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ABSTRAKT

Cilem této prace je vytvofeni studijnich ndvodl a opor pro predmét Teorie automatického
fizeni I. V teoretické Casti je stru¢n¢ nastinén obsah prezentaci tvofenych v programu
PowerPoint. V praktické c¢asti jsou samotné prezentace a také vzorové protokoly.
Prezentace i1 protokoly jsou vypracovany v anglickém jazyce a méli by slouzit k vyuce
zahrani¢nich studentll studujicich na nas$i fakulté. Simulace pochodi ve vzorovych

protokolech jsou provedeny v prosttedi MATLAB/SIMULINK.

Kli¢ova slova:

Linedrni spojité dynamické systémy, laplaceova transformace, pienos systému, stabilita,

regulacni obvod, regulétor

ABSTRACT

The aim of this work is creating study instructions and supports for the subject Theory of
automatic control I which is held in the bachelor study. The theoretical part outlines the
brief content of further subject presentations in PowerPoint environment. In practical part
then the slides of presentations follow as well as sample exemplary laboratory protocols.
Both of them are in English language and intended for foreign students studying in the
faculty. Simulations of behaviour in exemplary protocols are performed in the program

MATLAB/SIMULINK.

Keywords:

Linear continuous dynamic systems, laplace transform, transfer function, stability, control

system, controller.
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UvVoD

Proces automatizace pronikd témét do vSech oblasti spolecenského Zivota od materidlni
vyroby pfes organizaci, pldnovani, aZz po fizeni spoleCenskych procest. Automatizace
vyrobnich procesii pfinasi: zjednoduSeni, zkraceni doby vyroby, zvyseni kvality, zefektivnéni
prace, snizeni vyrobnich ndkladli, zvySeni stability vyrobniho procesu,aj. Automatizace
umoZziuje piesné a rychlé zméfeni, vyhodnoceni namétfenych hodnot a provedeni
potiebného zdsahu. Také umoZznuje zavedeni rozsihlé operacni a mezioperacni kontroly
bez zvySeni poctu kontrolnich pracovnikli. Odstranéni lidskych faktorid z vyrobniho procesu
zvysuje jeho kvalitu i spolehlivost a zvySuje jeho piesnost. Clovek se zbavuje t&7ké, fyzicky

vvvvv

neobejde zadny vyrobni nebo technologicky proces.

Ukolem piedmétu je nastinit studentiim problematiku automatického fizeni a seznamit je se
zdkladnimi pojmy z této oblasti. Tato bakaldiskd prace je zaméfena na vytvoteni studijnich
ndvodl a opor pro piedmét Teorie automatického fizeni I. Jednak byly pomoci programu
PowerPoint vytvotfeny prezentace, které budou slouzit k podpofe piedndSek a jednak také
vzorové protokoly ve formé pdf slouZici na podporu laboratornich cvieni, to vSe

v anglickém jazyce.
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I. TEORETICKA CAST
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1 UVOD DO TEORIE SYSTEMU

Systém — je soubor prvkl, mezi nimiZ existuji vzajemné vztahy a jako celek ma urcité
vztahy ke svému okoli.
KaZzdy systém je charakterizovan dvéma zdkladnimi vlastnostmi:

1. chovani systému, charakterizujicim jeho vné&jsi vztahy k okoli. Chovani systému je
zavislost mezi podnéty okoli systému pusobicimi na jeho vstup a pfisluSnymi
odezvami objevujicimi se na jeho vystupu.

2. strukturou systému, charakterizujici jeho vnittni funk¢éni vztahy. Strukturou systému

rozumime jednak zplisob uspofddani vzajemnych vazeb mezi prvky systému a jednak

chovani téchto prvki.

Obé¢ tyto vlastnosti systému jsou ve velmi izkém vztahu, ktery lze charakterizovat jednak,
Ze urcité struktufe odpovidd jednoznacné urcité chovani a naopak, Ze urcitému chovani

odpovida ttida struktur, definovana timto chovanim.
Rizeni — je cilevédomé plisobeni na objekt s cilem zajistit Zddané chovini tohoto objektu.

Rizeni mizeme rozd¢lit na ovladani (oteviené fizeni, fizeni bez zpétné vazby) a regulaci

(uzaviené fizeni, zpétnovazebni fizeni)

RIZENI

—

OVLADANI REGULACE

Pro teorii automatického fizeni md velky vyznam redukce systému na jeho matematicky

model, kterd se nazyva identifikace.

Analytickd
Identifikace /

~

Experimentaln{
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2 LAPLACEOVA TRANSFORMACE

Laplaceova transformace (L-transformace) pfedstavuje velmi dcinny ndstroj pfi popisu

chovani tj. analyze a syntéze, spojitych dynamickych systémd.

Ucelem transformace je pfevést sloZitou dlohu z prostoru origindlu do prostorti obrazli, kde

se tato tloha vyfesi velmi snadno a pak se pfevede zpét do prostoru originélu.

ULOHA V - ULOHA V
ORIGINALE g OBRAZE
RESENI V ORIGINALE RESENI V OBRAZE
A \ 4
VYSLEDEK V . YSLEDEK
) . ZPETNA VYS v
ORIGINALE | OBRAZE

Obr. 1. Postup vypoctu pii pouziti Laplaceovy transformace

2.1 Prima Laplaceova transformace

(Ur€eni obrazu k danému originélu)

- pomoci vztahu

kde

S(t) ... origindl — redlnd funkce definovand v ¢asové oblasti te (0,00)

F(s) ... obraz — komplexni funkce definovana v oblasti komplexni proménné
Aby funkce f{(t) byla origindlem, musi byt:

1. nulova pro zdporny cas, tj.

f(t) pro t=0,
f(t) = {

0 pro t<0,
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2. alesponi po ¢astech spojita,

3. exponencidlniho fadu, tj. musi vyhovovat nerovnosti
‘f(t} < Me™,

kde M > 0; 00 € (-0, ), t € {0, )

2.2 Zpétna Laplaceova transformace

- pomoci vztahu

F0= L) =5 f R as > 0= L EO) =55 [Flskas

- pomoci véty o residuich

pro origindl f{(t) plati:

f0)=2 res|F(s)”

kde s = p; jsou pdly funkce F(s) a res[F (s)e” ] jsou residua pro jednotlivé poly p..

Pro n-ndsobny pél plati:

res[F(s)e""]: (nil)! }g}; :Jisnn_—ll [(S —Pi )nF(S)en]

n je ndsobnost (fad) singuldrniho bodu (pélu) obrazu F(s)

Pro nendsobny p6l (n = 1) plati:
res[F (5)e” ] = lim [(s —p,)F (s)e""]
S=>p;

- pomoci slovniku

Pro jednodussi funkci F(s) lze pouZit (k ziskdni origindlu f(t) ) pfimo slovnik.

vvvvvv

poté najit origindl f(t)ve slovniku. Rozklad na parcidlni zlomky lze provést jednak metodou

neurcitych koeficientu, ale také pouZzitim Heavisideova rozvoje.
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3 LINEARNI SPOJITE DYNAMICKE SYSTEMY (LSDS)

Chovéni spojitého systému s jednou vstupni a jednou vystupni veli¢inou lze popsat linearni

diferencidlni rovnici s konstantnimi souciniteli ve tvaru:
Yy (e)+ a(n_l)y(”_l)(t)+ ot a,y'(1)+a,y(t)=b,u™ 1)+ ...+ byulr)
kde
a;, bj jsou konstantni koeficienty
u(t) — vstupni veliCina
y(t) — vystupni veli€ina
Popis dynamickych vlastnosti linedrniho systému, lze rozdélit na dvé skupiny:
Vnéjsi popis systému - vyjadiuje dynamické vlastnosti déjii mezi vstupem a vystupem

systému. Pfi vnéjSim popisu systému je systém povazovéan za Cernou skiiiiku se vstupem a

vystupem. Analyzuje se pouze reakce systému na vstupni signdly.

- linedrni diferencidlni rovnice systému,

- penos systému (v Laplaceové transformaci),

- nuly a pdly pfenosu systému,

- ptechodov4 funkce a charakteristika,

- impulsni funkce a charakteristika,

- frekvencni pienos,

- amplitudoveé-fazova frekvencni charakteristika v komplexni roviné (Nyquistova kiivka),

- frekvenc¢ni charakteristiku v logaritmickych soufadnicich (Bodého ktivka).

Vnitini popis systému —Vyjadiuje dynamické vlastnosti reakci mezi vstupem, vnitinim

stavem a vystupem systému. Vnitini popis vede na tzv. stavovy model systému.

Pienos systému - je definovdn jako pomér Laplaceova obrazu vystupni veli¢iny k
Laplaceové obrazu vstupni veli¢iny pfi nulovych po¢atecnich podminkéch.

G(S)Z Y(S): _ bmi‘n_l';'...'FbO
U(s) s +a, s ' +..+as+a,
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Nuly a pély pienosu systému

Pdly jsou kofeny jmenovatele pienosu systému. Nuly jsou kotfeny Citatele prenosu. Nuly a
poly mohou byt redlné, komplexné sdruzené nebo ryze imagindrni. Nuly rozhoduji o
fazovosti systému, poly rozhoduji o stabilité. Poly v pocatku predstavuji integracni
charakter pfechodového déje systému. Nuly v pocatku urcuji derivacni charakter
ptechodového déje systému. PSly a nuly leZici nalevo od imaginarni osy jsou stabilni, kdezto
ty co lezi vpravo jsou nestabilni. PSly ¢i nuly leZici na imagindrni ose jsou tzv. na hranici

stability.
Piechodova funkce a charakteristika

Prechodova funkce je odezva systému na jednotkovy (Heavisidetiv) skok pii nulovych
pocateCnich podminkach. Piechodové charakteristika je grafické znidzornéni piechodové

funkce. Tato funkce je oznacovana A(t).

