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Zakladné body prezentovaného problému

I. ziskanie matematickych modelov pre:

: systém jednoduchého klasického inverzného kyvadla
: systém jednoduchého rotaéného inverzného kyvadla

m system jednosmerneho (DC) motora s aplika¢nym vyuzitim pre
systémy inverznych kyvadiel

II. navrh strategie riadenia systémov jednoduchych
inverznych kyvadiel

°  vysvih kyvadla z dolnej stabilnej do hornej nestabilne;
rovnovaznej polohy

- stabilizacia kyvadla v hornej nestabilnej rovnovaznej polohe

ITI. simula¢né overenie navrhnute stratégie riadenia a
zhodnotenie dosiahnutych vysledkov



Inverted Pendula Modeling and Control - IPMaC
(kniznica funkcnych blokov)
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Inverted Pendula Demcm

Modeling and Linearizatitg Tools

Showing: Inverted Pendula Modeling and Controal

stavové riadenie

modely inverznych kyvadiel

motory

vstupno-vystupné bloky

vysvih do hornej polohy

demonstracné simulacie

GUI nastroje



Il.
Matematickeé modelovanie systemu
jednoducheého klasického a rotacného
inverzného kyvadla - vseobecny pristup



I1. A. 8.5. 2012
Jednoduché klasické a rotacné inverzné kyvadlo - schéma
a parametre

R (1) jednoduche klasicke jednoduche rotacné
inverzné kyvadlo inverzné kyvadlo
silovy model momentovy model




Inverted Pendula Model Equation Derivator

(automatické odvodenie matematickych modelov)

vyber typu systému a poctu kyvadiel

- Inverted Pendula Model Equation Derivator

Inverted Pendula

spustenie procesu
odvodenia

ModLI Equation Derivator
— Invel pendula 2ystem fype.

Number of pendula:

Icrne {single inverted pendulum) vl

Type of system—M M —
|75) classical ‘

() rotary

[ Derive model equations...
Classical Single Inverted Pendulum Motion Equations
Parameters:

F - input force

m0 - cart mass, m1 - pendulum mass

11 - pendulum length

deltal - cart friction, deltal - pendulum damping

JT1 - pendulum moment of inertia

fill - cart position, fi1 - pendulum position, dfi0 - cart velocity, dfi1 - pendulum angular velocity

|- Model equations

Cart equation:

— (1l*mi*sin(fil) *dfil~2)/2 + delta0*dfi0 + d2fi0*(m0 + ml) + (d2fii*li*mi*cos(fil))/2

Pendulum equation:

d2fil* ((m1=11"2)/4 4+ JT1) + deltal=dfil + (d2fi0*1i*ml*cos(fil))/2 -

(g*li*ml*sin (£il))/2

odvodené pohyboveé rovnice
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Zovseobecneny pristup k modelovaniu systémov
inverznych kyvadiel

Popis systému: 0(t):(90(t) Hl(t) Hn(t))T

poloha vozika/ramena vychylky kyvadiel

system n klasickych inverznych kyvadiel systém n rotacnych inverznych kyvadiel

Minimélna forma ODE: M (@(t))éi(t) + N (8(t).0(t))é(t) + P(o(t)) =V (t)



Simulaéné modely inverznych kyvadiel (funkéné bloky)

Inverted Pendula
Modeling and Control
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Inverted Pendula Models

fil cart position &

fil pendulum angle &

F external force on the cart

dfiddt cart velocity »

dfitdt pendulum angular velocity =

Classical Single Inverted Pendulum

fi0 can position &

fi1 lower pendulum angle «

fi2 upper pendulum angle &

F external force on the cart

dfidt cart velocity 5

dfi 1dt lower pendulum angular velocity g

dfi2dt upper pendulum angular velocity g

Classical Double Inverted Pendulum

Rotary Single Inverted Pendulum
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Modelovanie systému jednoduchého klasického

inverzného kyvadla
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funkcny blok Classical Single Inverted Pendulum

fil pendulum a

e

> dfildt pendulum angul

subsystém vozika (Cart)

\

fil cart position

fi1 pendulum angle

F external force on the cart

dfi0dt cart velocity

dfi1dt pendulum angular velocity

Classical Single Inverted Pendulum

subsystém kyvadla (Pendulum)
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Modelovanie systému jednoduchého rotaéného
inverzného kyvadla

subsystem kyvadla (Pendulum)  ™Retary Single imerted Penduium
subsystém rotacného ramena (Arm)

v
| ol _— L _— L _— L _— L _— L _— L _— L _— L I
@
fil pendulum angle I
M external torque i ag e »
> |
dfildt pendulum angular velocity
> > dfiodt arm angular velocity > I
- %
g |
m
endulu I



Modelovanie DC motora s aplikachym vyuzitim pre systémy

inverznych kyvadiel (funkcny blok)
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Modeling and Control

