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* Pristupy k modelovani a simulaci
— modelovani rovnic vs. fyzikalni modelovani
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— 1f a 3f systémy
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— napr. MPPT, Droop Control
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Analyza a vizualizace vektorovych dat

U . ychiost vétnu v souladnicich x .2

Toad windData

1. Ureni rozsahu soufadnic

2. Vypocet celkové rychlosti vétru v bodech [x,y.2]
Vipotet die vziahu

* inzenyrsky nastroj
* interaktivni prostredi
« vedecke a technickeé vypocty

Im( f(x) )

FISIEIOL] -

* vypocetni nastroje
« otevreny systém

< .
* modelovani systému
« simulace a analyza

Model-Based Design

&

£ HUMUSOFT®

. gr"éf‘i“cké ahplikace (Apps)

10 000+ vypocetnich funkci
jednotna dokumentace

propojeni s externim hw / sw
vyvoj samostatnych aplikaci
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Apllkaénl' oblasti specializované

autonomni systémy a robotika

prediktivni udrzba a loT
analyza dat a data science

zakladni

zpracovani obrazu a Al, machine learning a
pocéitacové vidéni deep learning

automobilové systémy a ADAS

vypocetni biologie

MATLAB
Simulink

modelovani fyzikalnich | letecke systemy a UAV

soustav

_ zpracovani signalu
financni analyza

méreni a testovani . o 1e s _

RF systémy a antény

generovani kédu
a aplikace v realném case

verifikace a certifikace kodu
bezdratové komunikacni systémy
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Kde se MATLAB pouziva ...

£ HUMUSOFT

Medicina

Tézebni primysl Neurovédy Zeleznice a doprava Polovodice Software a internet
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Modelovani soustav
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Modelovani soustav : Pristupy k modelovani
Pro rtizné situace jsou vhodné ruzné pfistupy
Fyzikalni vztahy Nameérena data
< uhite-box” mode ey 5o
Modelovani rovnic Ladéni neznamych Identifikace
e e iy parametru soustav
/ Fyzikalni site

LdI—V RI—-K dw—KI (w) —T
dar_in w ]dt_ flw L
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Modelovani soustav : Prostredky

* Popis matematickymi rovnicemi (Simulink)

— matematicko-fyzikalni analyza

— identifikace soustavy z namérenych dat

* Fyzikalni modelovani (Simscape)
— elektrické a elektromechanicke systémy
— baterie J

—G

RSE

_— 3 - D mecC h an | ka Buck Converter  Inverter

—e
|

Brushless
DC Motor

Tp——

‘ >y attel leat Iransi
Al B
. ; ; 24—+ ® :"'G (_ ' Cil}% Dle - . e A vave o [¢ [0
— tekutinové systémy e f (@ = Lo
-y ® -~ e =5 R e Double-Acting
4‘% i ok ” A |
+ |
5

dT——

— prevodoveé systemy

ch Lift F»=<[Lmr] :
 Aplikacné zamérené =
— automobily, letadla, drony, roboty 1 g r W
|
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Modelovani algoritmu

- Ridici systémy o
« Logické a rozhodovaci systémy ”’”H
» Zpracovani signalu a komunikace
- Zpracovani obrazu a pocitatové vidéni ? =
. adalsi ... (e e | |52
S
+ Spoleéna simulace soustav a algoritm( { e
« Generovani kodu pro cilové platformy e
— C/C++, HDL, PLC (strukturovany text), CUDA %GEWWWHI | ‘
— simulace a testovani v realném &ase, produkce - - M&’NM:J&

10
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Vyvo] metodou Model-Based Design

Modelovani, simulace a testovani

[ INFORMACE ] [ POZADAVKY ]

> ST =il -
ad [ »fih se _
\ o s
Modely prostredi W
I'_I'|I T = - fw=9
. .,
Modely fyzickych komponent y 0 : B
_| Ménic
) <
Algoritmy > =
j = Automatické generovani kédu
3 2 - ~
Ll I8
4 IMPLEMENTACE ) 2 R A Aoy
O E R T
[ C, C+ ] [VHDL,VeriIOg] [Str”kt”mva"y] 1%
text -
[ uP ] [ DSP ] [FPGA] [ASIC] [ PLC ] — .
K / ' Nasazeni

