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Zakladni schéema ridiciho systéemu
ladici algoritmus poruchy
: akéni l
reference odchylka N zasah ([ N chovani
regulator ——— soustava
g Y g Y,

mereni — regulovana velicCina
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Zakladni schéma ridiciho systému — Simulink

akeni
reference odchylka zasah 3s+1 D
= @ 1T " P 45542 |
Regulator Zobrazeni
Soustava

mereni - regulovana velicina
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Navrh ridicich systému v prostfedi MATLAB a Simulink

» Propojeni modeli soustav s regulatory - =
— spojité a diskrétni prvky v jednom modelu g ﬁu = e — =T
— bohaté knihovny vstupnich signald | — e R g
« Libovolna architektura ridicich systému |
— blok PID regulatoru v mnoha variantach : |

— spojite, diskretni, stavove regulatory

— adaptivni a prediktivni fizeni

« Nastroje pro ladéni fidicich systému
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Rozdilné pristupy k navrhu ridicich systému

Metody zalozené na modelu (~ tradicCni)

6& gain-cheduling, stavova vazba \ Active disturbance rejection control (ADRC)

H-infinity / Mu-syntéza Extremum seeking control (ESC)
Navrh ve frekvencéni oblasti Model reference adaptive control (MRAC)
Model predictive control (MPC), Reinforcement Learning (RL)
LOR / LQG, ...

Gpusoby modelovani Model zaloZzeny na datech

ziskany identifikaci systému
Model zalozeny na

fyzikalnich principech (~ MPC s identifikovanym
\ § modelem) /

Metody rizeni zaloZzené na modelu se pfri
navrhu rizeni spoléhaji na model systemu.

https://www.mathworks.com/solutions/control-systems/feedback-control-systems.html|
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Ladeni PID regulace

Pro jednosmyckovou PID regulaci

— vice smycek lze ladit jednu po druhé

* Vyuziva linearizaci soustavy

— mozna volba pracovniho bodu

Graficka aplikace PID Tuner

— ladéni na zaklade prechodoveé odezvy

Frequency Response Based PID Tuner

— pro soustavy, které nelze linearizovat

Plant:

Plant~

PLANT

PID TUNER

Type: PIDF

Form: Parallel

L Inspect @ Options

CONTROLLER

Domain:
Edl Add Plot >
DESIGN

PID 1dof (mask) (link)

Design).

Controller:  PID
Time domain:
® Continuous-time

O Discrete-time

¥ Compensator formula

Main  Initialization

Qutput Saturation

Controller parameters

Source: |internal

Proportional (P):

Data Types

This black implements continuous- and discrete-time PID control algerithms and includes advanced features such as anti-windup,
external reset, and signal tracking. You can tune the PID gains automatically using the Tune..." button (requires Simulink Control

~ | Form: |Parallel

Discrete-time settings

Sample time (-1 for inherited):

pirlip N
514N
E

State Attributes

Integral (I): |1
Derivative (D): |0

Use filtered derivative
Filter coefficient (N): |100
Automated tuning

Select tuning method: | Transfer Function Based (|

Enable zero-crossing detection
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1

@
Siower Response Time (seconds)

@
Transient Behavior Rebust
TUNING TOOLS

Aggressive

‘When you click Tune, two rounds of simulation run to:
- N Ep signals during the specified fime frame

e B P

—u—p G

dc gain from the experiment
se margin at the target bandwidth

Reset  Show  Update

Design Parameters  Block ™
RESULTS

Data Browser

| Step Plot: Reference tracking |

o o
> ®

Amplitude

o
=

0.2

Step Plot: Reference tracking

Tuned response
Block response

Duration (ispan) 100

(remove disturbances) C) 1 simulation

stable C) Has single integrator

Target phase margin (degrees)

To MATLAB

3
Time (seconds)

Controller Parameters: P = 062, | = 7442, D = 0, N = 100




Ladéni systému s vice vstupy a vystupy (MIMO)