Impulsni funkce a charakteristika

Impulsni funkce je odezva systému na jednotkovy (Diractiv) impulz pii nulovych
pocateCnich podminkdch. Impulsni charakteristika je grafické zndzornéni impulsni funkce.

Tato funkce je ozna¢ovana i(t).

Frekvenéni pienos

Frekvenéni pfenos je pomér Fouriérovych obrazii vstupnitho a harmonického signilu ku

vystupnimu pfi nulovych pocatecnich podminkach. Frekven¢ni pienos je znacen G(j®).

Amplitudové fazova frekvencni charakteristika - je zobrazeni frekvencniho pifenosu

v komplexni rovin€. Nazyv4 se také Nyquistova kiivka.

Logaritmické frekvencéni charakteristiky - je grafické zndzornéni frekvencéniho ptenosu

v logaritmickych soufadnicich. Existuji dva druhy téchto frekvencnich charakteristik:
- logaritmickd fdzova charakteristika
- logaritmickd amplitudova charakteristika

Tyto logaritmické charakteristiky byvaji oznaCovany jako Bodeho Ktivky
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4 STABILITA REGULACNIHO OBVODU

Stabilita dynamického obvodu je schopnost vritit se po vychyleni zpét do ptivodniho

sV 2

rovnovdazného stavu. Toto vychyleni je vzdy zplisobeno nenulovymi pocate¢nimi
podminkami.(A.M.Ljapunov ~ 1895). Z hlediska stability rozliSujeme regulacni obvod

stabilni, na mezi stability, nestabilni.

4.1 Kritéria stability

Kfritéria stability LSDS umoziiuji rozhodnout o stabilit¢ uzavieného regulacniho obvodu bez

vypoctu jeho kofentl. Tato kritéria délime na dvé skupiny.

4.1.1 Algebraicka kritéria stability

Tato kritéria vychdzeji =z charakteristické rovnice dynamického systému, resp.
z charakteristického polynomu dynamického systému. Pomoci téchto kritérii lze
rozhodnout, zda systém je stabilni nebo neni stabilni, ale neddvaji informaci do jaké miry
je systém tlumeny. Kritéria nelze pouZit pii vySetfovani stability systéml s dopravnim

zpozdénim. Mezi algebraicka kritéria stability patfi:
- Hurwitzovo kritérium

- Routhovo-Schurovo kritérium

4.1.2 Geometricka kritéria stability
- Michajlovo-Leonhardovo kritérium

- Nyquistova kritérium
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5 BLOKOVA ALGEBRA

5.1 Zakladni zapojeni

RozliSujeme sériové, paralelni, zpétnovazebni (antiparalelni) zapojeni.

5.1.1 Sériové zapojeni

U sériového zapojeni plati, Ze vysledny pifenos je didn soucinem jednotlivych sériove

fazenych pfenost.

E— Gi(s) Ga(s) — > = — G(s) —»

Obr. 2. Schéma sériového zapojeni

5.1.2 Paralelni zapojeni

U paralelntho zapojeni je celkovy pienos roven souctu jednotlivych paralelné fazenych

u Gi(s) y
T SNy IR
Ga(s)

Obr. 3. Schéma paralelniho zapojeni

prenostl.

A 4

A 4

6.(5)=") G (5)+6,05)

L/(s)

5.1.3 Zpétnovazebni (antiparalelni) zapojeni

U zpétnovazebniho zapojeni je vysledny pienos dédn zlomkem, kdy v ¢itateli je pfenos piimé

vétve a ve jmenovateli 1 £ soucin pfenost v piimé a zpétnovazebni vétvi.
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= —» Gy(s) ——»

\ 4

Gi(s)

(+)

Ga(s)

Obr. 4. Schéma zpétnovazebniho zapojeni

Rozvétvené regula¢ni obvody

Jednoduché jednorozmérové regulacni obvody mohou sphiit vétSinu béznych regulacnich

(2% TP PP T S TS (RS PR it PR AR PR 2T ) 2

ukolti. Pfi vysSich pozadavcich na piesnost a dynamiku regulace, hlavné u slozitéjSich
regulovanych soustav, jsou jejich moznosti omezené. PouZitim rozvétvenych obvodil se

ziskaji lepsi dynamické i statické vlastnosti celého systému.

Pouzivaji se zejména néasledujici typy rozvétvenych regulacnich obvodu:
a) s méfenim poruchy

b) s pomocnou ak¢ni veliCinou

¢) s pomocnou fizenou veli¢inou

d) s kompenzaci dopravniho zpozdéni — Smithtv prediktor
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6 METODY NASTAVENI PID REGULATORU

Podle standardni literatury je PID pfenos uvaZzovén ve tvaru

Gy(s)=r, + L+ rs nebo GR(s):kp[l+L+TDsj
S

1S

1. Ziegler — Nicholsova metoda kritického zesileni

Zékladni myslenkou této metody je pfivést regulacni obvod na hranici stability. Toho se
dosdhne pouZitim pouze proporciondlni slozky PID reguldtoru ve zpétné vazbé. Integracni a
derivacni slozky jsou vytazeny. ZvySuje se zesileni kp (19), azZ k hodnot¢ kritického zesileni
ke (ror), a periodu kritickych kmitt 7' (7)), tak aby byl obvod na hranici stability. Podle
pouzitého reguldtoru vybereme vhodny vztah z tabulky a dosadime ziskané hodnoty, ¢imZ
dostaneme parametry reguldtoru.

yo !

ANVAY
/ VA

Ty

.
>

A

Obr. 5. Urceni Tk pf'l Yok

Hodnoty kritického zesileni a kritické periody kmitii se daji urcit také jinym zptsobem, a to
vlozenim relé (Héagglund 1983 — autotuning) do zpétné vazby regulacniho obvodu a

naslednym vypoctem.
2. Nastaveni z piechodové charakteristiky (aperiodického typu)
Z namétené prechodové charakteristiky regulované soustavy odecteme hodnoty 7,, T,, K.

kde: T, ... dobanédbéhu, T, ... doba pritahu, K ... zesileni

Pomoci téchto hodnot vypocteme parametr y podle vztahu

_Tn
ary
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() !

_— ‘

T. T, t

A

Obr. 6. Urceni parametrt K, T, a T,

Nésledné vybereme z tabulky vztah odpovidajici ptislusnému typu reguldtoru, a dosazenim

ziskanych hodnot do tohoto vztahu dostaneme parametry reguldtoru.
3. Cohen — Coonova metoda

Vychdzi se z tii-parametrového modelu

K o
GS(S):1+sTe .

Tato metoda je navrZena tak, ze davd pomér tlumeni 1/4. To znamend, Ze tato metoda

navrhu regulatoru bude mit odezvu u druhého kmitu ¢tvrtinu prvni amplitudy.

Dalsi metody:

- metoda vyvdZeného nastaveni

- vyuziti kritické stability pro ndvrh reguldtorti
- Whiteleyho standardni tvary

Tyto metody jsou podrobné popsany v prezentacich
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7 SYNTEZA REGULATORU

1DOF konfigurace systému fizeni

Systém s jednim stupném volnosti (pouze se zpétnovazebni ¢asti regulitoru)

X A

w e lg i Y
O (s) —»@—» Gs(s) —H%I—"—b

Obr. 7. 1DOF konfigurace systému fizeni

kde Q(s) — ptenos reguldtoru, Gs(s) — pienos soustavy, w — Zddand hodnota, v — porucha na

vstupu, n — porucha na vystupu.

Ptenos soustavy

kde a(s), b(s) jsou nesoudélné polynomy u nichz je uvazovano, ze deg b <deg a, tzn. Ze

prenos je ryzi, g(s) a p(s) jsou také nesoudélné polynomy.
Obecné pozadavky na vlastnosti systému Fizeni
¢ stabilita systému fizeni
zajistuje zpétnovazebni ¢ast reguldtoru Q(s) dany feSenim diofantické rovnice ap + bg = d
< vnitini ryzost systému fizeni
musi byt splnéna podminka deg g < deg p
© asymptotické sledovani referencniho signalu a kompenzace poruch pisobicich v systému

musi platit pro regula¢ni odchylku }im[e(t)] = lirr(}[s . e(s)] =0
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2DOF konfigurace systému fizeni

Systém se dvéma stupni volnosti (s pfimovazebni i zpétnovazebni ¢asti)

W

—» Rys) ly l n
"

) u i !
Ofs) Gafs) —»

¥

Obr. 8. 2DOF konfigurace systému fizeni

kde Q(s) — zpétnovazebni ¢4st reguldtoru, R(s) — pfimovazebni ¢ast reguldtoru,
Gs(s) — prenos soustavy, w — Zddand hodnota, v — porucha na vstupu, n — porucha na

vystupu.

