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Pristupy k modelovani

* Pro ruzné situace jsou vhodné razné pfistupy

Fyzikalni vztahy

Nameérena data

< ,White-box“ model

~-grey-box“ model
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,black-box“ model

Identifikace
soustav
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Typicke kroky pri vyvoji elektrickeho pohonneho systemu

vymezeni testovacich scénaru, simulace, analyza vysledku

Modelovani

Modelovani . . Navrh Nasazeni a
vykonove Implementace )
elektromotoru : software Integrace
elektroniky
PMSM napétovy menic ridici systém generovani kodu  embedded hw
BLDC stridac virtualni senzory  C/C++, HDL, ... PLC

model elektrickeho pohonu
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Priklad modelu elektrického pohonu
Ridici systém
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Modelovani elektrického pohonu z hlediska komponent

Model elektrického pohonu
Fyzické komponenty Softwaroveé komponenty

Systémova uroven Detailni modely Model algoritmu Integrace C/C++

Elektrické
Mechanické
Tepelné
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Modelovani elektrickeho pohonu z hlediska simulace/nasazeni

Model elektrického pohonu
fyzické komponenty a/nebo software

Pro simulaci v PC Pro béh v realném Case
ACIETESRIOlE Detailni simulace RCP / HIL simulace Embedded systém
simulace

ridzna uroven detailu
rizna délka simulace
= jak dlouho bude simulace trvat

Software
Fyzické obecné
Fyzickeé
specializované RT
Software
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MATLAB a Simulink pro modelovani elektrického pohonu

Optimalizace a ladéni

Linearizace modelu
parametrl modelu

a navrh fidicich systému

Simulink
Design
Optimization

Simulink Control
Design

Simscape
Electrical

Motor Control
Blockset

Modelovani mechatronickych

systému, vykonové elektroniky
a jejich fizeni*

Navrh a implementace
algoritmu pro fizeni pohonu**

8 *orientovano na praci s modelem **orientovano na praci realnym pohonem
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Modelovani pohonu a vykonové elektroniky



Fyzikalni modelovani soustav
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Modely prvku v Simscape Electrical
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pasivni
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Modely prvku v Simscape Electrical

@ 3§ P+
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Modely prvku v Simscape Electrical

+ moznost vytvoreni vlastnich prvku

pomoci jazyka Simscape Language
4 MyCompanents - Simul ink — O % — O *
58t i i e TERIBCEECE
o I ” ) equations
= o a -
- v == 1*r + vg;

1 == ¢*vc.der + g*ve;
Custom and
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Simscape Electrical: Polovodicove prvky

* Spinani a zesileni signalu

— zjednoduseneé i detailni

Tepelné efekty
— vliv na chovani prvku

— prenos tepla do okoli

N-Channel N-Chanr Parameterization:
IGBT |Specify using equation parameters directly -

Specify from a datasheet

MOSFET

Full I-V and capacitance characteristics

. pal’ametrlzace dle data Sheetsu @ @SIH"IP"ﬁeﬂ I-V characteristics and event-baseq:';y

BMA

Parameterization:

Q)
Heat None - Simulate at measurement temperature ~
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Simscape Electrical: Pohony

* Translacni a rotacni pohony

— parametrizace dle ,data sheets”
nebo s daty z FEM software

— specifikace elektrickych ztrat

* Tepelné efekty
— chovani zavislé na teploté

— prenos tepla do okoli
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Ukazka knihoven
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Uroven detailu
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* Pro rizné ucely je mozné vyuzit ruznou uroven detailu (napr: DC-DC meénic)

Primérna hodnota
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'/ No dynamics

Average-Value DC-DC

Converter
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Modelovani fidicich systému )

»{+_ PID(s) »
reference odchylka akeni zasah
Mereni
Zadana

Regulator
hodnota Soustava

 Klasicke ridici systemy

— PID regulace

G

— obecny prenos (lead, lag, lead-lag)

Distillation Column

— pozorovatel stavu, stavova zpetna vazba

« Ladéni klasickych fidicich systemu
— zalozeno na praci s linearizovanym modelem = e —
— PID Tuner — jednosmyé&kova PID regulace E
— Control System Tuner — libovolna MIMO struktura % /- _— e
o : f bl

18
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Linearni aproximace modelu vykonove elektroniky

* Problém: spinaneé zarizeni nema exaktni linearni aproximaci
 Reseni: Small-Signal Analysis
— aplikace drobného promenného signalu a sledovani odezvy (sin, chirp, rand)

— odhad prenosoveé funkce nebo frekvencni charakteristiky

. B—» « 8o
| Rioad lload w :
T ‘ Vil
fix)=0 —— Y Y AR 5 : "
T * [ * L 4 * * N =
= Current Sensor D 1V
C lied C: £
Controlled Voltage‘ X Vw So 5
- ‘W i 5 g
o] T R Y g ;
R S
A DutyCycle PWM
fs=100kH.
I IGBT
v PS-Simulink Uout