¥

[ INTEGRACE A NASAZENI ]

11
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MATLAB a Simulink pro modelovani elektrickych systemu
Ridici logika

Optimalizace a ladéni
parametru modelu

Linearizace modell
Simulink a navrh fidicich systém
Control

Design

Simulink
Design
Optimization

Simscape
Electrical

Simscape
Battery

Modelovani elektrickych, elektronickych, . o
energetickych a elektro-mechanickych Modelovani bateriovych sestav
systému a jejich fizeni a algoritmy pro BMS

12
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Nasazeni
aplikaci

Verifikace
a testovani

Meéreni
a zpracovani
signalu

Simulink
Control
Design

Simulink
Design
Optimization

Simscape
Electrical

Simscape
Battery

Simscape*
*Fluids
*Driveline
*Multibody

Dynamika
robota

Dynamika
vozidla

Prediktivni

udrzba

&

£ THUMUSOFT

MATLAB a Simulink pro modelovani elektrickych systemu

Generovani

kodu
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Simscape Electrical

» Fyzikalni modelovani
— topologie elektrického systému reprezentovana : i)
schématickym zapojenim E =]
» Elektrické a elektro-mechanicke systémy B)
— vykonova elektronika, energetika, elektrické pohony, ... ﬁ o
— prvky s riznou urovni detailu (volime dle pozadavkul ulohy)
/ AVR and Exciter
fd+
@ o
Electrical T Rl T A
S | S | g | §2 | S I
Som Golvernﬂr and S}'ncgmnodu; Machine .
\ I Sca pe Prime Mover (Osl::gnda?t}?r E;tﬂ =

H=
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Modely 1f prvku v Simscape Electrical

@{@}j> =, W?

polovodiCcove motory, op. zesilovace, senzor pasivni
prvky akeni prvky logicka hradla y soudastky

¥ Library: Simscape_Electrical - Sirmulink - o X ¥ Library: Simscape_Electrical - Sirmulink - o X ¥ Library: Simscape_Electrical - Sirmulink - o X ¥ Library: Simscape.Electrical - Simulink - o X ¥ Library: Simscape.Electrical - Simulink -
Fle Edt View Display Diagram Analysis Help Fle Edt View Display Diagram Analysis Help Fle Edt View Display Diagram Analysis Help Fie Edt View Display Diagram Analysis Help Fie Edt View Display Diagram Analysis Help
[—— [—— [—— [ [E——
el el ) =+ =+ 4 Cl =
d, dg <IW e . e A JV\W
@« @« @« a a A a J‘[ a
a e e e a _ =, N + g .- i e 2 9R - “  Resistor
=) =) a [ a g =) ] ] Potenti 1 T
a8 a otentiometer ransmission
= = = imil ini = =
i i <V Band-Limited = Comparator Finite Light-E
I
I

N-Channel N-Channel JFET ~ NPN E Op-Amp Op- Accelerometer Pressure Dic -+ . pC

B} + 4 C —— % o s
MOSFET Trans nc—@—Ru .C [ "] PR " Transducer o —
a d a :+ “a a" . DED‘[ g—) b Capacitor Variable Fuse
. % T + i Capacitor
e e DC Motor Shunt Motor  Inducti ) . ) 2R R0 .,m
@u EI Fully Differential  Operational % R o e J-[ o, ,:zy@, .il D I:‘

,

o - + Op-Amp  Transconductance pyst
FAAATE - + At Amplifi PTC Thermistor Photc Inductor Nonlinear
P-Channel  P-Channel JFET PNPE | = A mpier Ou Gyro Inductor Crystal
MOSFET Tran . B T . ;
C J}R. .C R, & — o 1 L4 -
a n—|< '—u . a nig & e ¢ R B pe ! p¥T- o p¥T-4 s1, I>-VI-1
. D ot CMOSAND  CMOSXOR CMOS N Al | . - i ; ‘
e " ; Piezo Stack S L 1 e e w
Solenoid 1c - e ‘
] B a ——REFh . toos21
Strain Gauge Thet ! . |- 2 2
SPICE e @ " a . Incremental Shaft Mz_z 02y o1
N-Channel Optocoupler A+ Encoder o SPDT €