Pienos soustavy

s vz

Pfenos zpétnovazebni a pifimovazebni ¢asti regulatoru

ORRND
A= K=

kde a(s), b(s) jsou nesoudélné polynomy u nichz je uvazovano, ze deg b <deg a, tzn. Ze
prenos je ryzi, g(s), p(s), r(s) a p(s) jsou také nesoud€lné polynomy.

Obecné pozadavky na vlastnosti systému Fizeni

¢ stabilita systému Fizeni

s vz

zajistuje zpétnovazebni ¢ast regulitoru Q(s) dany feSenim diofantické rovnice ap +bg =d
< vnitini ryzost systému fizeni deg ¢ < deg p

musi byt splnéna podminka ryzosti pfenosu zpétnovazebniho regulidtorudeg g < deg p

a podminka ryzosti pfenosu piimovazebniho reguldtoru deg r < deg p

© asymptotické sledovani referencniho signdlu a kompenzace poruch ptisobicich v systému

musi platit pro regula¢ni odchylku }im[e(t)] = lirr(}[s . e(s)] =0
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II. PRAKTICKA CAST
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8 PREZENTACE

8.1. Uvod, Teorie systémii

Theory of Automatic
Control

Department of Automation and Control
Engineering

Thomas Bata University in Zlin

1

Theory of Automatic Control

Content

1. System Theory
history, literature, system conception, classification of systems,
mathematic models, feedback, mechanic models, electrics models,
LCDS, differential equation, control system, SISO, MIMO

2. Laplace Transform
definition, properties, exploitation, patterns and pictures, dictionary
LT, differential equation, transport delay

3. LCDS (Linear Continuous Dynamic System)
various descriptions, transfer function, differential equation, unit
step response, impulse response, classification of LCDS, zero, pole,
amplitude response

Department of Automation and Control Engineering

Theory of Automatic Control
Content

4. Stability
definition, Lyapunov and BIBO stability, necessary and sufficient
condition, first necessary condition, minimum and nonminimum
phase

5. Block Diagram Algebra
feedback, control system — development and shapes, 1DOF,
2DOF, common control system, disturbance, sensitivity function
components, characteristics, quality of regulation process, Smith’s
predictor, saturation

Department of Automation and Control Engineering

Theory of Automatic Control

Content

6. Methods of setting PID regulators
Ziegler - Nichols, Whiteley, Naslin, Cohen — Coon, balanced setting
autotuning, relay control, identification and estimation of transfers,
introduction to the nonlinear systems

7. Synthesis of controller
range, solid, diophantine equations
project regulators by the help of algebraic methods, polynomial
synthesis 1. and 2. degree, pole placement, modification for transfer
delay

Department of Automation and Control Engineering

Theory of Automatic Control
Literature
English literature :

Bishop, R.H. : Modern control system using Matlab and Simulink.
Adison Wasley, Menlo Park, 1997

Moscinski, J., Odonowski, Z. : Advanced Control with Matlab and
Simulink, Ellis Horwood, London, 1995

Kuo, C. B. : Automatic Control Systems. Wiley, 2002

Department of Automation and Control Engineering

5

Theory of Automatic Control

Literature

Internet:
www.e-automatizace.cz

www.controlengcesko.com

Department of Automation and Control Engineering
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Theory of Automatic Control

Course description:

The aim of this subject is assumption of knowledge and practice of
identification, analysis and design of linear continuous dynamic systems.
It is intend on principle of identification, model of disturbances and
dynamic systems, control system structure, stability of linear control
systems, time- and frequency-domain analysis and design. It includes the
principles of the variable analysis and synthesis including observes.
Theoretical and practical lessons use software support from MATLAB .

Department of Automation and Control Engineering

7

Theory of Automatic Control
History:

J. Watt invented his steam engine in 1769,
and this date marks the accepted beginning of the Industrial Revolution.

problem associated with the steam engine is that of steam-pressure
regulation in the boiler, for the steam that drives the engine should be
at a constant pressure. In 1681 D. Papin invented a safety valve for a
pressure cooker, and in 1707 he used it as a regulating device on his
steam engine.

J.C. Maxwell provided the first rigorous
mathematical analysis of a feedback control system in 1868.

J.C. Maxwell

Department of Automation and Control Engineering 8

Theory of Automatic Control

we could call the period before about 1868 the prehistory of
automatic control.

we may call the period from 1868 to the early 1900's the primitive
period of automatic control. It is standard to call the period from then
until 1960 the classical period, and the period from 1960 through
present times the modern period.

In 1840, the British Astronomer Royal at Greenwich, G.B. Airy,
developed a feedback device for pointing a telescope. His device was a
speed control system which turned the telescope automatically to
compensate for the earth's rotation, affording the ability to study a
given star for an extended time.

Department of Automation and Control Engineering

9

Theory of Automatic Control

The early work in the mathematical analysis of control systems was in
terms of differential equations. J.C. Maxwell analyzed the stability of
Watt's fly ball governor [Maxwell 1868]. His technique was to linearize
the differential equations of motion to find the characteristic equation of
the system. He studied the effect of the system parameters on stability
and showed that the system is stable if the roots of the characteristic
equation have negative real parts. With the work of Maxwell we can say
that the theory of control systems was firmly established.

E.J. Routh provided a numerical technigue for determining
when a characteristic equation has stable roots [Routh 1877].

E.J. Routh

Department of Automation and Control Engineering 49

Theory of Automatic Control

The work of A.M. Lyapunov was seminal in control theory. He studied
the stability of nonlinear differential equations using a generalized
notion of energy in 1892 [Lyapunov 1893]. Unfortunately, though his
work was applied and continued in Russia, the time was not ripe in the
West for his elegant theory, and it remained unknown there until
approximately 1960, when its importance was finally realized.

The British engineer O. Heaviside invented operational calculus in
1892-1898. He studied the transient behavior of systems, introducing a
notion equivalent to that of the transfer function.

A.M. Lyapunov O. Heaviside

Department of Automation and Control Engineering 44

Theory of Automatic Control

The mathematical analysis of control systems had heretofore been
carried out using differential equations in the time domain. At Bell
Telephone Laboratories during the 1920's and 1930's, the frequency
domain approaches developed by P.-S. de Laplace (1749-1827), J.
Fourier (1768-1830), A.L. Cauchy (1789-1857), and others were
explored and used in communication systems.

Regeneration Theory for the design of stable amplifiers was
developed by H. Nyquist [1932]. He derived his Nyquist stability
criterion based on the polar plot of a complex function.

H.W. Bode in 1938 used the magnitude and phase frequency response
plots of a complex function [Bode 1940].He investigated closed-loop
stability using the notions of gain and phase margin.

H.W. Bode

Department of Automation and Control Engineering 45
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Theory of Automatic Control

N. Minorsky [1922] introduced his three-term controller for the
steering of ships, thereby becoming the first to use the proportional-
Integral-derivative (PID) controller. He considered nonlinear effects in
the closed-loop system.

R. Bellman [1957] applied dynamic programming to the optimal
control of discrete-time systems, demonstrating that the natural
direction for solving optimal control problems is backwards in time. His
procedure resulted in closed-loop, generally nonlinear, feedback
schemes.

Department of Automation and Control Engineering

1.System Theory

Department of Automation and Control
Engineering

13 Thomas Bata University in Zlin ,,
1.System theory 1.System theory
System — group of elements where exists relationship between them and Control — purposeful incidence on object with the aim of ensure requested
environment at the same time behaviour hereof object
Systems:  a) substantial (real) - engine, car, boat, boiler... Type of control: 1) manual
b) abstract (exemplar) - math functions, logic 2) automatic - direct (without power supply)
relationship, verbal formulations - indirect (with power supply)
Concrete abstract definition: EE zKaémﬁrLleggg In term of way: 1) continuous control
\A. Zadel b oo 2) logical control
Simplified technical-economic system: S)tectelcontio)
system S - entity set S={P.R,U,Y} Automatic control — removing productive process dependence
P - set of element on physiological property of man
R -setof _relatlors be_tween elements Automation — combination theoretical branches + engineering units
U - set of input magnitudes K X
Y - set of output magnitudes Control theory — Cybernetics - Norbert Wiener ~ 1948
Department of Automation and Control Engineering 45 Department of Automation and Control Engineering  4¢

1.System theory

Cybernetics — Interdisciplinary discipline with using:
- math (analyse, probability,...)
- logic (automats, recognition,...)
- information (transfer, signal noise,...)

