DW.MonitorCurrLimMode = MonitorCurrLimModeType NoCurrLimFault;
State Machine DW.MonitorCellVoltageMode =

MonitorCellVoltageModeType NoCellVoltFault;

< B e
Generated Code
[-1 Model files

State_Machine.c (16)

State_Machine.h

State_Machine_private.h

State_Machine_types.h

[+] Shared f'les (3)

lancing_Conpands]

) |

Demo

Balancing_Logic

MATLAB EXPO 2019

400 StateiMachineiDW.Delta = (reE1327T)fabs((realiT)((realBZiT)
401 ((*rtu Pack Voltage) - sum gyvOCKAG3(rtu Cell Voltages))));
A0N2 State Marhine NW.FanltPresent = false:
State_Machine || View All

@®

e

»

State Machine » T3 State Machine v Q
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Did we generate code too early?
Is this ready to ship?

What if there are bugs?

Where are they? How do we find them?

MATLAB EXPO 2019

4\ MathWorks
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Why Testing, Verification and Validation

i

Safety Critical System Functional Safety Certification

MATLAB EXPO 2019

4\ MathWorks
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Typical Development Workflow

Most errors introduced Unit test finds some
errors
9,

B A 3 3&—‘&‘%*‘

Errors found during
Integration or in field

Requirements Specification C/C%%Df.

MATLAB EXPO 2019
21
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Challenge: Errors introduced early but found late

Most errors introduced Unit test finds some
errors
)

WA A 3&—‘@“%*‘

Errors found during
Integration or in field

Requirements Specification C/C(%Zl%ﬁi@f_

MATLAB EXPO 2019
22
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Validate Design via Desktop Simulation

Unit test finds some
errors

Errors found during
Integration or in field

SIMULINK

Requirements

' C/Cl’:‘%zf'f%ﬁt

strisy,

MATLAB EXPO 2019
23



Model-Based Design Workflow

Lr

7

Simulink Models

Requirements

Model used for

Design :
-' Model I- i1 » production code

generation

4\ MathWorks

SIMUI

CiCT ﬁ@;h e B

MATLAB EXPO 2019

Generated code

Generation

24



Model-Based Design Verification Workflow

4\ MathWorks

Model Verification

Discover design errors at design time

Code Verification

Gain confidence in the code

Review and
Component static analysis Equivalence
and_system‘___N - testing o
4 \ "2 \ »~" _==o Equivalence S
/ \ 1 aws ~ . N
/ . 7 v S, checking N
|4 Simulink Models Vv \ '
: Model used for =, i
Design SRR

Requirements

Model

production code
generation

v Faster development

v Less hassle
MATLAB EXPO 2019

v Reduced cost

v More Engineering

v

C/C+

iDL

Substr(st,

Generated code

Generation

25



4\ MathWorks

How do we test?

Is it functioning
correctly?

- e = o

- -~
¢ ~ — >
v \ Simulink Models
: Model used for " T
Requirements besign roduction code %Hﬁ : !l
G Model P . ClC"‘ﬁéa?“?—%-
generation S

Generated code

MATLAB EXPO 2019
26
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Systematic Functional Testing with Simulink Test

Kl'est Case Model Sim through SIL, PIL and HIL

Scale with PCT and CI

’i Test Harness: basic_inport_outport - Simulink — l‘“—" =l g
I n p u tS File Edit View Display Diagram Simulation Analysis Code Tools Help AS S eS S m e n tS
-8 EG-BEre @k = H~ 2 Normal =] @~ &~

MAT file (input)

| N—
~“E===| R

MAT file (baseline)

Scenario « function customCriteria

ET"/ Signal 1

| » Perform custom criteria

1 test.verifyThat(test.sl

Signal Editor

Test Sequence

|
Excel file (Input) ?’«ﬁk’;ﬂg&;omm Nt e Excel file (baseline)
and more! Main Model and more!
MATLAB N\ < W ‘ ’ \. 7




