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Co je MATLAB a Simulink
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Pristupy k modelovani

* Pro ruzné situace jsou vhodné razné pfistupy

Fyzikalni vztahy

Nameérena data

< ,White-box“ model

~-grey-box“ model

Modelovani rovnic
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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
4 N
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Vykonova elektronika
5 (napétovy ménic)
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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**

9 *orientovano na praci s modelem **orientovano na praci realnym pohonem
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Verifikace

a testovani

Meéreni
a zpracovani
signalu
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MATLAB a Simulink pro modelovani elektrického pohonu

Model
Predictive
Control

Simulink
Design
Optimization

Simulink Control
Design

Prediktivni

udrzba
Simscape
Electrical

Motor Control

Simscape*
P Blockset

*Battery
*Driveline
*Fluids
*Multibody

: : Generovani
Dynamika Dynamika

vozidla robota

kodu




. &

£ THUMUSOFT

Modelovani pohonu a vykonové elektroniky
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Fyzikalni modelovani soustav
* Knihovny Simscape inertia
s s , , Resistor  Inductor L
* Bloky reprezentujici realne prvky Wt G, >
— skladani na zakladé fyzické struktury v Rotational | © o M
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* Multi-fyzikalni systemy
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Fyzikalni modelovani soustav
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Simscape Electrical

o B3 - LD s |
» Fyzikalni modelovani elektronickych a B e B e
elektro-mechanickych systéma = =
— vykonova elektronika, elektrické pohony, ... gé "”“__“
— topologie elektrickeho systému reprezentovana = T
schématickym zapojenim |nla (&)
T - .
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Modely prvku v Simscape Electrical
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pasivni
soucastky
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Modely prvku v Simscape Electrical

@ 3§ P+

trifazové , vedeni,
motory transformatory FACTS konvertory
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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

. Capacitor
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Simscape Electrical: PolovodiCové prvky

Sp I nan I a ZeS I Ien I Slg nalu Full I-V and capacitance characteristics UkaZka knlhoven
. pal’ametrlzace dle data SheetS“ @ @ Simplified |-V characteristics and event- baseql\\';y . -
- ZJed nOd Usene I detallnl N-Channel N-Chanr Parameterization: ; n—@ @ F@
MOSFET IGBT |Specify using equation parameters directly - =
Specify from a datasheet Y N-Channel  N-Channel JFET NPNE

MOSFET Trans

Tepelne efekty d | @E | @ Py

— vliv na chovani prvku

P-Channel JFET PNPE

Parameterization:

B h:i A H
A4 v 4 @
— prenos tepla do okoli
Heat N-Ch None - Simulate at measurement temperature ~
€a ann Model temperature dependence k

Transfer MOSFE.

Mereni vykonovych ztrat e
Average-Value Rectifier !
>> elec_getPowerLossSummary (solar converter simlog) . - Inverter
g d LoggingNode Power P':: 2G- e+ "
JANIVA — Rl
2 S 'elec_solar converter.Dl' 0.96137 ~ Three-Level Converter /
'elec_solar_ converter.MOS1' 16.173 =, T

TmTd mmi mim | mmn mimmmwwm mnde o n RAMCIN T L B | 0O A



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

« Zahrnuti / zanedbani ucéinku s
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Ukazka knihoven
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Simscape Electrical: Pohony
, . o 4\ Block Parameterization Manager: PM5M — O x
« Databaze s hodnotami parametru
odpovidajicich vybranym pohonum
rﬁznyCh dOdavatelﬁ Select manufacturer | ABB_BALDOR L
Select part e

Alied_Motion

Attribute Anaheim_Automation
Manufacturer B R Automation
PMSM oot
[ 1 | Part number Elecirocraft
This block represents a permanent magnet synchr Part series Parker_Motors
Web link
dr Ch Right-click on the block and select Simscape block Part type S_EM‘MUWS
_ _ Parameterization date Siemens
PMSM Select a predefined parameterization o arameterization note Swiss_Mekatronix

Part data file location Teknic_Motors
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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