Cybernetics - theoretical
- technical

Cybernetics braches — system theory, information theory, theory of coding,
theory of control, recognition figures, algorithm theory

Department of Automation and Control Engineering 47

1.System theory

Variable classification:

[ input variables | output variables

Department of Automation and Control Engineering 45
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1.System theory
System classification in accordance with relations:
static linear one-dimensional system deterministic
S
dynamic nonlinear multivariable system stochastic
t-var.
S
t-inv.
continuous
Dynamic general
system
discrete logic
finite count of state system
automat
Department of Automation and Control Engineering

19

1.System theory
Examples:

y=4u +8u, +161°, +28 oo static multivariable nonlinear

t-invar. system
Y'®O+9y'(®)+3y'(t)=u(t)+6u'(t) ..dynamic linear t-invar.
single —input / single —output system
Analytical

Identification Elicitation of mathematic model

Experimental

Department of Automation and Control Engineering 5o

1.System theory

Analytic mathematical models

1.Simple mechanical system with damping

Fp = c.y ... spring tension
IF" ° ]F‘ F=u ..outer power

m, b, ¢ ... constants
| N N

z

Solution:

- Newton’s low (balance of powers)

my"(l) = u(z)— by'(z)— cy(l)

Department of Automation and Control Engineering 54

F.=b.y’ ... power of steering dumper

1.System theory

- Transfer to differential equation second order
my"(e)+by'(r)+ cy(r) =ult)

- Gravitation field u(f) =m.g

- General solution of equation ()= k,e ™ +k,e ™',

al,2 aresolvingof m.a’+b.a+c=0
2. RLC electric circuit

U (t) ...input voltage

Y (t) ...output voltage on condenser
. I(t) ...current in circuit

i

Department of Automation and Control Engineering 55

1.System theory

1.Kirchoff's voltage low U=up+u,+u,

_ L di) | . 15,
u(t)—L7+Rl(t)+E'([z(r)dr
; T
y(l):%ji(r)dr y(t)

)"(1):%:‘(1) u(t)=LCy"(t)+ RCy'(t)+ y(t)

YO =570

Rem:1. again differential equation of second order

2 DOy - v
dr

Department of Automation and Control Engineering 53

1.System theory

3. Hot-water boiler (flow heat exchanger with mixing)

Tv(t) ... input temperature - disturbance variable
=

q ... flow rate V ...capacity

p... density C, ... heat capacity

Q(t) ... input energy — input variable
do — 7 (t) ... temperature — output variable
Energy budget

Department of Automation and Control Engineering 4
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1.System theory
dT (t
gpe, T, () +Q(t) = qpe,T(t)+Vpc, d; )

— e =

inputheat  warm-up effluent heat stored heat

V dT(t 1
Equation editing: gfw(z) ~T, )+

o@)

PCp
Substitution:  y(t) =7({) Q@) =u() Tv(t)=v()

1
Solution:  7y'(1) + y(1) = Ku@®)+w(r) , r=L | K=
v qpcp

Conclusion: 1. Different physical systems steer for same mathematical model
differential equation
2. Abstract mathematical model

Department of Automation and Control Engineering 55

1.System theory

G(s) characterize differential equation ==> transfer

u (t) ... input variable
y (t) ... output variable

3.What is linearity?
Operator L(u) = y is called linear <=> L(au, +u,) = arL(u)+ L(u,)
Y0 +2y(t) = 5u(r) } )
Linear
Y"(O)+2y")+ 5y (1) +10y'(r) =12u(r)

y'(@) +2[y(0)] =5u(t)
¥'(6)+2In y'(£) + 3y(t) = 10u(r)
YO +2y(0 =™

Nonlinear

Department of Automation and Control Engineering

v (t) ... disturbance variable

26
1.System theory u v 1.System theory
4.Control
— PO shucture
5.Feedback, examples ¥ ... controlled variable v ... manipulated variable
v w w ... desired variable v... disturbance
I % w—y = e... control deviation
t | 1.Classical structure
“‘”{ u() h(-){ - I‘"
h(t) = y(t) ... regulated (output) variable — elevation of liquid level
w... desired variable  w(t) ... manipulated variable v ... disturbance
Department of Automation and Control Engineering 57 Department of Automation and Control Engineering  ,g

1.System theory

2.Modern structure

Controlled
system

Department of Automation and Control Engineering 59
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8.2. Laplaceova transformace

epartment

II 2.Laplace transforms

Laplace transforms (LT) - is mathematical method, which makes it
possible to easily solve continuous linear regulation problems.

Linear continuous dynamic system (LCDS)
SISO - Single input single output — one-dimensional
Description:
YO ) +a, YV @)+ et @,y () + agy(t) = bu™ (1) + ...+ byu(t)

m<n is properness, causality system

II 2.Laplace transforms

a) Homogeneous solution
presumption: y, (t) =cCy-e

cote™ +cpe” =0

A=2=y,()=e™

Ar

b) Inhomogeneous solution
variation ¢, —> c(t)

II 2.Laplace transforms

-2t

solution  y(r) = % + Ke

y(O)=0=%Ke'2'° =K =—%

1 1 _
final solution  y(1) =~ — — e~

2 2
Conclusion: This way is complicated and unacceptable from engineering
aspect. Better solution is using Laplace transforms [1749 - 1827]

Laplace transforms (LT)

II 2.Laplace transforms

condition of f(t) a)f(t)=0

for 1 <0
)| f(t) < Me™ ; M, A, finite
c) piecewise continuous

Inverse LT f(r)= L {F(s)}= ZLﬂj§F(s)e”ds

Rem.:

1. LT is mapping a set of real functions into a set of complex functions

II 2.Laplace transforms

Differential Algebraic
equation equation
[

Solution Algebraic
equation

4, For direct and inverse LT is used dictionary
5. Exist other transforms, e. i

gd
Solution DE

. Fourier transforms
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#Z.Laglace transforms
Laplace transforms properties

1. Differentiation L{f"(¢)}

— L{j f(f)d,} A

s s

4. shifttheorem  7{F(r —7)} =e " F(s)

Il
i<
5
&
|
~
=
=
|
|

3. Initial and final value theorem f(OO) = }Llll f(t) = l‘llTl} sF(s)
f(0)= lim £(e)=lim sF(s)
1 5§

Department of Automation and Control Engineering 7

#Z.Laglace transforms

5. Improper integral L{I f(t)dt} = lin{} F(s)
0

6. Convolution theorem L{] f(z—)g([ - z')dt} = F(s)~ G(s)

0
7. Linearity L{af (t)+ g(t)} = aF (s)+ G(s)
Difference between linear and nonlinear function
Y (e)+3y'(1)+5y(t)=8u(tr) _iinear
Y(e)+ 2L = u)

y'(£)+2y'(c)- y(z) = 2u(z) -nonlinear

...nonlinear

Department of Automation and Control Engineering

#Z.Laglace transforms #Z.Laglace transforms
Most often used pattern of LT dictionary: Most often used pattern of LT dictionary:
No. Time domain function Laplace transform No. Time domain function Laplace transform
§
1 & ( Dirac delta function ) 1 7 cos wt R
1 1 1
2 1 ( unit step function ) " 8 g(l = I) s(s +a)
1 . 12}
3 t ( linear ramp ) = 9 e?sin gt GAa) La?
+
4 eat L 10 e? cos ot %
sta (s+a) +o
o —at JE
5 it o 11 @ Gra)?
. D —at —bt b-a
6 sin ot Z+al 12 e —e G+a)s+b)
Department of Automation and Control Engineering ° Department of Automation and Control Engineering 4o

#Z.Laglace transforms
Most often used pattern of LT dictionary:

No. | Time domain function Laplace transform
- g (n-D!
(s+a)"
s
14 e“(l-e) (s+a)?
2
15 1-sin ot ———
s(s”+w7)
2 2
16 1-cos wt Lo se
s(s” +®°)

Department of Automation and Control Engineering 44

#Z.Laglace transforms
Examples:

1) f(z):l:F(s):]e"'dz:l
0 s

2) f(z):t:F(s):L{jldr}:l.l:iz
0 s

s s
w
1

e = F(s)= [ e Gt gp =
3) ft)=e" = F(s) J;e =

[ =tim F(s)= %

0

Department of Automation and Control Engineering

12
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#Z.Laglace transforms
Example of using LT dictionary during solving differential equation:
1 y(O)+2y(1)=1  y(0)=0

Lt sY(s)-Y(0)+2¥(s)=—

1 05 05 Y
Y =0,5-
()= s(s+2) s s+2 =) ¢
2 y'(e)+9y(1)=
a) y(0)=1 y(0)=0

b) y(0)=0 y'(0)=1
sZY(s) - sy(O) - y'(O) + 9Y(s) =

Department of Automation and Control Engineering 43

#Z.Laglace transforms
(5% +9)r(s)=s5y(0) + y'(0)
Y(s)=75

s°+9

1 3 1.
g :sz y(t):gsm 3t

= y(t)=cos3t

¥(5)= 7

s+

Department of Automation and Control Engineering

14
#Z.Laglace transforms #Z.Laglace transforms
Inverse Laplace transforms Heaviside - partial fraction expansion by backward LT
Residues theorem L — Over all poles a) One-multiple pole
2 6(s)= bus" +otby A A, .y A,
Direct: f (1) F(s)=L{f(¢)} I (t)e "t P = lbo=0) =5 5=5 ™ 5=t
Inverse: F(s) - f(t): L' {F(s)} = TiF F(sk"ds = z res[F(s )e"'] A= ]'E"[(S ~5,)6(s)]
z i
Residuum of complex function — coefficient in Laurent's function expansion at (-1) b) K-multiple pole
power [ . ]
Residues calculation B =[s-5.) G0,
; . 1 d
D onemutipee res(s) = tim(s 5 )P (s)] B [1 -0y 60)] [t teayat)]
: 1 am' b,s" + .t b B B B A A
2) N-multiple pole N=—1im|l —(s—=s.)" G(s)= L 0 =1 4 2 Lo | S B
) relr b =5 hm[ds”" (=5 F6) R Py PRy W sy ey R PP U APy s
Department of Automation and Control Engineering 45 Department of Automation and Control Engineering  4¢

#Z.Laglace transforms

Heaviside development — can be used also in cases, when some of the roots
are complex conjugate.