Create Test Harnesses

ol Votmges | oL Vokages ChargeCurentieal —— NG
| Cell_Voltages ve o ChargeCurrentReq
(s) Pack_Voltage
Pack_Voltage - MS Stab >
1 Pack_voltage BMS. —rgr= ]
4 BMS_State
3 T
] — Cell_T
4 Cell_Teﬂ'.pemlurMn —_— PosContactorChgrCnd e » 2
s D o ContmaiC G PosContactorChgrCmd
| G r——vou
V Vout_Chgr out_Chgr
3 A hargeRelayChgrCmd » 3
Pn layChgr
) NChenpaltany CmdeC hargeRelayChgrCmd
1 Vnul_umr
Vout_invir
| Vout_lnvir P < =
gContactorChgrC
NegC - Ci
$ Sy NegContactorChgrCmd
: @WDSEMM
=Requas
1 StateFRequest o
ontactorinvi-Cend - 5
I «» Cellvan MaxCelvolt asCotuieinirCnd  ponCoutaeeriwhCrind
o
M, CMIVD”
. ax
| - BraGhary G Pr rgeR wtrC -
‘ €D e~ eChargeRelayinvCImd o eChiargeRelayinvirCmd
MinCeliVolt
\
NogC el 7
( W‘Cunm its o)
b Cunanu_:mns"weﬂ mits NegContactorinvtrCmd Ne g A Crd
3
b s | Pack_Cusrent Faut_out ==z = mrveeerrerrre( 8.
4 P Pack_Current Faults
@ 'ack_Current Faults
. 2
| 1 State_Machins
| « |20 =
Ready 100% FixedStepDiscrete

MATLAB EXPO 2019

4\ MathWorks

28



4\ MathWorks

Systematic Functional Testing with Simulink Test

.
Use Test Manager to 4\ Test Manager
.
VISUALIZE FORMAT
« Author, execute, manage test cases
] ] F
I i k3
° ReVI eW eX O rt re O rt Clearpiot G [E3[T5) DataCursors tignicht  Sendto Figure
y y - - in Model
EDIT ‘zoon & PAN | MEASURE & TRAGE | SHARE |
TestBrowser ECETICEGN LN ] [ statPage  x [ SlowAccel x| [efComparison  x
4\ Test Manager \_j" Baseline == Compare To
SIS fourth
Cut - 4 Results - 2015-Jan-12 17:35:31 20 10
3 JE a i | = @ [ & import
Do H 8 pU e e
Mew Open Save %P g Delete  Run  Stop | Report Visualize ng’:ﬂlgntl (¥, Export Help. ‘l_‘_=| Slgnal Builder Baseline examples 26 10
- - - aste w - ~  inilode - third
FILE I EDIT | RUN | RESULTS ‘Rssouncss' » [Z] Slow Accel ]
QEEEEE Results and Arifacts [\ startPage  x  [g] Slow Accel x 4 [E] Fast Accel o
[ second r - '
- Baseline Cniteria Result (=]
4 5] ComponeniTesting SIOW ACCeI
» [ General Performance Test ComponentTesting = Functional and Regression tests = Signal Builder Baseline examples = Slow Accel @ gear Q i
4 [ Functional and Regression tests Baseline Test () throttle —_— O L I
4 Signal Builder Baseline examples sC 0 -
= r DESCRIFTION () vehicle speed — O
[5) Slow Accel » REQUIREMENTS 7l Sim O ; I
b .
5| Fast Accel e seE e im Output (sf_car - normal) Nane
[E) Decel S EARAIETER DUERAIDES » [ Decel L] a 2 4 ] 8 10 12 14 18 18 20 22 24 26 28 30
Dl ] ErEitarEEyEe T CALLBACKS m== Tplerance = [ifference
» [5) Software-in-the-loop Testing - e
4 [ SystemTesting ¥ INPUTS e I
| » [ ExampleBaselineTesting » QUTPUTS
» CONFIGURATION SETTINGS OVERRIDES i3 | | |
I * BASELINE CRITERIA
I . Name g I
» [« SlowAcelbaselineCheckpoint! mat 0 Status
| Absolute Tolerance 0 o | | |
l Relative Tolerance 0.00%
Block Path SigBdriven/shifi_logic = |
I
I - 0
Name [E] Slow Accel
Tipe Baseline Test a 2 4 [ 8 10 12 14 16 18 20 2z 24 26 28 30
Location Ci\Usersimoneil\Deskio... + — - —
Enabled b4
Hierarchy ComponentTesting = Fu
Model sf_car L
Simulation Mode [Model Settings)
Harness Mame SigBdriven