IGBT <i %

<] n:ECJJ\Miu o . .
: L0 CMOS NOT ~ CMOS Buffer Schmitt Ti + DFDT Switch DPST Switch
I

—f
8 B >z g
7—% ‘{ | 1 o S SR I @ N 3. ‘
al Dt D o<wml i Y<oCry R, Bl 2 TTe, U1 al. ] : .. : : g i
N . Ninda N [@ _@— BO N DDO R "D ol ,  Proximity Sensor it = ‘ .._ra
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Modely 3f prvku v Simscape Electrical

@ I

tfifazove t ‘ (¢
motory ransformatory

meénice,
stridace

® ® ® a
L+ [+ [+ =2
R.-_:. /28 deq /\2h /A\~2h o+ ’ \ +3
N at{ | ~38 P YA S LN T T T Z
qc - = ok L i . AR [N e 1 —r !
Lp3a 9 Lk Ln3a
Asynchronous Machine  Brushless DC Motor Average-Value Rectifier Averac
Squirrel Cage Zigzag-Deltal Wye-Delta1 Delta11-Deltal1 Inverter Ret
-Wye -Wye -Wye , : )
W Time G &, Toaeq &, 4
IIANAW =~ // A\ Based I 0 I
— b at Fault -7 -=7 T
. Delta-Delta Wye-Delta11 L -
Permanent Magnet ~ Synchronous Machint Delta-Connected Load L 1
Synchronous Motor Salient Pole T‘I'\lree-Lt‘aveI Converter AViraE
L [ L
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Modely prvku v Simscape Electrical
+ moznost vytvoreni vliastnich prvku
pomoci jazyka Simscape Language

ccccccccccc

=

@

¥ + -
= o a
=|

@cb {lelca@'
A

equations

v == 1*r 4+ wvC;

1 == ¢*vc.der + g*ve;
end

Custom
Capacitor

viERE

Simscape model file Ln 16 Col 5




A HUMUSOFT
Priklad: Zakladni principy Simscape: RC clanek

Vin — 5 V
* RC Clanek = obvod rezistor-kondenzator R = 1005 kQ.
C =10 uF
VR
R an @ erEgjeew - g
Viy ==V g il e Ml L
o ® o : . ‘“ , I ]
 Vstup: stejnosmérny zdroj napéti @ —[ @
* Vystup: merené napeti na kondenzatoru v L»_.CJ
= f(x)=0

18 https://en.wikipedia.org/wiki/RC circuit
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Priklad: Ladéni neznamych parametru: RC Clanek

* Nalezeni hodnoty neznamé kapacity kondenzatoru

« Experiment

PARAMETER ESTIMATION ALID/ A
8 B & B 5% S
Cpen Save New Select Select Sensitivity | Add Plot Plot Model Estimate

d s H XL -4 Session v Session = | Experiment Experiments  Parameters Analysis ~ Response ~
— odezva vystupniho napéti na skokovou zménu vstupu
Paramete Experiment plot: Exp X i |° EstmatedParams x
c
Exp .

Vin — 0 V — 5 V 4:: Ve [ Eomemaraam =
= 351 _ gB ra
R = 100.5 kQ s - e
C=?uF . | :
« Optimalizaéni tloha "
— porovnani vystupu ze simulace s namérenou hodnotou U

— uprava hodnoty neznameého parametru pro minimalizaci odchylky

19
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Modelovani ,power” systému

« Muze to byt:
— elektricka sit’ s desitkami zdroju
— lokalni mikrosit

— ale také elektrické vozidlo

* Obecne se jedna o elektricky system, ktery obsahuje zdroj, distribuci a zateze

20
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1f vs. 3f systémy v Simscape: Jak je poznat?