In contrast to method of undetermined coefficients the function have got
different form

Indeterminate coefficient

1 A Bs+C
F(s): 3 = P —
(s+2“s +2s+5) s+2 s +2s5s+5
Heaviside
(s) 1 A A, A,

= =t —=—
(s+2)s> +25+5) s+2 s+1-2i s+1+2i

Department of Automation and Control Engineering 47

#Z.Laglace transforms
Example:
1
1) Fls)=

(s i l)(s i 2)5

1 A A A
F(s)z2—r =21, 5
2) (X) (s+ l)(s+ Z)x s *

24,

s+1 s+2

#
s(s +1

1
2
Fi = {F(s)} L'l

A; =

Department of Automation and Control Engineering

18
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8.3. Linearni spojité dynamické systémy

Department of Automation and Control
Engineering

Thomas Bata University in Zlin

3.Linear continuous dynamic system

0 LCDS - Linear continuous dynamic system

0 SISO - Single input - single output

one - dimensional system

0 MIMO - Multi input — multi output
multidimensional system

Department of Automation and Control Engineering 2

3.Linear continuous dynamic system

Linear continuous dynamic system (LCDS)

Differential equation
YU +a, @)+t ayy (£) + agy (t) = bu™ (£) + ...+ bou(t)

m<n is properness, causality system

Transfer:

Transfer = Transfer function is the Laplace's images rate output variable to
input variable at zero initial conditions.

Department of Automation and Control Engineering

3.Linear continuous dynamic system

Description LCDS
External - differential equation
- laplace transform
- zero and pole position
- unit step response
- impulse response
- frequency response
- frequency characteristic

Internal — state space description

Department of Automation and Control Engineering 4

3.Linear continuous dynamic system
Remark:
1) Is it fractional rational function, multinominal over multinominal

b,s" +..+b,

G(s)= ¥(s)

U(s) T a,,,ls(”") +...+a,s+a,
2) Transfer alnd Laplace's image function have identical form:

Example: 5 is image €2 and at the same time

transfer of differential equation  '(t)+2y(r) = u(t)

+2

3) Examples of describing function and differential function

()35 0 = 25()=5u() + ()= G(s)= %@iz

6)=pg = 0+ 1) =l

Department of Automation and Control Engineering

5

3.Linear continuous dynamic system
4) Transfer is important only for linear system
5) System order - order n
- relative order n—m
Zeros and poles LCDS
Zeros — roots of numerator
Poles — roots of denominator

s+1 Poles: p1= -2
(s+2)(s+3)

Gs)= Zeros: n1=-1

p2=-3 n2=38
1.Poles of the transfer function was understand as time constant
1

b
L = 6 generally G(s)= 0

(s+2)s+3) (0,5:+1)(§:+1) (T + 1) Tys +1).(T, 5 +1)

Department of Automation and Control Engineering 6
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3.Linear continuous dynamic system
2. Poles determine about system stability, zeros represent minimum phase

3. Modern Theory of automatic control says that poles and zeros is same number,
and it 7 (order of system). Remaining zeros are in complex infinite.

Impulse and Unit step function

Definition:

Impulse function - is response to Dirac delta function at zero initial conditions
i(t) - I(s) Impulse function
Unit step function - is response to unit step at zero initial conditions

h(t) —>H (s) Unit step function

Department of Automation and Control Engineering 7

3.Linear continuous dynamic system

L 1()=Gls) and i()-L'((s)

Image of Impulse function is same as system transfer

2. 6= "= n()- 2 - L{@}

Impulse function is differentiation of unit step function
Unit step function is integral of impulse function

o) = file)az

4. (o) =lim h(r) = Tim s 6) iy G(s)
RIS

50

Department of Automation and Control Engineering

8
3.Linear continuous dynamic system 3.Linear continuous dynamic system
Example: 3.Unit step function bi” is in the form:
s+a,)"
Unit step function of transfer G(s)= ( ])]( 2 converge to 0,5 $+d,)
s+Ips+
High of flex point is proportional r—
5. If «(t) is arbitrary input function to LCDS, so output is: to order of system N
¥(0) = [i(ekle =Mz = ¥(s)=Gls)u(s) B
0 3
Remark: 1.MATLAB commands IMPULSE ([1],[1 3 2]) § 0z
STEP ([11,[1 3 2)) °4
b o
2.Unit step function of 1<t order system +O doesn't have any o1
flex point S+ap
Impulse function doesn't have extreme o i T 3
e ()
Department of Automation and Control Engineering ° Department of Automation and Control Engineering 10

3.Linear continuous dynamic system

4. Typical unit step response of higher order

Step Response

Ampiitude

Time (sec)

Department of Automation and Control Engineering 44

3.Linear continuous dynamic system

5. Typical impulse response of higher order

Impulse Response

Ampliude

Time (sec)

Department of Automation and Control Engineering

12
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3.Linear continuous dynamic system

Classification of LCDS by transfers:

a) Proportional (o) <0 Gs) =2 a0
a(s)
b) Derivative  |[h(®)|=0  G(s)=s" % dga>dgh
i b(s) —_—
C) Integrative  h(x0)=  G(s)=— dg a>dgb ordon't exist

sta(s)

Department of Automation and Control Engineering

3.Linear continuous dynamic system

Frequency response

u(t)=ugsin? t ’—‘ y(t)=yesin(? t+f)
G(s)

What happens with harmonic signal after passage through the LCDS?

Without changes ?, angular speed w=27rf=2T7r

With changes: - y, amplitude
f shift phase
Marking in complex numbers:

. 1 -
T = sin @t :—_[e’“’ —e ’”’]
&/ =cosat + jsinat } 2j

e’" =cosat — jsinat 1 _
J cos @t = E[e’”’ +e ]

13 Department of Automation and Control Engineering 44
3.Linear continuous dynamic system 3.Linear continuous dynamic system
Remark: i) = Jjol@) _ :
Im a+ jb=Alcosa + jsina)= Ae’™ G(jw) A(w)e Re(w)+ /Im(w)
5 5 b amplitude — phase frequency response
n A=+a +b a=arctg— -
a
b ! G(jzzr):_[i(r}’f”’dr
° impulse function
a RE Amplitude — phase frequency response
Frequency response ] .
( ) ( ) Graphic representation of the frequency response — Nyquist curve
. G(s) . b, (jw)" +..b, : =
G(;w):T =,w=(' ¥ o) s $_)G(jw): L 1-2jm_ 1 (-2jo)- 1 z+j(2w)z
g\ el 25+1 1+2jo 1-2jo  1+4@ 1+4a®  °1+4a
Ke Re(?)  Im()
Frequency response is the Fourier's images rate (input and harmonic signal to ? 7=0
output) in the course of zero initial conditions A(@) =R’ (@) + Im* (@)
Im(w)
) = arct,
o(@) 8 Re(@)
Department of Automation and Control Engineering 45 Department of Automation and Control Engineering  4¢

3.Linear continuous dynamic system
Logarithmic frequency response

Graphic representation of A(?), f (?) in decimal logarithmic coordinates +
amplitude in dB (decibel)
Example: 1 7
Pe L A[dB]=20log A =20l0g 2

s +3s+2 u,

Bode diagram Nyquist ? ? <0,8 >

[ Naitigen

j—

0

Frasotwa

’ Pniae
Py e

Department of Automation and Control Engineering 47

3.Linear continuous dynamic system

Remark:1. What is the meaning of 20 dB? Is concerned about 10 multiple of
amplitude

%:%: A[dB]:Z(J]ogi:—ZO[dB] R
2. Nichols plot A(? ) vs. F(?)
3. MATLAB commands
step ([11,[1 3 2])
impulse ([11,[1 3 2])
nyquist ([1,[1 3 2])
bode ([1],[1 3 2])
nichols ([1],[1 3 2])

[dB]

4.Nonminimal phase system — zeros on the right side

Department of Automation and Control Engineering 45
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3.Linear continuous dynamic system
Systems with transport delay
Transport delay — disagreeable part of many systems
- is caused by dead time

V(1) +3y(t) =2u(t-5) ) _2e*
Transfer function G(s) )

Transport delay

a)Influence on unit step resp

MATLAB command
tr_function=tf([1],[1 3 2],'idelay’,0.8),

Ampitug

Time (305}

Department of Automation and Control Engineering 19

3.Linear continuous dynamic system
b) Influence on Nyquist plot

Nyauist Diagram

Imaginary Axis

Feal Axis

Department of Automation and Control Engineering

20
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8.4. Stabilita

4 .Stability

of Automation and Control
Engineering

Thomas Bata University in Zlin

L 3.5 ity
LCDS Stability

A.M. Lyapunov (~1895)

Stability of dynamic system is ability return to original condition after deflection.
This deflection is caused by nonzero initial conditions.

Classical illustration
Ball in gravitation field

Nosy w2bm X

Stable Stability limit Unstable

Department of Automation and Control Engineering

L 3.Stability

Remark:

1) Ljapunov stability is independent of input variable «(t), it's property of left
side differential equation.

YO +a, 3" W)+t a, (1) =0

2) BIBO stability (Bounded input — Bounded output) — Bounded input generates
bounded output. This stability is stricter. Ljapunov stability results from BIBO,
opposite no.

LCDS stability: LCDS is stable <> all roots of transfer function denominator
(poles) lies in the left side of complex plane

Department of and Control

L 3.Stability

Remark:
1) Polynomial with roots in left side of complex plane is called stable.
2) Imaginary axis is stability limit, poles laying on it represent unstable system.