29



Manage and Organize TestCases

ate Ma

APPS

4\ MathWorks

Lh

4, = Y
. (mperiTes  ManageTest SimuinkTest  Comveror
IMPORT TEST HARNESS MANAGE | TEST CASES | CONVERT/DETACH.
State_Machine_
® [ﬁ}sme_nachine_ » -
@ s )
( : )—bCell Voltages >
E Cell_Voltages = ChargeCurrentReq 1
Coll_Voltages ChamaCurnenting ChargeCurentReq
—
G———————»pack vommce
" Pack_Voltage BMS_State » 9
Pack_Volta; -
& _Voitage BMS_State BMS_State
(B i T(D"Cell_\'!ﬂ\wml\m Cell_Temp Posd >
emporaturos SSOme
i, - P
[_ osContactorChgrCmd A -
R e
out_Uhgr hargeRetsyChgrCmd »( 3
PreChargeRelayChgrCmd
e PreChargeRelayChgrCmd
.o Vout_lnvtr ' =
Voul_invtr
ContactorChorCmd > 4
- Il N NegContactorChgrCmd NegC.
SmoRoqnllsu
G {Maxcenven oaContaclonioiCind PosCodat:nﬂanmd
MaxCalivolli2xCefivol
PreChargeRataylinvirCrod » & )
Q8 ) —rcarvs P MinCemen PreChargeRelayinirCmd ;. ChargeRalaylnvirCmd
MinCeliVolt
@———’CU"M“ e oo I N egContactorinviCmd -
CumentLim
CurrentLimits " NegContactorinvirCmd
ﬁ @m’ Pack_Cument Fault_out Fauls >
- Pack_Current  — Faults
L \. J N
State_Machine
» | =
MQ Ready 100% FixedStepDiscrete
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How do we know we have enough test?

IS It
completely
tested?

Does the
design meet all
requirements?

Is it functioning
correctly?

————----_-------
-

L]
-y
“

’ > ~
% ~ — »
¥ \ Simulink Models
Design Model used for
. « 1 Pl Froseriame MYR92ger (s
Requirements Model productloq code C/C gg.%zfﬁf l
generation

Generated code

MATLAB EXPO 2019
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How do we know we have enough test?

IS It
completely
tested?

Does the
design meet all
requirements?

Is it functioning
correctly?

————----_-------
-

L]
-y
“

’ > ~
% ~ — »
¥ \ Simulink Models
Design Model used for
. « 1 Pl Froseriame MYR92ger (s
Requirements Model productloq code C/C gg.%zfﬁf l
generation

Generated code

MATLAB EXPO 2019
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Integrate with requirements tools and author requirements

( )
External : : :
Requirements Simulink Requirements * Import from:
: « Word / Excel
— — I External Requirements « IBM® Rational® DOORS®
- — . mport vl crs_req * ReglF™ standard
— v Importl References to crs_req.docx
—_— €1 Overview - Update synchronizes
Update e i P
P ¥ 2 System overview changes from source
& 2.1  System inputs
¥ 22 Cruise controlmode Indicator « Edit and add further details to
rijise ' mades

import

Authored Requirements

v[% crs_req_func_spec Author requirements
eq vEl Driver Switch Request Handling

Requirements @11 Switch precedence + Export ReglF
1.2 Avoid repeating commands « Enables roundtrip with
Managements ©1.3  Long Switch recognition external tools P
Tools Export 1.4 Cancel Switch Detection
=, 1 40T T Qe DT

MATLAB EXPO 2019
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Import External Requirements & Author New Requirements

4\ Project - Battery_System = X

oS

All| Project | Modified (9) \ 1ol Layout [Tree v| ©-

[ Name = Status Classification

B Dependency Analysis | Controller = -
_ Requirements v @
. System vig B
| Tests vis @
. work v E |
Labels i 4
{fﬁ] Classification
Details Y
Git v
Current branch: EXPO
Branch status: Normal . » . %
Coincident with /origin/EXPO Seleciafle toviewHelatts

MATLAB EXPO 2019
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SW Requirements - Implementation Status