A

>DutyCycle /:‘24_. Vohdge

M+

V' —

'/ No dynamics

Average-Value DC-DC

Converter

Pramérna hodnota spinani

LDG 2+

_.:+J '\?""D'TT 1

Boost Converter

A
Voliage

'/ No switching

Time, s

\

Time, s

>

Po Castech linearni spinani

Discontinuity

On state \ T/

A o Voltage T

e
— \T—I = |

O state /

Boost Converter

Time, s

Nelinearni spinani
A On state No dicontinuities

Voltage \ /

J

N-Channel IGBT
Off state

>

Time, s
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Navrh ridiciho systemu
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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

23
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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

24



Ukazka: PID regulace DC-DC menice

—
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Feedback controdler
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Reference
Waltage

ik | ‘ i |.+ 3k
M-Channel [ L [
MOSFETA .
VWA
R
[ -
Smoothi Fixed Cyclic ¢
C‘:} 30V ZE D1 - . load
- i capacitor, C load Dutput
Woltage
M-Channel | sensor
MOSFET/2
f{:]=ﬂ'
—PWML
FPWMH : J_
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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)

&

£ THUMUSOFT

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

&

£ THUMUSOFT

Sector
= Rotor Magnetic Reference

s Current Vector



£ HUMUSOFT

Clarke a Park transformace

« Slozky tfifazového systému | 1 /}(
a /90 &80
-1/

 Transformace Clarkové « Transformace Parkova

3

a0 180

a4
}, -1

28
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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 -

29
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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

30



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
X .
ARt m

Extendad EMF Obsarvar

&
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e

Inversa Clarke Transform

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

32

 Priklad zapojeni FOC fizeni

« Bloky z knihovny Motor Control Blockset

a
lab_meas PU b
Ingcsrt

MLX

Die

Clarke
Transform

a a

B Lg [1

Clarke Transform

Sine

@.—pe Cosine
2 LuT

5in

Cos

—><feneu)]

sinB
L)
* cmﬁ'

Park

Transform

Gaoko

Sine-Cosine Lookup

[cosTheta]

Gaoto

Park Transform

D,
ldg refl PLU
Inport

d
o
9 Invarse
SIﬁﬂa Park
cos8_ P

- Id
Vd_ref "
T [Emhea>
From
Wig_ref
o kg ref PU
[cosTheta)
Current_Conirollers Fram

SubSyslem

Inversa Park Transform

Space \Vector Ganaralor

&
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Blux
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Al pro elektrické systemy

&
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Vyuziti Al v oblasti elektrickych systému

 Redukované modely (ROM - Reduced Order Modeling)
Virtualni senzory

Ridici systémy zaloZené na Al

* Predpovidani spotreby, dodavky a cen energii

Prediktivni udrzba systému
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Reduced Order Modeling (ROM)

Tvorba redukovaného modelu fyzickych prvkt na zakladé dat

— pri zachovani podstatné dynamiky soustavy

Jednodussi model = rychlejsi simulace

Detailni fyzikalni model

SIMULINK

Aplikace —
— urychleni simulace MJD L.‘: | 13 T
— digitalni dvojce, ...

Dynamicky Al-ROM model
— ARX model s ML algoritmem (SVM, ...)

— neural state space, neural ODE, LSTM S'MUUNKM =TI
} ’ m:l—ﬂ—f[}w .T: B ...........
Uceni ROM modelu |‘

— na zakladé dat z detailniho modelu

Redukovany model
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Virtualni senzory

* Vypocet hodnot veliCiny, ktera nelze (snadno) merit primo

 Virtualni senzor zalozeny na Al

Voitage —_—
Current ——»
Temperature ————»

 Uceni virtualniho senzoru Average Voltage ——>»

Average Current ————»\

— neuronova sit

Neural

Network A

— data generovana modelem systému

=3

(1) = D
tput | §-o
nninput —»sequeMou pu oy
FNN [NN]

1 I SOC
aluz| o olv ee|p(E] B > B

3 g voltage
nor?nea-lize temperature
inputSignals
current
nnOutput |- voltage D] ) s
e temperature
temperature
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