-
B Simulink Library Browser

o=l g

File Edit View Help
0 @ = | Enerseachten ~ §4

Lih{aﬂ_es

= Additional Math & Discrete
B Aerospace Blockset

i B Communications Blockset
B Control System Toolbox
B Data Acquisition Toolbox
- EDA Simulator Lin
-8 Embedded IDE
& Fuzzy Logic Tod{po
- Gauges Blockset
W Image Acquisition Toalbox
- Instrument Control Toolbox
:
-9 Model Predictive Control .
T Meural Network Toolbox

B OPC Toalbox

- REX Industrial Blockset
-8 RF Blockset

- Real-Time Windows Target
B Real-Time Warkshop

W Real-Time Waorkshop Em...
-8 Report Generator

-8 Robust Contral Toolbox

- B Signal Processing Blockset
- SimEvents

- B SimPowerSystems

- B Simscape

Library: Inverted Pendula Modeling 3p

Inverted Pendula Models

Inverted Pendula Motors

Inverted Pendula Sinks and Sources

Inverted Pendula Demo Simulations

Modeling and Linearization Tools

Showing: Inverted Pendula Modeling and Control

”

Inverted Pendula Motors

DT Motor for lnverted Pendula Systems




Model DC motora v tvare prevodného vzt'ahu F/V, M/V

systém IK

7.0 C r napatovy model

]
14 v 4 2 2
systém rotacného _ kimkg jgdks |
inverzného kyvadla: M (t) - Va (t) R & (t)
a

a DC Motor for Inverted Pendula Systems

-
P . kmkg kf%lk; C/
systém klasického  F (t) = Vo (t)=——°6,(t)
inverzného kyvadla: R,r R.r

DC Motar for Inverted Pendula Systems




1.
Navrh stratégie riadenia systémov
jednoduchych inverznych kyvadiel



(ciel riadenia: vysvih kyvadla z dolnej stabilnej do hornej
nestabilnej polohy, zachytenie a stabilizacia)

prepinaci mechanizmus (transition/switching mechanism)

q
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Riadenie systémov inverznych kyvadiel pouzitim kniznice
Inverted Pendula Modeling and Control

'PMaC = Ciel riadenia Der i vat o

——Fﬁl_ | nvert ed \
1. Vysvih kyvadla 2. Stabilizacia Ryvaa[a

do hornej polohy Pendul a v hornej polohe
Model s

* ¢ —TT neari zat or
Ne[inearny stavovy Linearny stavovy Ne[inearny stavovy

model kyvadla model kyvadla model kyvadla
 energetické metody - metodda umiestnenia - metoda stavovo zavislej
 metédy umelej polov — pole-placement Riccatiho rovnice
inteligencie - metbdéda optimalneho « metdda exaktnej
riadenia — LQR linearizacie
| nvert ed Pendul a ¢ PID/PSD algoritmus « metody umelej
Swi ng- up inteligencie

| nvert ed Pendul a Contr ol



Funkcny blok zabezpecujuci vysvih kyvadla

Inverted Pendula
Modeling and Control
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Inverted Pendula Swing-up

Swing-up Controller




Implementované riadiace zakony pre vysvih kyvadla
na energetickej baze

I —
EJ Function Block Parameters: Swing-up Controller ﬂ

Swing-up controller for inverted pendula systems coupled with switching mechanism, {mask) Jink)

/,
absolute value controller v ‘ ‘ms.ine value controller v ‘
u(t) = unsg n(él(t)‘el(t)‘) u(t) = —umsgn(él(t) cosel(t))
: [zemspeedmnmler v

u(t) = u,san(6,(t))



Funkcné bloky zabezpecujuce stavoveé riadenie
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III. B. 8. 5. 2012
Spatnovazobné stavové riadenie - princip a ciele riadenia

riadenie na pozadovanu poziciu vozika / rotacného ramena

\ du(') kompenzacia poruchového signalu

riadenie z pociatocného
rozvazenia kyvadla

riadenie do rovnovazneho (nenulové pociato¢né podmienky,

stavu (pociatok suradnicoveho

systému) estimacia stavu systemu v kazdom okamihu



e —
B [nverted Pandula Madel Li

Inverted Pendula

Modlel Linearizator &
Discretizer

I1l. B.
Inverted Pendula Model Linearizator & Discretizer

vyber typu systému a poctu kyvadiel

— Model par

Cart mass (m0):

Number of pendula:

!one (single inverted pendulum) v'

— Type of sysh

|- Inverted pendula systemtype ———

Pendul mass (m1):

| Arm length (10):

|" 0.275 | Pendulum length (I1):

| os | Friction coefficient (delta0):

| o5

| Damping coefficient (deltal):

) classical
@ rotary

— Motor pi

Include DC motor?

Motor torque constant (Km):

Gearbox ratio (Kg):

&7 Motor resistance (Ra):

| 37 | Motor pinion radius {r):

| Linearize system...

