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Vyvo] metodou Model-Based Design

[ INFORMACE ] [ POZADAVKY

Modely prostredi

Modely fyzickych komponent

Alginy /
/ IMPLEMENTACE \
[ C, C++ ] [VHDL, Verilog ] [Struktt:;:)vany]
k[ uP ] [ DSP ] [FPGA] [ASIC] [ PLC ]/
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Vyvo] metodou Model-Based Design

propojeni s pozadavky
/ pokryti pozadavkul (requirements coverage)

simulace modelt

[ INFORMACE J [ POZADAVKY/J ./\
¥ o soulad se standardy (MISRA, ISO, DO)
automatické generovani kédu e « [ tvorba a sprava testt
A J O~ pokryti testy (test coverage)
Modely fyzickych komponent J ﬁ \
\ — J . formalni prokazovani vlastnosti
goritmy >
<
SIL simulace > ¥ = z
PIL simulace IMPLEMENTACE §
[ C, C++ J [VHDL, VerilogJ [St’“k::;‘t"'a"ﬂ 1
HIL simulace - [ uP J [DSP J [FPGAJ [ASICJ [ — J o\i hledani chyb ve zdrojovém kddu v jazyce C
¥ prokazovani nepfitomnosti chyb v C
— [ INTEGRACE A NASAZENI )
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Typicke kroky pri vyvoji software pro elektricky pohonny system

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

| zateze
Converter PMSM N Torque

\ / | Source

Copyright 2016-2022 The Mathort \ j

Vykonova elektronika

thetaReq P thetaReq
iabc_sens
Tload @—b w_sens S

Set Point Db th_sens

Command Vdc vdc_sens

Gate Driler
( I\ + ‘-. . I—'C G S
| ' '-‘,‘II‘ | ( \
Zdroj Battery T poe| -
energie ) ' Model

\
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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**

6 *orientovano na praci s modelem **orientovano na praci realnym pohonem
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MATLAB a Simulink pro modelovani elektrického pohonu

Model
Predictive
Control

Simulink
Design
Optimization

Simulink Control
Design

Prediktivni

udrzba

Verifikace

Simscape
Electrical

a testovani

Motor Control
Blockset

Simscape*
*Battery
*Driveline
*Fluids
*Multibody

Meéreni
a zpracovani
signalu

: : Generovani
Dynamika Dynamika

vozidla robota

kodu
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Modelovani pohonu a vykonové elektroniky
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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
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Modely 3f prvku v Simscape Electrical

@ § 4

tfifazove t ‘ ¢
motory ransformatory

meénice,
stridace

@ ® ® a
[+ ] = = =
= = = ™
NR._.:/. /\-2a doq ) '.."-_-2" ‘..”-__.._2.‘ B+ S +2
5 | A SN, - i -/
a~1~ | ~3k P I S AN - £ L
T =" ; e ! T T
Ln3e and L3k Ln3e
Asynchronous Machine  Brushless DC Motor

. ) Average-Value Rectifier Averag
Squirrel Cage Zigzag-Deltal Wye-Delta1 Delta11-Deltal1 Inverter Ret
-Wye -Wye -Wye P [ )
Time G * e 5 L 4
AN AW! s~ // Based | o ‘
R bad a1 Fault -7 -=7 1=
| — d~ L - ?
. Delta-Delta Wye-Delta11 L -
Permanent Magnet ~ Synchronous Machint Delta-Connected Load - 1
| Synchronous Motor Salient Pole T‘I'\lree-Lt‘aveI Converter AViraE
- = ;' -
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Ukazka: Buck Converter
« DC-DC menic
— snizeni hodnoty vstupniho napéti 48V na hodnotu 12V
» Spinaci prvek rizeny PWM signalem
— hodnota vystupniho napéti dana hodnotou Duty Cycle (stfida signalu)
|4
bt = I;-ut Vour = DC Viyy e Fee
n
12 ' /\ —

11
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Uroven detailu
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* Pro ruzné ucely je mozné vyuzit rznou uroven detailu

* Napriklad pro DC-DC meénic:

Primérna hodnota

A

DDut\fyi& el Voltage

'/ No dynamics

—1

V—

S Ly

Average-Value DC-DC

Converter

Pramérna hodnota spinani

A .
LDG ol Vohqge / No SWI"ChII'Ig
— T —
LY
Boost Converter

Time, s

Time, s

>

Po Castech linearni spinani

Discontinuity

On state \' T/

L[;,G ool VohqgeT
__Hf“TLrDrT |
—C u &=

Boost Converter

Off state /

Time, s

Nelinearni spinani
No dicontinuities

A On state
Voltage \

- e
J

N-Channel IGBT
Off state

>

Time, s



Ukazka: Uroven detailu

« QOdlisna uroven detailu pro DC-DC menic

) Simulation Data Ins

+

=
R2
2
=
o

Q &
Inspect Compare
Filter Signals
NAME

Run 4: buckConv04_nonlin Switch[Curren 3

- m buckConv04_nonlinSwitch

v PS-Simulink Converter:1

» Run 3: buckConv03_lin Switch
- m buckConv03_linSwitch

v PS-Simulink Converter:1

« Run 2: buckConv02_avgSwitch
- m buckConv02_avgSwitch

v PS-Simulink Converter:1

» Run 1: buckConv01_avgValue
~ [ buckConv01_avgValue

+ PS-Simulink Converter:1

Archive

Properties

LINE

1

| PS-Simulink Converter:1

Q 0.0002

0.0004

B PS-Simulink Converter:1

0.0008

0.0008

0.0010

PS-Simulink Converter:1 m PS-Simulink Converter:1

0.001

123
W PS-Simulink Converter-1 8 PS-Simulink Converter:1

13

000105 0.0010 0.00111

PS-Simulink Converter:1 B PS-Simulink Converter:1

0.00114 00017 000120 000123 000126 000128 000132 000135 000138 0.00141 0.00144 0.00147

£ THUMUSOFT
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Zapojeni kompletniho pohonu

* vykonova elektronika + motor + zatéz

S P

O | W
> 4 W]

Buck Converter Inverter

P

£ THUMUSOFT

simulace zatéeze
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Zapojeni kompletniho pohonu: dalsi ukazky

* vykonova elektronika + motor + zatéz

N F‘J |

. ? Ll =

C%‘E Y / u s .
. n Famy i
—— L A . i !
l I—.:_i _\_CI_
480 W ph-ph == 200K ) e = A i . )
l 60 Hz = 480V /4 . . ———
r Ve — 1 ’ 4 BEToN &, _|
+ | | | |I ‘gi(_‘. g I|
—— ' ' _ 1 Converter ABC ity / Torque
\ — -f{J() =0 x\%@_{ 7
’v_i.{:\ c—=f : _ —
A e .\
| = (U 4
) co 0T S T N
ll.' I L J
T T r . . S Converter XYZ
s Ll =" (€| = )
' (GR ——¢ /
| | Torgue

) o= / Ll g fix) =0
Inverter HR ‘ "/ 32 T ource -
[ BLDC
Rotor  Winding €
El Winding B

Inverter

T Source fix) =0

&
|

C o

I Enw Winding A
Ambient Temperature Thermal mode!
Temperature

Source

15



Modelovani a simulace poruch

« Simulace poruch

— analyza vlivu poruchy na chovani systému

— navrh systému pro diagnostiku poruch

« Zadani ,neinvazivnim® zplusobem

— nemeéni topologii modelu

O

£ THUMUSOFT

3 [ hiighlight Fautts)

— pfifazeni poruchy k vybranému bloku

* Nastaveni poruch

— spoustec poruchy, parametry poruchy

— sceénar pro vice poruch v jedné simulaci

16

Panel spravce zadanych poruch

Fault Simulation | Add Fault & Resync Faults
ON Fault Table
FALILTS
Property Inspector m
- Faulted Model Element: 'DC Motor/Armature winding’
Enable
Active fault for simulation: [DCMDmr_faun - |
Select fault to view: [DCMDmr_faun - |
[ Add new fault ]
+
- Fault
jj ¢ c '?:“ " ) Name: DCMotor_fault |
1 | —
N Fault behavior: SimpleMotorArmatureWindingFault FauliModel/DCMotor fault
~ Inertia
DC Matar Trigger
Trigger type: Timed - |
Inject fault behavior after the specified simulation time.
Trigger fault at time: | 2 |
oznaceni poruch
p y Description
® %
Fault Conditional
Search...
Enable Model Element/Fault Name Active Fault Trigger Description
~ L} DC Motor/Armature winding
# DCMotor_fault | Timed: 2
% DCMotor_fault_1 Always On

https://www.mathworks.com/help/simscape/ug/about-simscape-faults.html
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Navrh ridiciho systemu