« Libovolna struktura fidiciho systemu

— spolec¢né ladéni vSech prvku

— linearizace modelu a nehladka optimalizace
« Knihovna nastavitelnych kriterii

— v Casove i frekvencni oblastsi

— kritéria stability
e Control System Tuner

r

— graficka aplikace pro nastaveni a ladéni

TUNING

@
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Ladeni na zaklade optimalizace

* Vyuziva nelinearni model v Simulinku
— nastaveni podminek pro zvolené signaly
« Libovolna struktura fidiciho systemu |
— vybér parametrli pro optimalizaci giif T
« Ruzné optimalizacni algoritmy | M
» Podpora paralelnich vypodt( i S R

« Response Optimizer

— graficka aplikace pro nastaveni a ladeni

10
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Evoluce fidicich algoritmu v prostfedi MATLAB a Simulink

Ladéni PID

2018 - 2023

Closed-Loop PID Autotuner (R18a)

Field Oriented Control Autotuner (R20a)

2023

2024

Gain-Scheduled PID Autotuner (R24a)
Start-Stop Generator (R24a)

Pokrocilé
fizeni

Model Reference Adaptive Control
(MRAC) (R21a)

Extremum Seeking Control (ESC)
(R21a)

Active Disturbance Rejection
Control (ADRC) (R22b)

MRAC with Single Hidden Layer
Neural Network (R23a)

Extended State Observer (R24a)
Disturbance Compensator (R24a)
Sliding Mode Control (R24b)
Iterative Learning Control (R24b)

Linear Sliding Mode Control
Virtual Reference Feedback Tuning

Ultra-Local Model for Disturbance
Compensation

Omezeni
zasahu

Constraint Enforcement block
(R21a)

Barrier Certificate Enforcement
Block (R22a)

Passivity enforcement block (R23a)

Odhad
frekvencni
odezvy

11

Frequency Response Estimator
block (R19a)

Frequency Response Estimator block
enhancements:

Support for PRBS signals (R23a)

Set PRBS parameters automatically
(R23b)

Sinestream Signal Generator (R24a)
PRBS Signal Generator (R24a)
Start-Stop Generator (R24a)
Superposition Signal Generator (R24b)
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Automatické ladéni PID regulatoru v realném Case

« Umoznuje ladit PID regulatory v realném Case vuci k realné soustavé*
— nevyzaduje model soustavy

— ladeni je spousteno zadanym signalem primo v nasazeném systemu

* Dostupne bloky

— Open-Loop PID Autotuner ref ._Q R [FST BN I I S .
— Closed-Loop PID Autotuner - 4 Autotuner

— Gain-Scheduled PID Autotuner e

— Field Oriented Control Autotuner |

 Podpora generovani kodu

— implementace ladiciho algoritmu na hardware

12 *)|ze pouzit i s modelem soustavy v Simulinku https://www.mathworks.com/help/sicontrol/cat_scd_pid_autotuning.html
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Dva zpusoby zapojeni experimentu pro ladéeni PID

« Ladéni probiha na zaklade experimentalnino odhadu frekvencni odezvy soustavy

« Experiment v uzaviene smycce

— blok Closed-Loop PID Autotuner * I — Joo
: Closed-Loop
Relarence PID ¥ PID Autotuner %-cony » Plant
start/siop pid gains -
* Experiment v oteviené smycce Nomina Input : ot Mooy
Open-Loop o -
— blok Open-Loop PID Autotuner ] 0 st % : -

13 https://www.mathworks.com/videos/pid-control-of-a-brushless-dc-motor-1523009772696.html|
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Ladeni gain-scheduled PID

« Automatické ladeni zesileni PID regulatoru v nekolika provoznich bodech
— experimentalni odhad frekvencnich odezev soustavy

— experiment v uzaviené smyc¢ce, sekvenéni zména pracovnich bodu
— blok Gain-Scheduled PID Autotuner