’i Stateflow (chart) State_Machine/State_Machine - Simulink - g X

SIMULATION DEBUG MODELING FORMAT APPS TRANSITION

Property Inspector  x
Y| | Reguirement: 282
~ Properties -
Type:  |Functional |
Index: 42.13.11
= Custom ID: | =2 |
] Summary: | Exit to Over Current Fault |
J > Description Rationale
) > W [2vfo /B 7z U@l EE = »
¥ x| |if waitCurrentLimitationConf seconds elapse from
entering the state
% 13
I S A
v B 4 230 State Machine Architecture
> B a1 231 BMS State and Charging Mode calculation D‘
v B 32 276 BMS Fault Monitoring
v @ 421 277 Current Limitation
B 4211 =78 Init State
> @ 4212 #79 No Current Limitation State Keywords: |
v B 4213 =87 Wait State ¥ Revision information:
v [ 42131 #81 Exit Condition and Priorities SID: 82
421311 282 Exit to Over Cument Fauit Revision: 4
H”,” s W - T 2
60% FixedStepDiscrete

MQT‘I_ReIfI,yU LT U CULJ
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Track Implementation and Verification

Requirements - crs_controller

View: Requirements ~ |& O B = &= 4 & i €

4\ MathWorks

|Search

Index ID Summary
v % crs_req_func_spec - -
viE1 #1 Driver Switch Request Handling

1.1 #2 Switch precedence

=1.2 #3 Avoid repeating commands
=1.3 #4 Long Switch recognition
=1.4 #7 Cancel Switch Detection

= 1.5 #8 Set Switch Detection
=1.6 #9 Enable Switch Detection

Implemented

=

D

rj_ﬁed

MATLAB EXPO 2019

Implementation Status

- Implemented
Justified

Missing

Verification Status

B Passed
Bl railed

Unexecuted

Missing
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Requirements Verification w

4\ MathWorks

ith Simulink

Eﬁ is:;z::.l::::;:wl:M.”:n........................................‘....:
[FoRd | SO-H-w 4O He- » Mol s @l
i e
Requirements - Simulink / Stateflow
v [l crs_req_func_spec :i L -
. . . [ | engine RPM
vE 1l Driver Switch Request Handling . e —l =5
. ————pithrottle engine RPM _I P f
B1.1 Switch precedence | | t d Engine a5 7\,
. . EEEEEEEF
B1.2 Avoid repeating commands m p emente . :> . | :
n ser S |
L}
B y E E ms:(:: Wké | ‘ ; gEar transmission speed
I throttie - L]
% Double-click to bl il veticie
n open the GUI speed
P n and select an »
Ver I f I ed : input maneuver _ =J
n vehicle mph
1 (yellow)
B y }: 4 The MathWorks, Inc. & throtte %
hl-l—.—.—.—.—llllllIIIIIIIIIIIIIIIIII 4

/Test Case

’i Test Harness:

File Edit View Display Diagram Simulation Analysis Code Tools Help

basic_inport_outport - Simulink

Inputs

Assessments

| & - N
T i ‘ xls 1

i [r— Inpat

3

v

MAT / Excel

v

Test

=% -8 Ee-T =
X Scanano Test Harness
F.xls E@ Signal 1 é
Signal Editor .
M_AT(ExceI D e
file (input) : v it Jogc
3
| . .
' Simulink Test

File (baseline) Assessments

+ function customCriteria

» Perform custom criteria

1 test.verifyThat(test.sl

Test Sequence

MATLAB EXPO|\_

_/

\ MATLAB Unit Test /
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Link Tests to Requirements

DATA INSPECTOR FORMAT

e :
New Open Save Delete  Run
- - - dpn - -
FILE EDIT RUN

iy

Swop Debug Parallel  F=pan Viu;diu Hghight -~ Eport Preferences
" Model

= [ = &, Impor o \2)
b

l RESULTS ENVIRONMENT RESOURCES

4\ MathWorks

Test Browser

Results and Artifacts I

|5| Fault_Temp2 x || BMS_Charging_CC_CV x |5 Fault_Temp1

Filter tests by name or tags, e.g tags: test

» ™) State_Machine

« =] State_Machine_Hamess_SignalBuilder
BMS_Charging_CC_CV
BMS_Driving_Fauit1
BMS_Driving_Fault2

5]

il E

N E

[}

]

5

B E E

5
lij

Fault_Current1

Fault_Current2

Fault_PreChargerSwitches

Fault_Temp1
Fault_Temp2
Fault_Voitage1
Fault_Voitage2
Fault_Voitage3

|#| State_Machine_Hamess_Dashboard

Name
Type
Model

Hamess Name

Simulation Mode

Location
Enabled

{£] BMS_Charging_CC_CV
Simulation Test
State_Machine
State_Machine_Hamess_Sig.
[Model Settings]