« Ziskany LTI model umozni aplikaci klasickych postupu pfi navrhu fizeni

19



20

Modelovani fidicich systému

« Adaptivni fidici systémy
— Open-Loop / Closed-Loop PID Autotuner
— Extremum Seeking Control
— Model Reference Adaptive Control
— Active Disturbance Rejection Control

* Prediktivni fizeni
— Model Predictive Control (MPC)
o Vyuziti Al

— Reinforcement learning (RL)

&
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r a u
Referance PID
e

u b L [ ¥
Closed-Loop
¥ % cony f—
PID Autatuner Pt
start/stop pid gains p—p

soustava

Extremum Seeking Controller

i
Objective function J = f(u)

optimalizace '__"‘\

reference e
o predikcni
s K"“'——' model

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

regulator

pozorovatel
stavu

manipulované veliciny

MPC regulator

* soustava

odhadnuté stavy

méfené vystupy

pozorovatel stavu [
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Rizeni elektrickych pohoni
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* Motory s elektronickou komutaci

BLDC

— lichobéznikove rizeni
— (field-oriented control)
PMSM

— field-oriented control

BLDC Six-Sector Commutation
Two Pole-Pair

Commutates every 30 mechanical
degrees

Cne mechanical rotation sees two
electrical rotation

PMSM Field-Oriented Control
Two Pole-Pairs

!
]
1

h\gf;

-

N

Current vector leads rotor magnetic
reference by 90 mechanical degrees

One mechanical rolation sees bwo
electrical rotations

&
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Sector
= Rotor Magnetic Reference

s Current Vector
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Field-Oriented Control (FOC)

« Typ vektoroveho rizeni

* Vyuziva Clarke/Park transformace

I Control algorithm

i : Voltage
. Physical system Supply

Upc

Inverter
Inverse Park Transform
4 ib
98‘ w s iC
lq
— : N
’R‘__"-Sitig" Park, Clarke Transforms , ’
Sensor PMSM
Signal < RoT

 Processing -

22
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Navrh rizeni pohonu v prostredi Simulink

« Simscape Electrical i “p :qﬂ = ;E “r
— orientovano na praci s modelem pohonu T pawTrem Ange st
.. , »

* Pripravené bloky pro L A LS ; asop
— Clarke / Park transformace T ClatkaTraiom  Angla Tranorn
— PWM rlznych typu
— kompletni Fizeni pohond BLDC, PMSM, IM, SM, SRM (I .

« FOC (- o 1
— sestaveni z jednotlivych ¢asti N

PMSM Figld-Oriented

— pripravené hotove bloky Gontol

23



Navrh rizeni pohonu v prostredi Simulink

 Motor Control Blockset

— orientovano na praci s realnym pohonem
— zjednoduS$ené modely pohonu a stfidace

— nastroje pro odhad parametru pohonu z méreni
* Pripravené bloky pro

— Clarke / Park transformace
— PWM generator

— dekodovani informaci ze senzoru (Hallova sonda, ...

— bez-senzorovy odhad polohy pohonu

— vypocet referencnich hodnot pro fidici system
 FOC - sestaveni z jednotlivych Casti

— Field Oriented Control Autotuner

Clarke
Transform

LW W
[J 1= 1)

Clarke Transform

a

R Park
zing  Transform
a

LYY Y Y

cosf

Park Transform

v

8
A, =
A EEMF
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ARt m

Extendad EMF Obsarvar
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e
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d
a
q Inverse
=ing Park
a
cosf B

Inverse Park Transform

c

Aa :
Inverse b
Clarke

LWL Y AL Y LY

W
g v, 8
AL SMO
b
A Rst e

Sliding Mode Obsarver

LY ALY IV VIV IV IV Y ]

PIDout daxis

perturbation daxis
measurad feedback daxis
PIDout gaxis perturbation gaxis
measurad feedback gaxis Field Oriented Contral perturbation speed
PliDout spd perturbation flux
measurad feedback spd

pid gains

PIDout flux
measurad feedback flux convergence

Field Orentad Control Autotuner
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Zapojeni FOC v prostredi Simulink

 Priklad zapojeni FOC fizeni

« Bloky z knihovny Motor Control Blockset

a Clark a ' I
B
Transform d b
" -
lab_meas PU B B Park Wd_ned 0
Import PR

Transform o

Diemux Clarke Transfom sinf ol i
) " Inwerse
q L Fark
oo, [T
sin From cos8 B * 'u"l}
i |
Sina __ Park Transform Vig_ref .
: E" Cfﬂﬁ Gato ¥ dq_ref_PU Inverse Park Transfom Space Vector Ganeralor Mux
Pas_PU )
Ir'i;:-l': cos IC-UETI‘IHT.E]
Current_Conirollers Fram
SubSyslem