Priklad zapojeni

u

Py u+lu

Gain-Scheduled V_ref

—» (4 )
Discrete PI Controller start/stop breakpoints

with anti-windup & reset BPs pid gains
scheduling Variable —‘

start/stop

PID Autotuner

sched var

14
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Kompenzace poruch

« Odhad a kompenzace poruch a neznamé dynamiky linearnich systémdu

— umoznuje odhadnout stavy a poruchy zafizeni na zakladé jeho vstupu a vystupu

* Dostupné metody

— Active Disturbance Rejection Control b I Hu
— Extended State Observer } P ] UK Fnatp
) ¥
— Disturbance Compensator
Active Disturbance Rejection Control Ultra-Local Modeal
— Ultra Local Model
Hu dhat [ Hud
u
Ay shat Ay
Extended State Observer Disturbance Compensator

15 https://www.mathworks.com/help/slcontrol/disturbance-compensation.html
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Active Disturbance Rejection Control (ADRC)
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- Rizeni soustav s neznamou dynamikou a vnitfnimi a vnéj$imi poruchami

— regulace s robustnim potlaCeni poruch a minimalnim prekmitem

* Blok Active Disturbance Rejection Control

* Princip ADRC ADRC (1. ad)

— nevyzaduje model soustavy O = O

— vyuziva jednoduchou aproximaci znamé dynamiky

Plant

y(t) = bou(t) + f(t) nebo (&) = bou(t) + f(t)

Extended

State
Observer

— neznama dynamika a poruchy f (t) modelovany jako rozsSireny stav soustavy

16 https://www.mathworks.com/help/slcontrol/ug/active-disturbance-rejection-control.html
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Active Disturbance Rejection Control (ADRC)

« Muze slouzit jako alternativa PID regulace
— zejména pro vykonovou elektroniku a fizeni motoru

— obdobné vypocetni naroky jako PID

i
-
4@—> PID(s) —— Plant I$ b p Plant
r u U

—— Py
Y ¥

Active Disturbance Rejection Control

« Jednoduchy postup ladéeni y

Ref

— pro Sirokou skalu provoznich podminek zo‘ r— — AORC

19

17
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Extended State Observer a Disturbance Compensator

Odhad a kompenzace poruch systém( Typicka zapojeni
— vcetneé neznamé dynamiky, vnitrnich | vnéjsich poruch
Blok Extended State Observer

— odhad stavu a poruch

A 4
Extended

Blok Disturbance Compensator

Observer

— uprava nominalniho akcni zasahu regulatoru |

— kompenzace zjistenych poruch ——>@Q—>{ Controller

Ym

Bloky Ize vyuzit spolecné s dalsimi regulatory .

— zlepseni potlaceni poruch v daném ridicim systému Y Observer

Compensator Block

18 https://www.mathworks.com/help/slcontrol/ug/extended-state-observers-and-disturbance-compensation.htmi
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Ultra Local Model (ULM)

Technika odhadu umoznujici aproximaci nelinearni soustavy
— jako systém s jednim nebo dvema integratory
y(t) = F(t) + au(t) nebo j(t) = F(t) + au(t)

— afinni Clen F(t) zachycuje neznamou dynamiku a poruchy, je trvale aktualizovan

Odhadnuty model je platny

f\/ —r{: }—» PID(s) -K- » u X
— pouze v okoli lokalniho pracovniho bodu m— @ ?
Plant
— v kratkém Casovem useku L )
« Blok Ultra-Local Model Ukazka AR ) |
zapojeni
° POU2|t|’ Ultra-Local Model