C:\Users\mdalbard\Desktop\B...

v

. BMS_Charging_CC_CV

x [\ Start Page

State Machine Test » Siate Machine » Staie Machine Hamess SignalBuilder » BMS Charging
Simulation Test
Select releases for simulation: | Current +

Create Test Case from External File
» TAG
» DESCRIPTION
«» REQUIREMENTS*

BIMS State in Charging (StateMachine_Requirements#52)

v SYSTEM UNDER TEST*

v Model: | State_Machine
~ TEST HARNESS"
Hamess:  State_Machine_Harness_SignalBuilder

» SIMULATION SETTINGS OVERRIDE

w

» PARAMETER OVERRIDES

» CALLBACKS

» INPUTS"

o Add v [J Delete

W% aC

v | Enabled

MATLAB EXPO

2019
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How do we know we have enough test?

IS it
completely
tested?

Does the
design meet all
requirements?

s it functioning
correctly?

————----_-------
-

L]
-~y
“u

 d N ~
4 ) Simulink Models
Executable Model used for
. s v Flm Prooserineec® &03 zzzzzz
Requirements Specification production code C/C gh_%zfgf .
generation

Generated code

MATLAB EXPO 2019
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Coverage Analysis to Measure Testing

Simulink

L,  ldentify testing gaps

« Missing requirements

naine e 1 feaealla.
_______________________________________ _‘
Y Stateflow
l— — . [l L]
] %1 J | * Unintended Functlonallty
» )
DOWN DOWN @ Web | -
o G€Nerated Code | goan
L 1 SRR " Location: :/slcov_output/shnvdemo_counter/slvnvdemo_counter_slvny
Taconoe e L it  Design Errors
4 rtb_inputGElower = (FEh_Input >= slvnvdemo counter U.lower) ;
—21 1 [Transition "UP" from "third * Iopars: '<Boot>/ upper’
J N
UP was never true.
Decisions analyzed: Summary
[Speed < up_th] false 51/51 Model Hierarchy/Complexity Testl
; Relational Saturation on
true 0/51 Decision Condition MCDC Execution integer
Boundary
- overflow
1. sldemo_fuelsys 80 34% wm 34% wem 7% = 90% we——— 10% w® 50% —
Conditions analyzed: e R
2....Engine Gas Dvnamics 13 71% wessmes NA NA 100% ooe—— 50°% m— 50% w—
Description: T Fal
LR AR choe [ : S Mixing & Combustion 3 67% mmmmmes NA NA 100% mmm—NA 50%
slvnvdemo_counter_U.upper >= reb_input | 51 0 . EGO Sensor 2 100% we————— NA NA NA NA NA
S ey s1 | o S System Lag NA NA NA 100% m— NA NA
0 Throttle & Manifold 10 73% wesssmes NA NA 100% we—— 50°% — 50% w—
T Intake Manifold 2 100% w——— NA NA 100% we———— NA 50% w—
MC/DC analysis (combinations in parentheses did not occur) i e
e e 2 100% s N2 NA NA NA NA
decision outcomes: *rne Fules B

. SRR, Throttle 6 83% wemmmm: NA NA 100%

100°% woes— 50° m—
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Measure Model Coverage

i , :