3) Left half is responded of modes e b ",which converge to 0 only for negative
parts of pi.

Necessary condition of Stability
Polynomial @,s" +a, 5" +..+a,s +a, is stable , then a, > 0

Remark: 1) Polynomial with only one negative coefficient is unstable even.
2) Polynomial with all positive coefficient do not have to be stable.

52 +0,55> +05s+1= (erle2 —0,55+l)

roots: p=-1 p,; =025+ V3i75 = polynomial is unstable

Department of Automation and Control Engineering

3) Necessary condition is the sufficient condition at the same time for polynomial
the 1. and 2. order.

4) For determining position of roots is just necessary examine their real parts
Stability criteria

Routh — Schure criterion
Algebraic approach <

Hurwitz criterion
Geometric approach<

Stabili
Poles lies on imaginary axis ? polynomial is unstable
Special position is pole in zero ? integrators

Nyquist criterion

Michailov-Leonard criterion

limit = Imaginary axis

Department of and Control

Routh — Schur criterion

n n-1
a,s"+a, s"" +.+as+a,

2 2

Polynomial is stable <> last three
coefficient are positive

Department of Automation and Control Engineering
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L 3.Stability

Remark:

1) Whenever is found any negative coefficient during Routh — Schure calculation
system is unstable.

2) Zero value of coefficient indicate stability limit.

Hurwitz criterion

a,, da,, 0

a, d,, 0

Matrix: nxn H,=| 0 a,, 0
0 a, 0

ay

Polynomial is stable <> all head subdeterminants are positive
Remark: Edward John Routh [1831-1907] — Canada, Great Britain
Adolf Hurwitz [1859-1919] — Switzerland
Isaac Schur [1875-1914] — Byelorussia, Palestine

Department of and Control

L 3.5 ity

Example: st 42,55 +1,55% +25+2

1 25 15 2 2

25 5 0 0
2,5 2 1 .= 1 15 2 0
L =
2,5 0 25 2 0
0 2507 2 2 0 1 152
0,7 2 ‘25
0,7 ?71=25
0 07 0 22=375-2>0

7 ?3=75-125-4<0

\ Unstable ‘/

Department of Automation and Control Engineering

L 3.Stability

Mikhailov — Leonard criterion
a(s)=a,s" +..+a;s+a,

Mikhailov's curve construction ~ 4(j@) = a(éy
9

= ja pro @ €< 0;0)

Criterion:
Polynomial is stable <> Mikhailov's curve is running in positive sense of rotation,

as many quadrant as degree of polynomial N )
s"+a,s” +a;s+a,

Remark:
1) &G?) is reminiscent Niquist's curve
2) Zero exclusion theorem — robust stability

Mikhailov's curve behaviour for different
polynomial

a) stable b) stability limit c) unstable

Department of and Control

L 3.Stability

Nyquist criterion

Answer to question: How we can find from open-loop, whether closed loop will be
stable.

Criterion:

Closed loop is stable <> if Gj?) for
? (-8 ,+8) is running in positive
sense of rotation as many time the
point (-1,0) as G, has got unstable
poles.

— GO
1+G,
Usually in control system G, = G. C

Point (-1,0) meaning K, ,

Department of Automation and Control Engineering

L 3.Stability

Meierov criterion

Gives answer to periodicity, but no stability

Characteristic feedback polynomial:
c=ap+bq .. b/ais controlled system

... p/qis controller

Criterion:

c(s)=c,s" +c,;s"" +..4 ¢;s+¢, Characteristic polynomial

Characteristic polynomial generates aperiodic control process <> all coefficients in
Routh — Schur's scheme are positive for sequence.

¢, ne, ¢,y (n=1)¢,y 6y 26, ¢ 1 ¢,

Department of and Control

2
(s+1)

Example:

G(s) = C(s)=2"%
s

a) ¢ =01 g,=1 >ap+bg=s>+1,25+2 ..isstable

1 2 12 11 2
2 1,1
0 2 05 L1 1

1 / e
0,55

—2,5 1 — oscillative process

/(=0.5)

0,55

0 0,5

Department of Automation and Control Engineering
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l 3.Stability

b) ¢ =1 ¢,=0,1 >ap+bg=

12 3 3 02
2 3 /(=0.5)
0 2 15 3 02

_4
3
1,5 =2,7 0,2 — non-oscillative process

1,5 0,2

0
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8.5. Blokova algebra

5.Block diagram

Algebra

Department offA a
Engineering

Thomas Bata University in Zlin

l 5.Block diagram algebra

Block diagram algebra

Thanks to linearity system and definition of transfer function is possible easily
interpret joining systems graphically.

Serve hereto Block diagram algebra, where are used several marks, with them
help we can make diagrams.

Transfers and Laplace's images are marked by capital letter, time signal are
marked by small letter.

Symbol used in Block diagram algebra

Transfer Summing element

l 5.Block diagram algebra

Difference element Partition element

u y y y
u; IY
Y=U,-U,

Basic connection
1)Series connection

l 5.Block diagram algebra

2) Parallel connection

(61 ]

V2
V= Gl(s)'u;vz = Gz(s)' u=y= [G,(s)+G2(s)]- u G, = Gl(S)Jer(S)
Total transfer is equals to the sum of single parallel ranged transfers

l 5.Block diagram algebra

Basic rules of equivalence

By the help of various connection is possible get same results. For example are
there some basic rules of equivalence.

a) “_> =
y

b) Ml o

u
i*-—" :
o |
u.

l 5.Block diagram algebra

Pafibg
uz

General feedback rule

z direct branch transfers

)=ttt
G®) liz closed-loop transfers
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l 5.Block diagram algebra

Branched control system

This basic control system don't have to be always proper for many problems of
control systems. We are using also other more complex feedback system.

l 5.Block diagram algebra

Control system with disturbance measurement
v

Results from block diagram algebra

Y =V +G[-R2V +RI(W -Y)]

GR,

1-GR
= +
1+GR,

1+GR,

control system scheme:

V=1-GR,=0

l 5.Block diagram algebra

Control system with instrumental manipulated variable

control system scheme:

Y=D+RG,W-Y)+R,G,(W-Y)

l 5.Block diagram algebra

Control system with instrumental control variable — self aligning control

d
L_(?ﬂ C)(s) }—@—-{ C(s) }—-Qg—”{ Gy(s) }—‘—4 G,(s) WL

control system scheme:

— GlGZRlRZ
1+G,G,

Kyy

5.Block diagram algebra
Control system with compensation of transport delay — Smith's predictor
This connection makes possible to control systems with long transport delay

w Ao

y

control system scheme:

l 5.Block diagram algebra

If is supposed same transfer of model and real controlled system, then is valid
this resultant transfer function.

G(s)R(s)

"1+ G(5)R(s)

—Os

ley(x)

Characteristic equation 1+ G(s)R(s)=0
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l 5.Block diagram algebra

General control system

l 5.Block diagram algebra

Analyse

Y=V+G[N+CcW-Y)] — Y(+CG)=GCW +GN+V

U=N+CW-Y-GU] — UQ+CG)=CW+N-CV
—

E=W -V -G(N +CE) E(l+CG)=W -GN-V

l 5.Block diagram algebra
Meaning of sensitivity function

CG

. K. =
Most important transfer Ky y 1+ CG

How is change K, on change ?G?

w G dK G C(1+CG)-cGe 1
i—2—— = = =
a0 AG ~ K, dG CcG 1+cG "

l 5.Block diagram algebra

Analytic: AK,,
K G dK, GC
T L =K, =T
MW AG 1 dG 1+CG ™
G 1+CG

complementary sensitivity function
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8.6. Metody nastaveni PID regulatoru

e
6.Methods of setting PID controllers
Methods of setting PID controllers
According to standard literature a transfer PID (ideal) is:

C(s)=r, p Loty RS=r, 1+L+TDS
s T;s

Remark: - realistic

Department of Automtion and Control

e
6.Methods of setting PID controllers

e

6.Methods of setting PID controllers
Classic methods of setting PID controllers Remark: system of 1st and 2d order of P controller isn't possible quiver
A) Ziegler-Nichols — from critical gain: Controller = 7,

Vibration period - 7,

B) From unit step response (aperiodic type)

y(t)I

Controller tuning

e e
6.Methods of setting PID controllers 6.Methods of setting PID controllers
x, T, T,
1
o 1
a
1
PI 0,9— 3L
a
1
PID | 12— 2L 0,51
a
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.
6.Methods of setting PID controllers

D) Balanced setting (Klan, Gorez 1996-2001)

Control transfer G(s :#
a,s"+...+as+a,

.
6.Methods of setting PID controllers

E) Usage of critical stability for controllers design

Principle: G () b(s) controlled system

(s
(

£

<

C(s)

-
6.Methods of setting PID controllers

F) Cohen — Coon method
from transfer of three-parameters model  G(s) = %e,&
s+

This method is proposed so that gives damping ratio %. It means that proposed

controller will be provides control process, whose second vibration response will
have quarter of first amplitude.