Sine-Cosine Lookup Gato

D
ldg refl PLU
Inport
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DalsSi informace

« MATLAB Tech Talks: Motor Control

— https://www.mathworks.com/videos/series/brushless-dc-motors.html

* Video-série How to Design Motor Controllers Using Simscape Electrical

— https://www.mathworks.com/videos/series/how-to-design-motor-controllers-using-
simscape-electrical.html

26
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Bateriove systemy a BMS
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Modelovani baterioveho systemu z hlediska komponent

Model bateriového systemu
Fyzické komponenty (baterie) Softwarove komponenty (BMS)

Systémova uroven Detailni modely Model algoritmu Integrace C/C++

© —

2 _ \Q — (@) c c
) o€ LE > S L ) -
E 2 O ® ®) S @) = &
5 5T €T O 3 ©» © =
= © ® © a = ~ © —
(- -— D _C>L 5) 9 (- c
o X'o S ¢ e BN S S
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Modelovani baterioveho systemu z hlediska simulace/nasazeni

Model bateriového systemu
fyzické komponenty a/nebo software

Pro simulaci v PC Pro béh v realném Case
ACIETESRIOlE Detailni simulace RCP / HIL simulace Embedded systém
simulace

ridzna uroven detailu
rizna délka simulace
= jak dlouho bude simulace trvat

Software
Fyzické obecné
Fyzickeé
specializované RT
Software

29
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Simscape Battery

* Fyzikalni modelovani bateriovych sestav
— elektrotermalni chovani ¢lanku

— navrh architektury sestaveni ¢lanku

« Algoritmy pro BMS

— Battery Management System

Battery
2 | s | 2 | §2
Simscape

Energie (kWh)

&
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J . Pack
— ' Module

Assembly
. Module -

Parallel

_/./

. Assembly

Assermbly Cha

v
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<« batt_BatteryManagementSystem_tuned =

..... Pump

ToBat
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o 5 2

Charger
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Simscape Battery — hlavni funkce

31

Battery Pack Builder (funkce, App)
— automatické poskladani modell ¢lanku do bateriové sestavy
— definice elektrickych a tepelnych propojeni (sériove, paralelni)
— nastaveni kompromisu mezi rychlosti simulace a urovni detailu
Modelovani chlazeni
— bocCni chlazeni, paralelni vedeni, vedeni do U
— ruzny pocet pfipojeni
Algoritmy pro Battery Management

— nabijeni/vybijeni, SOC, SOH, vyvazeni Clankd,
tepelny management, ochrana

Aplikacni priklady

— nabijeni elektrického vozu, microgrid s BESS

&

£ THUMUSOFT
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Modely Baterie

* Na zakladé ekvivalentniho obvodu
* Battery
— jednoduchy parametricky model

Battery (Table-Based)

— parametrizace pomoci tabulek hodnot

« Je mozné zahrnout efekty
— tepelné ucinky
— dynamika nabijeni

— degradace v zavislosti na starnuti

—
T

Settings Description

Battery

Auto Apply @

£ THUMUSOFT

* Main
Mominal voltage, Vnom
Current directionality
Internal resistance
Battery charge capacity
Expose charge measure
* Dynamics
Charge dynamics

ment port

First polarization resistance
First time constant
Thermal Port
Initial Targets
Nominal Values

Battery (Table-Based)

Block Parameters: Battery (Table-Based)

&

Battery
(Table-Based)

Auto Apply @

Settings Description
Selected part <click to select=
* Main

Vector of state-of-charge values, SCC
Temperature dependent tables
‘Current directionality

Vector of temperatures, T

Open-circuit voltage, VO[SOCT)

Terminal veltage operating range [Min ...

Terminal resistance, RO[SOCT)
Cell capacity, AH
Self-discharge
Extrapolation method for all tables
Expose SOC measuremen t port

Dynamics

Fade

Calendar Aging

Thermal

Initial Targets

Nominal Values

[0,.1,.25,.5,.75, 9, 1] < 17 double>
Yes e
Disabled w
[278, 293, 313] K ~
[349, 35, 3.51: 3.55 357, 3.56;.. |V w
[0, inf] ok | v v
[0117, 0085, 009: .011, 0085, ... | Chm ~
27 Athr ~
Disabled w
Mearest ~
Ne ~




.
Ukazka: Graficka aplikace Battery Builder

) Battery Builder

s

BATTERY BUILDER BATTERY CHART

oh Cell o5 Module Assembly

o5 Parallel Assembly 00 Pack

[ Duplicate |%

ExampleModule

~ Module Assembly
ExampleModuleAssembly
- Pack
ExamplePack

 Battery Hierarchy o

Cell (NewCell)