— pro samostatny odhad poruch a predikci vystupu

— pro zlepseni chovani nominalniho regulatoru (~PID) pomoci odhadu poruch

19 https://www.mathworks.com/help/sicontrol/ug/ultra-local-model.html
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Adaptivni ridici systemy
« Cilem je pfizpusobeni se zménam soustavy J.
— nepredvidané vlivy okoli, poruchy, zmé&na dynamiky [ \. ‘r
) DOStupné metOdy Extremum Seeking c.:,-“m| Model Reference Adaptive Control
— Extremum Seeking Control }
. }arrc-r H
— Model Reference Adaptive Control e up Ny vrer 8
— lterative Learning Control oonttreset startistop
lteraiive Learning Control ‘irtual Reference Feadback Tuning
— Sliding Mode Control
— Virtual Reference Feedback Tuning A - o
Sliding Mode Linear Sliding Mode
}f{xj Controller u b }x Controller u b
} {Reaching Law} (State Fesdback)
aix)
Sliding Mode Controller Linear Sliding Mode Controller
(Reaching Law) (State Feedback)

20 https://www.mathworks.com/help/slcontrol/adaptive-control-design.html
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ProcC pouzit adaptivni fidici systemy?

« Adaptivni ridici systémy mohou resit narocné problemy nelinearniho fizeni,
ktere jsou pro tradicni techniky obtizne resitelné
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Extremum Seeking Control

Optimalni fizeni soustav se zménami chovani

Princip: uprava parametru fidiciho systému pro maximalizaci ucelové funkce

— reseni optimalizacni ulohy v realném Case

— modulace parametru sinusovym signalem soustava

Nevyzaduje model soustavy

Vhodné pI’O Extremum Seeking Controller

— systémy s pomalou zménou parametru g s

— stabilni systémy tolerujici Sum v fizeni

— maly pocCet adaptujicich se parametru

BIOk EXtremu m Seeklng CO ntrOI Objective function J = f(u)

https://www.mathworks.com/help/slcontrol/ug/extremum-seeking-control.html
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Extremum Seeking Control AP y
o y= f(6) >

* Hledani optimalnich parametru ?i 6 |—r <| - %_H.mss |

bsin(wf) asin(wt)

modulace Uprava parametru demodulace

pod optimem v optimu nad optimem  ain
£© £©) flo)  f16 +bsinat) 1o ® TNV

| ® =+— | 7 X /N
f@ +bsin@t) | | UQ f@O -
\7@ """"""" ') : oo

\ asin(wt) —~
________________ : | \ f(@ +bsin(wt))
WQ \ ! 0 :
I 1 t + 8
asin(wt) 6 =0 +bsin(wt) 0 ( 1
6=06 +bsin(wt) | 0 =0 +bsin(wt) |
/s .

23
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Model Reference Adaptive Control (MRAC)

« Umozni fizeni systému v pfipadé neoekavanych zmén

* Princip: adaptace, aby rizeny systém sledoval chovani referencniho modelu
— odhad externich poruch a nejistych parametrd systému
— model poruch: kromé ,klasického® muze byt i neuronova sit' s jednou skrytou vrstvou

* Blok Model Reference Adaptive Control ]

* Dva typy: [T et ]

oif.
K, o«

o
KX -

. 1
F\ Ll e

Disturbance Model
wh(x)

Primy MRAC R 5 Nepfimy MRAC .

Disturbance Model
wd(x) h

24 https://www.mathworks.com/help/slcontrol/ug/model-reference-adaptive-control.htmi
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lterative Learning Control (ILC)

Cil: ZlepSeni vykonu opakujicich se fidicich ukolu

— prumyslové systémy, robotika, cyklické trajektorie UAV, ...