TESTS

Help

g op

New Open Save - Delmz Run Swp Debug Parallel Report Visualize ~gnighi - Evpost Preferences
- - - L'J Faste - - - » todel
FILE EDIT RUN RESULTS | ENVIRONMENT | RESOURCES | a
Results and Artifacts ! || Fault_Current! x  |5) Fault_ Temp2 x |5 BMS_Charging CC_CV x  |&] Fault_Templ x fn\ Start Page 2
Filter results by name or tags, e g. tags: test 2 Y v SUMMARY
Name Fault Currer
~ Results: 2019-Mar-22 160551 e . e
< . Outcome 10
~ ") State_Machine_Harness_SignalBuilder Mo .
= BMS Charging CC CV Start Time 03/22/2019 16:06:58
NE argin
= ) gng_*L_ —~ End Time 03/22/2019 16:07:01
» || BMS_Driving_Fault1 o Type Simulation Test
» || BMS_Driving_Fault2 (/] Test File Location C\Usersimdalbard\Desktop\BMS_Fran_Te
» = Fault_Current1 ) Test Case Definition A
» [5] Fault_Current2 o Rerun Test Case >
» = Fault_PreChargerSwitches ) Tags
» Fault_Temp1 ) » Simulation Metadata
» l=| Fault_Temp2 o v TEST REQUIREMENTS
» || Fault_Voltage1 o X
Exit to Wait State (StateMachine Requirements#80
» = Fault_Voltage2 (/]
. Fault \ialtana? - : 4 < ER
Name |2| Fault_Current1 : v OGS
Status 10 '
Simulation stopped at '4. 7000000000000002' because there is no input data after this time point
Start Time 03/22/2019 16:06:58
End Time 0372272019 16:07:01 ~ DESCRIPTION
Type Simulation Test
Test File Location C:\Users\mdaibard\Deskiop\BMS_Fran_Te. Doubie-click to edit
Model State_Machine

v » COVERAGE RESULTS

MATL ‘ X
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Addressing Missing Coverage

Partial Coverage

] ue
| § - 1— = H—
™ = | — =—
I DOWN DOWN
] s ——_—_SRRRESN.
10 speed 1 g -
0 peed [—
9 I ‘ I ‘ I %
ol
10
= 5 throttle I Harmess Inpuis shift_logic
= L
B 0
- E 0.4 0.5
- Time (sec)

Test Cases from
Functional Requirements

Test
Generator

Simulink Design Verifier

MATLAB EXPO 2019
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Addressing Missing Coverage

Full Coverage

New Test Cases

uuuuuuuuu

j
T
P
!
i
o
\\

Time (s.ec]

Test Cases

MATLAB EXPO 2019
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Automatic Test Generation

& Tt ! : -

R - = . ! — /7 o
New Open Save De=e Fun Swop Debug Parallel Report Visualize ~gnicti - Evport  Preferences Help
= . > [ Paste L4 - - o thodel ot
FILE EDIT RUN = RESULTS | ENVIRONMENT  RESOURCES | Y
Results and Artifacts C |« State_Machine_Harness_Signal... % |5| Fault_Temp2 »x [£] BMS_Charging_CC_CV  x |#] Fault_Temp1 x E\Stan Pa \*
Fiiter results by name or tags, e g. tags: test B Y v SUMMARY
- Results: 2019-Mar-22 160551 e S Name State_Machine_Harness_SignalBuilder
: > Outcome "e
v | State_Machine_Harness_SignalBuilder e o
- z Start Time 03/22/2019 16:06:40
» =] BMS_Charging_CC_CV o
7 — End Time 03/22/2019 16:07:19

» =] BMS_Driving_Fault1 o Type Test Suite Result

» 5| BMS_Driving_Fauli2 ] Test File Location C:\Users\mdalbard\Deskiop\BMS_Fran_Test\T

» |=| Fault_Current1 ) Test Sulte Definition |

» |£| Fault_Current2 ] Rerun Test Suite >

» =| Fault_PreChargerSwitches ) Tags

¢ |2 Fault_Temp1 o - T REQUIREMENT

» =| Fault_Temp2 o

» |4) Fault_Voltage1 o v ERROF

» = Fault_Voltage2 (V] >

» < -
v DESCRIPTI!
Double-click to edit
Name State_Machine_Harness_Signa = .
Status 1ne v AGGREGATED COVERAGE RESULTS
Start Time 03/22/2018 16:06:40 2¢ g 1 ‘ A b
122/ 6:07:1 T~ : :

End Time 032272018 16:07:18 IL’:JSIBILMELUB& A 101 e — 90%  m— 73%  m— [}
Test Suite Definition 2
Tags

MATLA———————— =
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Systematic Simulation Testing

IS It
completely
tested?

Does the
design meet all
requirements?

Is it functioning
correctly?