0.05

z: Vertical direction

y: Lateral direction

NewCell (Cell)

x: Forward direction

Import X Delete Export
~ | oh Module -
FILE CREATE BROWSER | EXPORT | LIBRARY =
~ Battery Browser <o Selected Battery Cell Properties Q
- Cell » Read-Only Properties
ExampleCell ~ Identifier
NewCell

- Parallel Assembly L
ExampleParallelAssembly ~ Geometry

~ Module Position X El y E z

StackingAxis
Geometry
Length
Thickness
Height
TabLocation
TabWidth
TabHeight

» Cell Properties
» Parameterization
} Cell Model Options

-
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Selected Battery

z: Vertical direction

y: Lateral direction

MNewPack (Pack)

x: Forward direction

Simulation Strategy




Odhad parametru baterie z namérenych dat
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Algoritmy Simscape Battery pro navrh BMS

— CC-CV, omezeni proudu
— vyvazeni nabiti ¢lanku
Odhad SOC a SOH

— Integrace proudu (coulomb counting)

— Kalmanovi filtry

Ochrana

— proud, napéti, sledovani teploty

— kvalifikace poruch

— fizeni chlazeni a ohrevu

Nabijeni a vybijeni

Tepelny management

Battery Coolant Control

) ChargingEnabled
) CellValtage ) CellVoltage
Current } CurrantLimit >
) CurrentWhenCharging
) CellTemparature
) Current¥henDischarging
Battery Charging
Battery CC-CV Currenit Limit
b
A PackCurrent N o
N L
) Current o ) CellVoltage
soc
50C > ) CelTamperature
A initialsS0C
A nitialS0C
S0C Estimator
[Coulomb Counting) S0C Estimator
[K.alman Filter]
) Current ) CallVoltags UndervoltageEmor }
)Chargingl].imil CvercurrentEmor > CvervoltageEmor >
) DischargingtLimit ) Fack\Voltage ‘SensorFaultyEmor }
Battery Current Battery Voltage
Maonitoring Maonitoring
) AmbientTemperature i 7
FlowRateCommand > ).ﬂunbiaanBmperaturB
) CoolartTemparature Com >
FlowTemperature } ) CoolantTemperature
) CellTemperatura

Battery Heater Control

e
= J:/’/ i ®
2 HUMUSOFT
)u Command }
MEnabls Balancingciive [

Passiva Cell Balancing
Jqsoc N *.@

o

) Temparature SOH
Aro

SOH Estimator

UndertemperatureError }
CellTemperatura

CrvartemperatureErmor }

Battery Temperature
Maonitoring




A HUMUSOFT
Vyuziti Al pro odhad SOC

« Odhad SOC pomoci neuronove sité

— uceni na zakladé laboratorné zmérenych udaju z realné baterie

napéti =————p 4 A

proud =———p

teplota = > SOC

vypoctena stredni hodnota napeti ==
vypoctena stfedni hodnota proudu = \_ y

McMaster

University @

36 https://www.mathworks.com/videos/series/how-to-estimate-battery-state-of-Charge-using-deep-learning.html
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Priklady a dalsi moznosti modelovani v oblasti baterii

* Prediktivni udrzba
— odhad zbyvajici zivotnosti baterie metodami machine learning (regresni model)

— odhad zbyvajici zivotnosti baterie metodami deep learning (CNN)

* Reduced Order Modeling

— nahrada fyzikalniho modelu baterie neuronovou siti

* Techno-ekonomické modelovani

— fizeni nabijeni mnoha pfipojenych EV k siti individualné pro dosazeni optimalnich vysledku
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Uzivatelska reference

Mahindra Electric Uses System-Level Simulation to Optimize
Battery Thermal Management System for an Electric Vehicle

CELL MODELLING

Challenge i
Develop new logic for better energy efficiency of an EV :
battery thermal management system

Solution

Create and validate a system-level simulation model for an
electric vehicle and tune parameters to optimize energy
efficiency

K ey 0 llt comes Cell modeling with thermal behavior.

= Created and validated a system-level simulation
model for an electric vehicle with battery, cooling
circuit, refrigeration circuit, vehicle, and driver

= Developed concepts and tuned parameters to choose
the best components at its best operating point

* Developed new compressor operation logic and tested e =i e SR T e

it for better energy Ef‘ﬁCIEI‘IC}F - Vipin K. Venugopal, Mahindra Electric

“1D simulation has been used in Mahindra Electric
to optimize the BTMS. In this system model, the
battery. cooling circuit and refrigeration circuit were
effectively implemented using Simscape. The
vehicle, driver, and equivalent circuit model were
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