Parameters of controller for Cohen-Coon method

e
6.Methods of setting PID controllers

For parameters r isvalid r= g

)

-

.Methods of setting PID controllers

SN

1

Example 1: G(s):m

(cannot be set Z-N)

e
6.Methods of setting PID controllers

Using Whiteley 3 for n=3

s qp=1
st 24¢,=67=¢,=47
s 3+¢,=6T=q,=37

2) Usually is necessary make transformation so that marginal coefficients were
equal to 1
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A
6.Methods of setting PID controllers
Example 2: G(s)% c=5"%
s(s+10) s
ﬁsﬂ
_ 29,5 +24, _ 24,
W, 4 3 2
st 42057 +1005% +2g,5+2g, L o 20 5 100 5 2g,
0 29, 24, 24, 24,
a, * g
S=| 2t a=(2a)q
a,

S
6.Methods of setting PID controllers

Using Whiteley 2 n=4 1 72 16 12 1
gt 1=1

20 3
3: —(2 =72
q*: ?-qo( q0)

1 =

@ 100, 16 Solutioni da 2708

24, q,=1286

=
6.Methods of setting PID controllers

Saturation of controller — Wind up

Way of limitation ue<u,, ;u, ., >

Occurs saturation and controller begins behave as a two step controller.

Elimination:

In integral component, that integrate control error and increase actuating value.

-.6_-1

.Methods of setting PID controllers

PID — anti wind up

-.6_-1

.Methods of setting PID controllers

Recommended form T, =\T,T,
'

ificati 1 d
Modification PID u(r)= ro[ﬂw—eriJ'(w—y)dr—T,,T’{]
Y Y=Y

0<B<1 lowers overshoots

u(t)= roe(t)+%J.e(f)df+roTDe’(t)

S
6.Methods of setting PID controllers

i+t i oo U U € —e; T
Substitution to basic control: M ~ i1 _ 7 % + ?Oek +1T,
1

w,=u,_, +ce +ce  +c,e,

[ =r0[1+TA+TXD]
1

c =—ro[1+2%’J

nly

e te._ +e.,

after modification
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S
6.Methods of setting PID controllers

Algebraic methods of setting controllers
Rings and fields

Ring O is non-empty set, for her elements (a, b, ¢ € O) are defined operations
addition and multiplication (commutative field), and are fulfilled following axioms
1. a+beQ

a+b=b+a (for commutative ring)

IOeQ a+®=0O+a=a (exist zero element)

YaeQ EI(—a)E Q a+(—a)=®
II. a-beQ

S
6.Methods of setting PID controllers

Ya£0@eQ 3(({1) a-a'=e dividing axiom

If isn't fulfilled axiom II.d (axiom of dividing) = set M is called commutative ring
Examples:

integral numbers, polynomial, sets R, — rings

rational numbers, complex numbers, transfers — fields

Remark:
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8.7. Syntéza regulatori

7.Synthesis of
controllers

Department of Automation and Control
Engineering

Thomas Bata University in Zlin

1

7.Synthesis of controllers

Diophantine equations — one equation in two unknown

axt+by=c in commutative ring
Applies:
1) Diophantine equation have solution < least common divider (&, 5) divide ¢

2) If diophantine equation have solution = exists infinite solutions

h.c.d = highest common divisor

R a(an)
— v — g t
YN e d(a,b)

t... is any element of ring

Department of Automation and Control Engineering 2

7.Synthesis of controllers
Example:

4x + 6y = 10
x=1+3t
y=1-2t

4x +6y=9

t...is integer number

Important concept in ring is a divisibility. It is possible write:

1) adivide b< 3 d €O b=a.d

2) dis divider aand b< a = a,d b=b,d

3) dis h.c.d (@, b) < d is divisible all dividers a, b

4) element xeO exists inverse again in O to him, is called unit (invertible)

5) short divide
long divide

alb=pzb.d < a=bp+d

a/b e in superior field

Department of Automation and Control Engineering

don't have solution

3

7.Synthesis of controllers

Example:

1. Ring of integer numbers — divisibility by prime factor
Units: +1, -1 unit element: +1

2 individe 5 ; 6 divide 30
5/2 = 2 remainder 1
5/ 2 ? rational

short divide

h.c.d (150, 63): 150 : 63 = 2 remainder 24
63 : 24 = 2 remainder 15
24 :15 = 1 remainder 9
15 : 9 = 1 remainder 6

Euclid's algorithm

9 : 6 = 1 remainder 3
6 : 3 = 2 remainder 0

Department of Automation and Control Engineering 4

7.Synthesis of controllers
Generalized Euclid's algorithm
9

1 0[150) (1 —24) (1 -2p24) (3 -7
0 1163) 0 163) \-2 s|15) -2 shs)

3 2709) (8 —19p3) (8 -193) @xtby=hedab)
z[s 12‘6]{—5 12 6]”(—21 50 0]
divisibility = by means of roots

2.Ring of polynomial
units = nonzero constants

Example:  ;(5) =% +3s+2=(s+1)(s+2)

b(s)=s"+1,55+0,5=(s+1)(s+0.5)

Department of Automation and Control Engineering

= 15028 +63x(~19)=3
+(=21)x150+50x63=0

5

7.Synthesis of controllers
Generalization of Euclid's algorithm

(10 #+3s+2 ) (1 0f+3s+2) (]
0 1s*+155+05), (-1 1]-155-15) (3
15 N

25 +2

2 1 2 2 4
I+—s e et e )
g 2| 3.3 3 3

s+1 2 _2 s+l

3. Ring R,: proper and stable rational function

sP+3s+2)| s
s+1 )

= hed(a,b)=s+1

3
2 2

Example: 1 _—S*L 4 R,
s+2 43542 s+l
1 ss 413
s - £Ry

s s+3 s-1

Department of Automation and Control Engineering




UTB ve Zliné, Fakulta aplikované informatiky, 2008

45

7.Synthesis of controllers

Divisibility: by means of unstable zeros (including 8 )

Units (invertible): stable numerator and denominator of real order 0.
= using for robust control, A, ...

4. Also exists noncommutative rings — MIMO systems described by the help
matrixes

Diophantine equations in ring of polynomial
axt+by=c supposition: comprime &, 6= exists solution
Method of undetermined coefficients

Searches particular solution, so that compares coefficients on left side and right
side of equation = transmission to system of algebraic equations.

estimation of orders:  or.x=or.b-1
Ifor.a+or.b>or.c
or. a-1
or. X or.c-or.a

} Ifor.,a+or.b<or.c
or.y=or.a-1

Department of Automation and Control Engineering 7

7.Synthesis of controllers
Polynomial one-dimensional synthesis
Main Aims:
1. determine system stability
2. determine asymptotic tracking, (t) = w
3. determine proper transfers of controller (no derivative)

4. Put poles to defined roots (poles of characteristic equation)

1DOF (FB) — system with one-degree of freedom (only with feedback part of
controller)

2DOF (FBFW) — system with two-degree of freedom (with feedback and
feedforward part of controller)

Department of Automation and Control Engineering

7.Synthesis of controllers

system with two-degree of freedom (2DOF)

Department of Automation and Control Engineering °

7.Synthesis of controllers
Algebra (without 1/f)

b
v:—l(wf_v)
ap
o= bg__,
ap+bq

e:[lf bq q__a g
ap+bq ) f ap+bq f

Achieving of aim

e - 0 < fdivide ap

ap +bg=m
ft+br=m

afp +bg=m

or.m=22or.a

or.m=>2or.a-1

Department of Automation and Control Engineering 4o

7.Synthesis of controllers

Selection m(s) — stable: m(s) :(Hm“)” n...is degree of polynomial &(s) [order]

m, >0
Polynomial synthesis of 1torder G(s)= b
S+ll“
a) IDOF  (s+4,)sp,+h,(d +as) = (s+m,)"
st p=1 po=l
st @y py+bygy =2m, 1 ¢, = 2m;7— =
5" by =my
gy . q
y 4, =—— PI controller with transfer function
Basic control: ‘b
s s+
sU = (g, +q,5)[W-Y] C S)ZL( ) 4579
u'(t):lin(‘vf_v(t))Jrq‘ (w'f_v(t)) p(s) $

m, > 0 is tuning element

u(t)=q, [ (w=y () +q,(w= (1))

Department of Automation and Control Engineering 44

7.Synthesis of controllers

b)2DOF  (s+a,) p, +byg, =s+m, sty +byty = s+m,

1

st pp=l s =1
. — 0. P
S AP tbydgy =my 't by =my
Py =1 1, =1
_My=ay _my
[ =
by b,

Basic control:

ul(r)= ()= 4ay(0)

My _My—G .
u=—"Sw——"2-"Sy Bw—y PP controller
b() b()

Department of Automation and Control Engineering 45
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7.Synthesis of controllers
Remark:
1) What if is u(t) for example harmonic signal?
2) What if in system other disturbances?
Fw Fv Fd have to divide P (denominator of controller)
3) Generally
m(s) =5 +ms+m,

m >0 my>0

Department of Automation and Control Engineering

7.Synthesis of controllers
Polynomial synthesis for system of 2™ order

Consider plant of 2nd order with transport function

bs +b,
Gs)=7""—
s +as+a,

Propose controller for asymptotic tracking of desired value for 1DOF a 2DOF
configuration.