Ukazky
1f

AC Current
Source

3f

Current
Source
{Three-Phase)

Zdroje

AC Voitaga Resistor
Source
4
Electrical
Reference
— - n-1 ]
ioltage RLC (Three-Phase)
Source
{Three-Phase)

Groundad
Neutral
{Three-Phase)

Prvky

s

Capacitor

=

Transmission Line

Wiye-Connectad Load

-1 -2

a1l 92

Transmission Line
{Three-Phase)

L asar

Inductor

PMSM [(Single-Phase)

Delta-Connected Load

iR Ch

PRASHM

(o

Current Sensor

_2|

Current Sensor
{Three-Phase)
Fat Fat
P Q

Power Sensor
{Three-Phase)

&

£ THUMUSOFT

Méreni

“oltage Sensor
=
T
I
Line Voltage Sensor
(Three-Phase)
=
k)
T
Phase Voltage Sensor
[Three-Phase)
> i)
o u
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Sdruzené vs. oddélené spojnice 3f prvku

« 3f model se sdruzenymi spojnicemi (Composite)

fixj=0 p n ~ - -2
Vaoltage ELC (Three-Phase)
L Source

{Three-Phase)

« 3f model s oddelenymi spojnicemi (Expanded)

samostatny 1f prvek

fix)=0 p L —- + AN
: - h/ = umozni modelovat
AAAA: Phase Splitter .

Voltage nesymetrickou zatez, apod.

= Source .
(Three-Phase) Resistord

&
*&?
J

]

22
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Simscape Electrical: Simscape vs. SPS

» Bloky zalozené na technologii Simscape

e
woltlage_ssc D

v
flx) = 0 = - - -1 |
l -2 -1

oltage
Source o ‘ e — { — y
{Three-Phase) RLC {Three-Fhase) o XD o EEE 002 205 —_

nnnnn

¥

ED Scope?
voltage_sps
100 — P - —
. ™ / /T AN
. s X X
Continuous voltage_sps /N / 7N\
v ; \ VAR
g A / N\

current_sps

Three-Phasza Source Three-Phase i 3/ N\, \ /
/ N . yd N
Series RLC Branch aof~—" e L b

i }—J
\\\
)
.“‘://," N B
/'\\1
B \
yd
N
A

23
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Ukazkovy priklad: Mikrosit

« Mikrosit je sloZzena z nékolika propojenych prvku
— dva synchronni generatory o vykonu 5 MVA
— solarni panel

— soubor zatézi: primyslova a rezidencni oblast , -
generatory solarni panel

- Ridici systémy

— droop control ‘_|_§§\
— MPPT KK X%
ﬁ spinac
hlavni sit ’ @

zatéze

24
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Uroven detailu

* Prvky muzeme modelovat na ruzné urovni detailu

— napriklad jako model generatoru muzeme vyuzit:

[+ E si o> qfd+ pu >

e fd-

eR

alC ne na

e
Voltage Simplified Synchronous Machine
Source Synchronous Machine Salient Pole

(Three-Phase)

&

£ THUMUSOFT

FEM-Parameterized
Synchronous Machine

* Modely maji odliSnou sadu parametru a zachycuji odliSné dynamickeé jevy

« Je dobrée volit pfimérenou uroven
— dle potreby zadani a cilu simulacniho modelu

— detalil vs. rychlost simulace
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Model synchronniho generatoru v otevrene smycce

» Elektrické prvky
— Synchronous Machine Salient Pole
— Synchronous Machine Field Circuit
— Wye-Connected Load

* Mechanické prvky
— Machine Inertia
— Ideal Angular Velocity Source

* Mereni

— Synchronous Machine Measurement

&

£ THUMUSOFT

OEE lER| e

vy 2 E

nnnnnnnnnnnnnnnnn

Jopadsut Apadold ()|

W Real Power (pu)

Odporova zatéz 2 MW ~ vykon generatoru 0.4 pu
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Simulation Data Inspector
 Graficky nastroj pro prohlizeni vysledku simulace
o ZObrazenl’ IogovanyCh S|gné|0 <\ Simulation Data Inspector - AircraftExample.midatx - | x
Q@ LY
s 3 gy E Inspect Compare m g, radisec m g, radisec