Zapojuje se ve spojeni se zakladnim regulatorem (napfr. PID)
— ILC se postupné uci z prubéhu chyby v jedné iteraci a optimalizuje akéni zasah pro nasledujici

— postupné zvysuje svUj podil na akénim zasahu oproti nominalnimu regulatoru

Blok Iterative Learning Control L

Model-Free ILC Performance

Model-Free ILC Control Efforts

Error
Memory

|Learning

" |Function (L)

Action

W= i —»{ —— LPF (@)

[ N ur”k(t)

|
1 ! [ ] et — F+1
|| || | - " (" K(f) _[Stabilizing E,:: oo Vil ::}
I |L' : ] - Controller

0 20 40 60 80 100 120 140 160

F o e = T T C I TR
T T T T

=3} & ta [} =) o I =
T T T —

25 https://www.mathworks.com/help/slcontrol/ug/iterative-learning-control.htmi
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Sliding Mode Control (SMC)

* Robustni strategie fizeni
— trakCni pohony, vykonova elektronika, robotika, autonomni rizeni

 Prfivadi trajektorii stavu systému na urenou plochu a udrzuje ji tam

— vyhodné pro systémy vyzadujici vysokou uroven presnosti a robustnosti

— zejmeéna za pritomnosti poruch a nejistot R R T L ———
 Blok Sliding Mode Controller (Reaching Law) w

— pro obecny nelinearni model systému ?OE NG ‘: ;

— sliding surface je tfeba definovat manualné NEZ _/
+ Blok Linear Sliding Mode Controller (State Feedback) ~“iiiiiiiii:ine

x1 {position)

— zalozeno na nominalnim linearnim modelu systemu
— sliding surface je mozné navrhnout automatizovaneé pomoci poskytnutych metod

26 https://www.mathworks.com/help/slcontrol/ug/design-sliding-mode-control-reaching-law.html
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Virtual Reference Feedback Tuning (VRFT)

« Automatické ladéni linearnich regulatoru na zakladé vstupné-vystupnich dat

— PID, FIR filtry, linearni kombinace regulatoru

* VVyhoda: __
v . C e _ = *—'@ :
— pro ladéeni vyzaduje jediny experiment — 4'%' oe |-
— online nebo offline pristup o___J
 Blok Virtual Reference Feedback Tuning
Iﬁfﬁﬁsﬁ:p )
—|_ z! Feedback Tuning
Ukazka :

VRFTGains Gaine |

zapojeni

Update PID Gain

27 https://www.mathworks.com/help/slcontrol/ug/virtual-rerence-feedback-tuning.html



https://www.mathworks.com/help/slcontrol/ug/virtual-rerence-feedback-tuning.html

&

£ THUMUSOFT

Omezeni akéniho zasahu

* Omezeni akCniho zasahu na zaklade zadanych omezeni
— modifikovany akCni zasah u co nejblize pozadovanému u,

— feSi optimalizacni ulohu (QP) v realném Case

* Pripravené bloky
— Constraint Enforcement, Barrier Certificate Enforcement, Passivity Enforcement

J| fracking amars control inputs

PID controdler

T Blok Constraint Enforcement resi:

min|u — ug|?
u

fr +gu<c omezeni

28

BMICE

I Umin < U < Umax limity akCniho zasahu

https://www.mathworks.com/help/slcontrol/constraint-enforcement.html
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Model Predictive Control (MPC)
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« Prediktivni rizeni zalozené na modelu systému a optimalizaci v realném Case

— pocita optimalni akcni zasah podfizeny zadanym omezenim

Ucelova funkce

reference

ﬁ

omezeni

TN

optimalizace

J N

29

\ MPC regulator

-
\ predikcni
\

model

J

N

4

odhadnuté stavy

manipulované veliciny

soustava

pozorovatel stavu

merené vystupy

https://www.mathworks.com/videos/series/understanding-model-predictive-control.html
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Model Predictive Control (MPC)
* Pro predikci vyuziva vnitfni model(y) —— —

B | ’ ’ \ » soustava ——

I nea rn I MPC regulator @O
—_ nehneéml' I odhadnuté stav éfené vy
4 pozorovatel stavu [ e

 MPC + Al

— predikéni model muze byt ve formé neural state space modelu
« Typické vyuziti MPC
— fizeni technologickych procesu