&
£ THUMUSOFT
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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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Modelovani adaptivnich/prediktivnich fidicich systemu

« 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)

.

r a8 u
Refarence PID Y
—— slart/sio

&

£ THUMUSOFT

soustava

Extremum Seeking Controller

reference

optimalizace '__""\

manipulovane veliciny

\___-__‘ predikeni
model

MPC regulator

odhadnuté stavy

» soustava

pozorovatel stavy e

méfené vystupy
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Rizeni elektrickych pohonu
* Motory s elektronickou komutaci
« BLDC

. vV s PR , BLDC Six-Sector Commutation PMSM Field-Oriented Control

— lichobéznikove rizeni Two Pole-Pair Two Pole-Pairs
(Sesti-sektorova komutace)
Sector

* PMSM

— field-oriented control
(vektoroveé fizeni)

= Rotor Magnetic Reference

s Current Vector

Commutates every 30 mechanical Current vector leads rotor magnetic
degrees reference by 90 mechanical degrees
Cne mechanical rotation sees two One mechanical rolation sees bwo
electrical rotation electrical rotations

20
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Lichobeznikové rizeni (Sesti-sektorova komutace)

» Stridac spina vzdy 2 faze dle polohy rotoru
— sepnuti konkrétnich spinacu dano tabulkou

* Rychlost otaceni dana velikosti vstupniho napéti

+V / / f
/A /B /c 3 phase
. M T BLDC motor d
‘—
.,'j / | ,{; b
\_{_r A '-{f Bi' r’ c _- a

21

A HUMUSOFT
Sektor AA‘ BB‘ CC
1 00 10 01
2 01 10 00
3 01 00 10
4 00 01 10
5 10 01 00
6 10 00 01
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Lichobeznikové rizeni (Sesti-sektorova komutace)
Sektor AA’ BB* CC’
« Stridac spina vzdy 2 faze dle polohy rotoru 1 00 10 01
— sepnuti konkrétnich spinaéti dano tabulkou 2 01 10 00
3 01 00 10
* Rychlost otaceni dana velikosti vstupniho napéti 4 00 01 10
5 10 01 00
6 10 00 01

+V |
/ A A A 3 phase
. M N BLDC motor a m

ARG R

N
o

w

kv . TN
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Lichobeznikové rizeni (Sesti-sektorova komutace)
Sektor AA’ BB* CC’
« Stridac spina vzdy 2 faze dle polohy rotoru 1 00 10 01
— sepnuti konkrétnich spinaéti dano tabulkou 2 01 10 00
3 01 00 10
* Rychlost otaceni dana velikosti vstupniho napéti 4 00 01 10
5 10 01 00
. Rotor 6 10 00 01
(permanentni magnet)
High Side A
A
Stator o |E& S3|q¥ 35|§}
(vinuti)

Low Side
23
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Ukazka: Model a ridici systém BLDC pohonu: rizeni otacek

BLDC Six-Sector Commutation
Two Pole-Pair

B

he

’ :

Commutates every 30 mechanical
degrees

Cine mechanical rotation sees two
electrical rotation

24

1 (RPMReq, rpm, load, iabe)

File Tools View Simulation Help

G- BP0 e a-H-FEF-

Control
Speed| prep— » RPMReq
Torque —»<{i0a0Y 2 :
Input mm :
s _pcoe
Vde ‘
== ﬂ”ﬂ T NI“WJL’I‘I'IWHJI‘IH it R RECRT m“m" SR
GBT.E dl"l"'l.l"&f Ready e —— . r ample bas ”: T=1.000

Buck Converter

r

9]

.7 <}
= ay Cioad]
Invertor BLDC Torque

Source 1f(x) =0

https://www.mathworks.com/help/sps/ug/bldc-speed-control.html



https://www.mathworks.com/help/sps/ug/bldc-speed-control.html

A HUMUSOFT
Ukazka: Model a ridici systém BLDC pohonu: rizeni polohy

4 Viewer: Scope (angle, angleReq, pm, load, iab<)

File Tools View Simulation Help

G- BP0 e a-H-FEF-

BLDC Six-Sector Commutation

Two Pole-Pair Control
— angleReq
B Position | AngleReq
@ - Torque|—><@EEH] [ >—>{Ance
- Input [rpm _>—{rpm B
abe
A — Vdc
L]