LLLLL ry Log ic —
Filter Signals
MAME LINE

Run 1: slexAircraftExampl

g, radisec

EEEEEEEEEEEEE

o alpha, rad
Stick

~ Run 2: slexAircraftExamp

— pfizpusobeni vzhledu a rozlozeni oken = B s 5

— ruzné typy grafu

~ Run 3: slexAircraftExamp
q, radisec

alpha, rad

— zobrazeni hodnot v ¢ase

P HhFDR +

Stick

0.5 r_‘ r_‘ ﬁ m r
~ Run 4: slexAircraftExamp

— export prabéhl do workspace/soubord P — k L L L -

054

—_— automatické porovnénl’ prlj béhlj Properties 0 10 20 20 40 50 80

« Umozni porovnani prubéhu z vice po sobé jdoucich simulaci
27



Model synchronniho generatoru s rizenim

Vyrovnana spotreba a dodavka energie

— Pcen = PLoap

— Qcen = QLoap

* Dve ridici smycCky

— Fidici systém pro regulaci otacek

— fidici systém pro regulaci budiciho napéti
* Mechanicky hnaci prvek

— ldeal Torque Source

Simulace promenneé zateze
— Wye-Connected Variable Load (lagging)

28
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— O
SIMULATION DEBUG MODELING FORMAT 3 | B oo 8. [2] (v)
[ Open ~ ]} Stop Time |10 E
< O ae e I %
w v Library jhloml ! Step Run Step Data
+ = Print - Browser H@ Fast Restart Back ~ - Forward Inspector
FILE LIBRARY PREPARE SIMULATE REVIEW RESUL..
‘§ model_Genemtor_rizeni_03 ez bl
(=}
& (] modeI_Generator_rizeni_03 » - 3,
1 T ;
a L™ :
a n
- Tt
=
Wye-Connect: ed
Variable Load
{=gging)
0 pu > Efd fik+ fd
pu
eeeeeeeeeeee tfd_ - fd
fx) =0 |r ; T R
n
i‘J, l} =~ —C
(A [ H ] L
% | GonstantActve Pawer Lo ad
S J
1
ququququququ A
CCCCCC
n
1
IE_EI Constant Reactive Power Load )
pd
Ready 100% VariableStepAuto




P
B 7

£ HUMUSOFT

Rizeni generatoru: Isochronni fizeni

* Chovani systemu
— pfi narustu zatizeni ma generator tendenci zpomalit

— Fidici systém zvysi toCivy moment hnaciho stroje, aby otacky zustaly na zadané hodnoté

« = otaCky generatoru (a tim frekvence) zustavaji konstantni bez ohledu na zatizeni

Pgen = Proad

fOpemtin.g = fRe}'

Frequency (Hz)

Power (MW)

o Obdobne Ize ridit budici napéti pro dosazeni konstantniho vystupniho napéti



A HUMUSOFT
Rizeni generatoru: Isochronni rizeni

* Nevyhoda isochronniho fizeni

— pfi spojeni dvou (a nebo vice) zdroju neni jasné dano rozdéleni vykonu
« Oba zdroje musi pracovat na stejné frekvenci
* To Ize ale dosahnout pro libovolné nastaveni vystupniho vykonu

Generator 1 Generator 2

— 50 MW + 50 MW — 100 MW . © o s ® °
— 30 MW + 70 MW = 100 MW ’ 5

90 50 30 10 50 70
P1 (MW) P2 (MW)

* VCetné nechtenych kombinaci : 120 MW a -20 MW = 100 MW

30



A HUMUSOFT
Rizeni generatoru: Metoda Droop Control

» Definuje drobny pokles frekvence pro rostouci hodnotu vykonu P generatoru
« Oba zdroje musi pracovat na stejné frekvenci

« = EXxistuje jediny bod, kde je podminka splnéna

20 80
P1 (MW) P2 (MW)

* Obdobne definuje pokles vystupniho napéti pro rostouci hodnotu vykonu Q

31
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Model se dveéma generatory