Pendulum position: i_u__p

OIS TME sﬁe—spﬂc& RGeS

State matrix A:

Input matrix B:

Output matrix C:

o o 1 o o 1 o o o
o o o 1 ] ] 1 ] ]
0 143243 35435 0 0.1288
0 552138 63783 0 -0.2318
Direct feedthrough matrix D:
o
0
[ Discretize system... ...} Sampling ime: | 0.01 |
DS CTEleTIME SIalE-Space Manices
State matrix F: Input matrix G: Qutput matrix C:
1 -7.0816e-04 0.0098 -2.36702-06 6.3655¢-06 1 o o o
] 10027 3.1532e-04 0.0100 -1.1461e-05 o 1 o o
o -0.1408 0.9652 -7.0816e-04 0.0013
o 0.5481 0.0827 1.0027 -0.0023

Direct feedthrough matrix D:

o
o

parametre
systemu

parametre
motora

matice po
linearizacii

matice po
diskretizacii



V.
Overenie a vyhodnotenie navrhnutej
riadiacej stratégie



Demonstracné simulacie vysledkov metod vysvihu a
naslednej stabilizacie kyvadla
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V.

8.5. 2012

Vysledky simulacii vysvihu kyvadla pomocou 3 réoznych
metdd a naslednej stabilizacie metédou LQR

Cart Position - Swing-up and Stabilization
Classical Single Inverted Pendulum
T T T T T T T

Cart position [m]

| |
== Absolute value controller _ _
==Zero speed controller
==Cosine value controller

I
10 12 14 16

8
Simulation time [s]
Arm Angle - Swing-up and Stabilization
Rotary Single Inverted Pendulum
150 I T I
| | | | |
| | | | |
100 ==Absolute value controller
==Zero speed controller
= ==Cosine value controller
A 1 || B,
@ | | | | |
(=] | | | | |
S | | | | |
é 9 | | | | |
< | | | | |
| | | | |
| | | | |
SO - -§ T e
| | | | |
| | | | |
| | | | |
1 1 1 1 1
100 10 12 14 16 18 20

8
Simulation time [s]

Pendulum angle [deg]

Pendulum angle [deg]

Pendulum Angle - Swing-up and Stabilization
Classical Single Inverted Pendulum

50

T T T
|
|

==Zero speed controller

T
| |
| |
| |
| |

4-------- - - -==Absolute value controller- - - -
| |
| | .

==Cosine value controller

L L L L 1
] 10 12 14 16 18 20
Simulation time [s]

Pendulum Angle - Swing-up and Stabilization
Rotary Single Inverted Pendulum
\

50

I I I I

I
I I I I I
[

| | | |

| | | | |
| ' ' ' ' P
! == Absolute value controller
e 1==Zero speed controller  _ _ |

N [ I

| | | | | |

| | | | | |
T TR [ (P

| | | | | |

| | | | | |
T TR [ (P

| | | | | |

| | | | | |
T TR [ (P

| | | | | |

| | | | | |

I I I I I I

6 8 10 12 14 16 18 20

Simulation time [s]

Classical Single
Inverted Pendulum
Swing-up and
Stabilization
(force model)

Rotary Single
Inverted Pendulum
Swing-up and
Stabilization
(torque model)



Swing-up and Stabilization of Classical Single Inverted Pendulum

8.5. 2012

V.
Vysledky simulacii vysvihu kyvadla a naslednej stabilizacie -
porovnavanie vplyvu roznych hodnot vstupného zosilnenia

Swing-up and Stabilization of Classical Single

Cart Position

Cart Position [m]

Inverted Pendulum - Pendulum Angle

50
. = [ Classical Single
- £ | |z Inverted Pendulum
S 0 o S e - Swing-up and
fffffffffffffffffffffffffffffff izz I\ | Stabilization
Y S AN S VYN A (voltage model)
S T TV A B B e T ETE

4
Simulation time [s]

Zaver:

4 5 6
Simulation time [s]

- c¢as vysvihu nepriamo imerny vstupnému zosilneniu
- neobmedzené zvySovanie zosilnenia sp6sobuje rast uhlovej rychlosti kyvadla
- pri nizkych hodnotach zosilnenia je potrebny vacsi pocet vysvihov, ¢im sa

vozik / rameno

v oboch pripadoch sa stav systému moze vzdialit od rovnovazneho stavu tak,
ze prepinact mechanizmus je netispeSny



Zhodnotenie dosiahnutych vysledkov

« navrh stratégie riesenia problému vysvihu a
stabilizacie jednoduchych inverznych kyvadiel
(klasické a rotaéné inverzné kyvadlo)

 kniZnica funkénych blokov Inverted Pendula
Modeling and Control

= programovy ramec pre riesenie loh modelovania a
riadenia systémov inverznych kyvadiel

> vhodny nastroj pre navrh a overenie hybridnych metéd
riadenia nelinearnych systémov
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Dakujem za pozornost.