~ _ _ Gate driver
- I
[iabe

Vdc - -
Commutates every 30 mechanical c a,rpm Hall
degreas ¢ l ~ iabc ~ s load
One mechanical rotation sees two R @ R Z{" < -
electrical rotation
Inverter BLDC Torque
= Source 4f(x) = 0

25 https://www.mathworks.com/help/sps/ua/bldc-position-control.html
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Ukazka: Nasazeni r. s. BLDC pohonu na cilovou platformu

BLDC motor fizeni vykonova ¢ast motor

— stejnosmérny motor s elektronickou komutaci
— 8 polovych dvojic

— Halltv senzor

Algoritmus
— PID regulace otacek, sesti-sektorova komutace
— Simulink Coder Support for STM32 Nucleo Boards

Model Browser 9l F
=12 [H

sssss

OBE4Es
i
3
7
+

Spusteni a nasazeni algoritmu

— v rezimu Monitor & Tune Lo f

Hardware —
— STM32 Nucleo F302R8, X-NUCLEO-IHM0O7M1

26
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Field-Oriented Control (vektorove rizen

27

« StridacC ovlada vsechny 3 faze najednou

r

)

— napéti jednotlivych fazi maiji stfidavy prubéh (sinusovy, SVM)

« Okamzita hodnota napeti dané faze dosazena PWM modulaci

&

£ THUMUSOFT

* Rychlost otaceni rotoru stejna s rychlosti otaceni pole statoru (synchronni motor)
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Field-Oriented Control (vektoroveé rizeni)
Rizeni momentu a rychlosti v plném pracovnim rozsahu
Problem
— Fizeni stfidavého 3f napéti T~
Reseni / e ?'__'"““‘"\\
— Clarke a Park transformace | | Y | » Rotor Magnetic Reference

\
| — » Current Vector
||||_ | A

.\ /.

Current vector leads rotor magnetic
reference by 20 mechanical degrees

28
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Field-Oriented Control — Clarke a Park transformace

» Slozky tfifazoveho systému

/90 &80
q

» Transformace Clarkové  Transformace Parkova

V]

a0 180

(83
] -1

29



Field-Oriented Control — schéma zapojeni

—

zeni rychlosti

MTPA
control
reference

Pl controller
(current Ig)

Pl controller
(current Id)

Inverse park
transform

Park
transform

Speed
measurement

Sine-cosine
lookup

Space vector
generator

Clarke
transform

Mech
to elect
position

Sensor
decoder

P

L
o

£ HUMUSOFT

fizeni proudu

Duty Cycles

Position

feedback
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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

31



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

&

£ THUMUSOFT

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

33

 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

&

£ THUMUSOFT

Blux
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FEM simulace v COMSOL Multiphysics

« Priklady vyuZziti FEM v oblasti elektrickych pohonu a vykonové elektroniky

Simulace elektromotoru Simulace svorkovnice

Simulace chlazeni
elektroniky

Simulace transformatoru
(vC. napriklad huceni)

34
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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

35
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Modelovani elektrickeho pohonu z hlediska simulace/nasazeni
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Uzivatelska reference

Automotive manufacturers are increasingly asking tier-one
suppliers to deliver components developed in compliance
with ISO 26262, the international functional safety standard
for road vehicles. This standard covers functional safety
aspects of the complete development process, including
design, implementation, and  verification. Many
manufacturers also want their suppliers to comply with
AUTOSAR standards for ECU software architectures.

LG Electronics develops ISO 26262—- and AUTOSAR-
compliant software for the inverter systems used to drive
electric and hybrid vehicle motors using Model-Based
Design with MATLAB® and Simulink®.
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LG Electronics Develops ISO 26262—Compliant Power Inverter Control Software
with Model-Based Design

Vice informaci zde



https://www.mathworks.com/company/user_stories/lg-electronics-develops-iso-26262-compliant-power-inverter-control-software-with-model-based-design.html

P
. P

£ HUMUSOFT

DalsSi informace

* Video-série z cyklu 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
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Dekuji za pozornost.

Otazky?