» Generator vCetne rizeni jako subsystem

— zkopirovani a pripojeni druhého generatoru e ———

MODELING FORMAT s
- r r
— stejny vykon (5 MVA) Jh Do - | gw stop T 4 @ b
N E Save - . ¥ ||| Normal = ] Data
ew Library Step Run Step
s , - Ié Print - Browser o@ Fast Restart Back = - Forward Inspectar
) M t d L D C t I FILE LIBRARY PREPARE SIMULATE REVIEW RESUL.. a
e O a rI Ze n I L] rOO On rO 5 |4 PowerSystemsSimulationOnm mp_4_11 sz z
E ® PowerSystemsSimulationOnramp_4_11 » - g
L4 ] =
— generator 1: droopP1, droopQ1 fla i
] I > >P r s
J 4
— generator 2: droopP2, droopQ?2 L T \H—J
Wye-Connected =
| Variable Load
Conn ~1 = (lagging)
Power Measuremen ts
Generator1
| 1
Conn q fix)=0 Constant Reactive Power Load =
Genera tor2
n
[E_EI Constant Active Power Load -
» || &
125% VariableStepAuto

32
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Fotovoltaicky Clanek

\Y o
- Blok Solar Cell )
— zdroj stejnosmerneho proudu Solar Cell \\

— velikost osvitu dana vstupnim signalem
« Rizeni vykonu pomoci DC-DC ménice |

— vyuziva algoritmus MPPT

|y _©
e

I &
Q="
A
Ic |
Y

Panel Power
IR LR |
Panel Power

Panel Voltage

Panel Voltage

« K siti prfipojen pres DC-AC menic

33
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Zapojeni do mikrosite

* Propojeni prvku do spole€ného modelu

« Simulace udalosti na urovni systému
— odpojeni jednoho ze zdroju

— dodavku prevezmou zbyvajici zdroje

sssss

zzzzz

<<<<<

"+ model Mikrosit_02 - Simulink

&

£ THUMUSOFT

SIMULATION MODELING FORMAT
[ Open ~ E Stop Time | 24 )
=) g E _q @ » %
, B saee loray (Nermd =) G mn s Date
@ Print Browser ogd Fast Restart Back = o orward Inspector
FILE LIBRARY PREPARE SIMULATE REVIEW RESUL...
g model_Mikrosit_02 = h)
g
2 | @ |[Palmodel Mikrosit 02 » - g
] I "o r
=+ s} n
C —
Wye-Connect ed -
B\ ol Y | Veriblelosd
(lagging)
O
] ~2
‘Generator 1
aaaaaaaaaaaaaa
|— L
H nj
- -1 :
Constant Active Power Load :
Generatol r2
1
Constant Reactiva Power Load )
@ Solar Ideal DC to AC
>
Ready 100% auto(VariableStepDiscrete)
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Dalsi moznosti modelovani

* Model se soustredi na elektrickou Cast systemu
« Dale bychom mohli vytvorit detailngjsi popis mechanické Casti generatoru

— napriklad model termodynamického cyklu, zachytit tepelné jevy, apod.
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10 nastroju pro efektivni nastaveni modelu a rychlejsi simulaci

Variable Viewer Statistics Viewer

Variable Scaling
Analyzer
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https://www.mathworks.com/videos/series/simscape-electrical-modeling-practices-for-fast-simulation.html



https://www.mathworks.com/videos/series/simscape-electrical-modeling-practices-for-fast-simulation.html
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Dalsi typické ulohy a priklady

Microgrid Resynchronization with Main Grid

Microgrid Planned Islanding from Main Grid
IEEE 9-Bus Loadflow
IEEE 39-Bus System

37 https://www.mathworks.com/help/sps/examples.html?cateqory=power-qrids-renewable-enerqy-enerqy-storage



https://www.mathworks.com/help/sps/ug/microgrid-resynchronization.html
https://www.mathworks.com/help/sps/ug/microgrid-planned-island.html
https://www.mathworks.com/help/sps/ug/ieee-9-bus-loadflow.html
https://www.mathworks.com/help/sps/ug/ieee-39-bus-system.html
https://www.mathworks.com/help/sps/examples.html?category=power-grids-renewable-energy-energy-storage
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Dekuji za pozornost.

Otazky?