— autonomni rizeni vozidel

— robotika

30
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Tvorba MPC I

o H B 8 Jd & & O b B

Open  Save MPC VO Llinearize Import Import Blot Edit Compare Export
Session  Session  Structure  Attributes Model Plant Controller = Scenario ¥ Scenario ¥ Controllers v Controller +

FILE STRUCTURE IMPORT SCENARIO RESULT =
scenariol: Output

scenariol: Input

v 1 4
* rripravene rtunkce
Input Response (against internal plant) Qutput Response (against internal plant)
300 32
o V4 E /
— Z 5 280 /
u y y 38 ST 3 f —
g 2n0 Vi /
= |
Controllers |
p—— 260 |
pe 301 28 |
u 4 - - 2 |
» Graficka aplikace MPC Designer -
4\ MPC Designer - o X
MPC DI R TUNING
Sample time[ 0.1 ! : s . ]
" r ra . . r MPC Controller{mpcSoft_~ | G % @ Ropust Closed-Loop Performance Aggiessive | L7 &a ﬁn
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A HUMUSOFT
Reinforcement learning (RL)

* Metoda strojového uceni
— pocitacovy agent se uci optimalnimu chovani opakovanou interakci s dynamickym prostredim

 Cil: maximalizovat odménu v dlouhodobém ¢asovém horizontu

« Algoritmus policy 4 agent N\

— hluboka neuronova sit’ (nejCastéji) policy

— implementuje: regulatory, rozhodovaci algoritmy pozorovani Gprava akce
* Pro komplexni systemy algoritmp::.cy

— kde jsou tradicni metody obtizne formulovatelné fe"lggﬁ?r?;ent

\_ J
odmena T

prostredi
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Nastroje pro reinforcement learning

 RL ,prostredi”

— vytvorené v MATLABuU

— model systému v Simulinku

« Navrh, uCeni a simulace agenta

— pfipravené funkce

— Reinforcement Learning Designer app
« Simulink: pripravené bloky

— RL Agent — simulace a uCeni agenta

&

£ HUMUSOFT®

REINFORCEMENT LEARNING TRAIN SIMULATE TRAINING RESULT ]
J
£ & @& &% &
Open  Save Import New Mew Edit | Export
Session Session = = 4 4
FILE ENVIRONMENT | AGENT | RESULTS =
Agents agent1_Trained agent! Training Progress
agent1 - 1
agent_Trained + Overview
Episode number. 536/10000
Start time: 13-Jan-2023 11:15:42
~ Hyperparameters
Duration: 00:06:11
Agent Options Critic Optimizer Options
Final result Training finished after all

Environments

Discrete_CartPole

Dicount tacor —

Execution environment  (® CPU (O GPU

» More Options

Experience buffer length

Learn rate 0.0001
Gradientthreshold | int]

» More Options

agents reached stop iraining

criteria.

Training Information

Agent
riDQMNAgent

Status

Training finished

Results

an-2023 13:11:18

Episode Mumber

trainStats1
experiencel
trainStats 1
500 Episode reward for CartPoleDiscreteAction with rIDQNAgent
400
B
§ 300
Preview _g
experiencel = i 200
K-3
i w
100
o le
Zgent: ageatl_Trained 0 "
e O, T e 0 100 600

Episode Information (rIDQNAgent):

Episode reward. 500
Average reward: 500
Episode Q0: 56.147
[ More Details_. |
Plot Options
Show EpisodeQ0
[[] Show last N episodes
——« Episode reward Episode Q0

Average reward

[ Training result opened: trainStats1

4]

— Policy — simulace a nasazeni naucené funkce policy

* Reinforcement Learning Toolbox

33



P
B 7

£ HUMUSOFT

Automaticke generovani kodu pro aplikace v realnem case

* Prototypovani a testovani systému — PC s mérici kartou, real-time simulator

« Generovani optimalizovaného embedded kodu pro zvolenou cilovou platformu
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