—_—————-----—---
-

-y
I"‘--~\ ~~‘~\
Ve RN >
¥ \ Simulink Models
Design Model used for e m— T
. 0 Mro Snriﬂ??('f.‘ﬁ%‘zueyg\n "
Requirements Model productloq code C/C+§;%E{‘Q§:@,‘l
generation S

Generated code
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Real-Time Testing of Battery Management System

Testing BMS with Battery Cells
— Longer test cycles
— Difficult to reproduce results
— Difficult to test fault conditions
— Limited test automation

'

——-——— -

1 1 1 1 1 r—y = = -

(RN | SN Y NN S SN A |

.;::.-
r ——

(RN | SN Y NN U SN A |

1 1 1 1 1 — =

C GG GGG s

) —

Measurement & S
MATLAB EXPO 2019 Battery Pack Diagnostics Main Controller47
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Hardware-In-Loop Testing of Battery Management System

Testing BMS with Emulated Battery Cells
— Reduce testing time

— Test fault conditions safely
— Automate testing

il
h N al
=
<
e [Battn 2]
G
1

Automatic
Code Generation

"[ 1100101001011 »

Wiring and Signal Conditioning

DAL

| . | Measurement & _
r'%a}llt_%% E%a%?g Diagnostics Main Controller
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Challenges in setting up HIL testing for BMS

| =
Execute Large Battery Models in Real-time o
— Cell Voltages: ~100Hz R I _
— Current: ~1kHz (Accurate Coulomb Counting & current derating l_% bbbbbb o
calculations) & Ty
— Cell / Pack Temperatures: ~1 to 10Hz (Large time constant for | =
thermal system) | EE e
g+
M =l batiod
Sensor and Fault Emulation s L o
— Produce Isolated Voltages mﬁ >
— Sink and Source Current T T .
. . . -
— Support Series and Parallel Configuration l >
— Temperature simulation o
UIsua[Ion
H@

MATLAB EXPO 2019
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Execute Large Battery Models in Real-time

Prepare Model for Real-time Simulation (if using
Simscape)

— Use Simscape Local Solver

— Configure fixed-cost simulations

— Try “Partitioning” option for non-linear systems*

Reducing model complexity

— Select right variant of battery block to match
desired model fidelity

— Reduce order of charge dynamics by
selecting fewer number of time-constants

MATLAB EXPO 2019

Webinar on “Real-Time Simulation of
Physical Systems Using Simscape”

Real-Time Simulation
of Simscape Models

Local fixed-step
Fixed-step implicit solver #1 Maximum Possible Step Size

explicit solver
grossmemmeoy Mechanical

Chosen Step Size

© 2009 The

MathWorks, Inc

4\ MathWorks

}o| Controller [+ M Execution Time ! ESafetyMargini
| Ry st H m . o — ——
e I
ocal fixed-ste sé;";':hﬁ:: m Idle ‘

—ﬁ - Battery 'J—_ Battery
= <> (Table-Based) === (Table-Based)1
" Nm‘ :
= 2l
;5 L*x Battery : Battery1
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https://www.mathworks.com/videos/real-time-simulation-of-physical-systems-using-simscape-81697.html

Sensor and Fault Emulation

Battery Emulation (10991-06)
— 6 independent isolated channels
— Architecture allows series and parallel stack combinations
— Voltage range of 0-7 V with 14-bit resolution
— Source 300mA and sink 100 mA

Temperature Sensor Emulation
— RTD (PT2100, PT1000) — low resolution 6 channel module
— Thermocouple — accurate 32 channels
— High precision resistor simulation modules

Fault Insertion
— 1A to 40A current handling; Up to 4 fault buses
— Electromechanical or MOSFET switches

MATLAB EXPO 2019

4\ MathWorks
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Conclusion
L = > N E & @ = v:. ,“»
Conn3 oo i
=< e N ==
m = T _ Battery(3) : .
CellOB @ o) ;;:egpm
bt &
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
Implementation, results Hardware-In-Loop testing

and maintain traceability

MATLAB EXPO 2019
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Learn More about Battery Management System

WHITE PAPER

Developing Battery Management Systems with
Simulink and Model-Based Design

& https://www.mathworks.com

4\ MathWorks:

Battery Modeling

Model batteries when designing battery-powered systems

Technical Articles and Search Technical Artic Technical Articles ~
Newsletters

Modeling and Simulating Battery Performance for Design Optimization

By Cecilia Wang, Romeo Power

IMATLAB 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

I8

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

MATLAB EXPO 2019

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 - Consulting Services

+ Sifting Through Multisource Data for Safer Battery Materials with Machine
Learning - 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 Technique - 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

4\ MathWorks

Download Link to
File Exchange

For more info:
Chirag Patel
cpatel@mathworks.com

THANK YOU
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