Control system 1DOF
Basic diophantine equation

(s“ +as’ + a[,s)(p,s + p[,)+(b,s +b[,)(qzs2 +q,5+ q”) = (s + m)4

13 Department of Automation and Control Engineering 44
7.Synthesis of controllers 7.Synthesis of controllers
After modification:  s*: 2 =1 For first equation: After comparing we get system of 4 equations
SRt ap+ p+ by, =4m St 12 =1
s gt ap+ b+ b =6m’ s>t ap+ po+  ba =3m
s’ Py + b+ bg,  =4m’ 5's ap + ap,+ bg+ bg, =3m’
0. =m?
o bty =m st ayp, + bgy  =m’
After resolution of equation system, we get coefficients for final controller y
For second equation
C(s):qzszwﬁ% S =1
s{ps+p,
(ps+p,) P ” —a
Control system 2DOF . B
) ) o ) s fot b =3m
Determine degree of polynomials as 1DOF, and make pair of diophantine " g
equations, that is, 573 by =m
(s +as+a,)(ps+p)+ (bs+b, )5+ a,) = (s +m)’ Basidenin] P+ Py =rw—4,Y' =4,y
1
:(tzsz +t‘:+t(})+(b‘:+b“)r‘} :(A'er)‘X u :;{*I’nju + VnJW*‘i\ .V*‘in_[ .V}
|
Department of Automation and Control Engineering 45 Department of Automation and Control Engineering 4¢

7.Synthesis of controllers
Remark:

Better is solution of 2nd equation r = r, + g, 5, than controller have form of a
Astrom's controller

u :Ii]{’/’n'[“ —roJw=a,f(w=y)=a.5}
‘

s+
Solution is given by final controller  C,, (s) =%
pis+ Do

In terms of regulation is important only one parameters (/) and from last
equation results for him:

Department of Automation and Control Engineering 47

7.Synthesis of controllers
Suggestion of Robustness

nominal: G=

perturbative: G=

c 95+
§

ap+bg=s5*+(5¢,—1)s +5¢,

Department of Automation and Control Engineering 45
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7.Synthesis of controllers

a) go=1 q,=03 isstable for G butno for G

b)g,=1 g =1 is stable for Gand also for & HG(&)H = sup‘G(jw)‘
@eRe

Instruments for study robustness are more complicated
a) Norm A, in space R,
b) Interval polynomials,

Interval a(s):sz+a‘s+3 a, e<l;2>
polynomials { p(s)= 57+ pys Dy € <0,S; l>

a(s) p(s) =5" +(p[, +a,)s“+(a,pn +3)s2 +3p,s

Notions: Kharitonov's theorem
Theorem about edges
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7.Synthesis of controllers

Algebraic solution for systems with transport delay G(s

Basic ways of approximation of transport delay are:
- Neglect of transport delay e~

- Taylor's expansion (1% order) in numerator ¢ ® ~1— Ls

e
- Padé approximation ¢ =

Department of Automation and Control Engineering 5o

7.Synthesis of controllers |
Taylor's expansion — generally ™' = Z—(L.y )k

i k!
Example: G(s) = ile*z‘ £ %
s+ s+
_3-2s
s+1
3

= (s +1)(s+2)
I (2
" (s¥1)s+2)
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7.Synthesis of controllers
Multidimensional systems
Remark:

For marking of multidimensional systems is used shortcut ,MIMO" (Multi-Input,
Multi output), for specific case of system with two inputs and two outputs , TITO"
(Two-Input Two-Output) and for systems one-dimensional ,SISO" (Single-Input
Single-Output). Generalization of description through one differential equation is
description of systems by the help differential equations system. For case with
two input, two output and dynamic of 1%t order is it:

Y (O + a3, (O+ay - 3, (6)= by, (1) + by - uy (1)

ay -y, () + 3, )+ ay - y,(6) = by -1, (£) + by -uy ()
After using Laplace transform (with zero initial conditions)

(s +a,)-Y,(x)+ a,-Y,(s)=b,-U,(s)+b,-U,(s)

a,- Y () +(s+a,)- Yy(5) =by U, (8)+ b, -U,(s)
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7.Synthesis of controllers
After transcript to matrix form is possible this equation write like this:

s+ta,a, (Y())_(b b\(U(s)
a, s+a, \Y,(9)) \b, b, )\U,()
Applies:  A(s)Y(s) =B(s)U(s)
Where: matrix A have size I x I and matrix B /x m

Matrix transfer of multidimensional systems is matrix of rational fractional function

G(s) =A™ (5)B(s)

Department of Automation and Control Engineering 53

7.Synthesis of controllers
Applies:
1) To each of left matrix fraction exists also right A™'B =B,A,'

a) Dimensions B, B, are equal (/x m), dimensions 4, A, are unequal, A (/x /) and
A, (mx n)

b) det A~det A, (same roots)
2) Stability: MIMO is stable <> det A ~det A, is stable
3) MIMO is proper < if all transfers in G'is proper

Example: ;
D,

AB= 1 s+a, -a, b,
s +(a +ay)s+aa, —a,a\ —a; s+a, )\b, b,

G, (s) Gy(s) - G, (s)
Transfer matrix have form:  G(s)=| “® =) G

Gy(s) Gp(s) - G, (s)

Department of Automation and Control Engineering 4
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7.Synthesis of controllers

Synthesis of multidimensional control system

Applies: A'B=B,A,"is possible turn  P'Q=Q,P,"

From basic block diagram algebra is given following relationship:
Y=A"BP'Q(W-Y)
(r+A'BP'Q)Y = A"BP'QW

Department of Automation and Control Engineering 5

7.Synthesis of controllers

After multiplication with matrix A (A+BQ,P,")Y =BP'QW

and after next modifications (AP, +BQ,)P,'Y = BP'QW
applies identity

Y =P, (AP, +BQ,) ' BP'QW

P, (AP, +BQ,)" B

+(PA,+QB,)" P

is possible write Y =B,(PA, +QB,) QW

K

wy

Matrix K,y define transfer of control
Synthesis of MIMO controller: PA, +QB, ~ AP, +BQ, is stable

Department of Automation and Control Engineering ¢

7.Synthesis of controllers

For formulation condition of asymptotic tracking desired value is expressed

control error B

E=W-Y= ].B,,{PA,,+QB,, QW
ERih
D

E=[1-B,D'Q]F,"G,
Using analogue analysis as for one-dimensional system is possible to claim, that

for asymptotic tracking have to be reduced element F,, included in W. It is
possible by using comparator.

7.Synthesis of controllers

Matrix diophantine equation ax+by=c
(left) AX+BY=C
(bilateral) AX+YB=C
(right) XA+YB=C

Bilateral equation is not solvable. Equation can be solved by multiplication term
by term

AlB clo0 AX,+BY,=C
That is appeared in controller, and his form is:  F =F, 1|0 | _Bementary colurm | x| 7 Z, = ’Bn turned matrix
olr modifications v |z 7 =A fraction
C=Qp (P,,F)-‘ o [“2 2 P
Definition: MIMO system is invariant (disturbance rejection) <> compensate on out A 10 e C X Y e Ca
= result: denominator Fv have to be in denominator of controller B 0 1) moanawon (0 Z Z, Z,=-B,| turned matrix
Z.=A fraction
2 P
Department of Automation and Control Engineering 57 Department of Automation and Control Engineering .5
7.Synthesis of controllers 7.Synthesis of controllers
Conversion to scalar polynomial equation by multiplication term by term Result: 1 0 s+1 =3,3755-0,25
P = =
Example: two input and two output (2x2) Plo 1 o -2s  0,755+0,5
a(ot2 3 ) (108} (s 0y (s+1¥ 0 F,=0(w-y)
L2 s+05) " (0 2 o s 0 (s+1p s 0\(w) (s+1 -3,3755-0,25)(¢,
0 sN\u,) (=25 0,755+0,5 e,
05
2 2 (s+1y 0 1 0
% +25 3s 105 s+1) [ 1« 2
vE G 0 0 s+ o 2 1, =e+ 6, ~3375¢,-025 e,
2s s +05510 2 & w0 2 T o0 1o o Generalized MIMO PI controller
1 0 |o o 1 0 |0 o U, ==2¢,+0,75¢, +0,5[ e,
~ 0 1 [
0 1 00 0 1 0 0 s
0 0 |10 1 T35 |1 —os| | ST 33Tsmgl =09
0 0 0 1 0 0 0 1 “2s o7ss+l o 1
— 2
I -3 ‘ 0,755+ 0,5
+1 S
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7.Synthesis of controllers 7.Synthesis of controllers

Plant:

Y ==2y, =3y, +u,+0,5u,
¥y =-2y,-0,5y,+2u,

Controller: u =e+ Je, —-3,375¢, -0, 25‘].eZ

Uy =—2¢,+0,75¢,+0,5[ e,

e/

negmos

T,

Schema of two-dimensional control system

Department of Automation and Control Engineering 34 Department of Automation and Control Engineering

32
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9 VZOROVE PROTOKOLY

Jednim ze zadanych dkoll bylo vytvofit vzorové protokoly, které by méli slouzit pro

podporu semindrnich cviceni. NiZe je uveden popis jednotlivych protokoli.

Prvni protokol

v v s

Prvni protokol je zaméfen na vnéjSi popis a na analyzu spojitého dynamického systému.
KaZzdy student obdrzi své individudlni zadani koeficientl a,, a;, ay, by, které dosadi do
zadané diferencidlni rovnice. A ndsledné vypracuje zadané ukoly,tj. napt. urceni pSli, nul,

stability, prechodové, impulsni charakteristiky atd.

Druhy protokol

Druhy protokol se zabyva syntézou regula¢niho obvodu. Student nejprve navrhne spojity
reguldtor pomoci kritéria stability a taky né€kterou z vybranych klasickych metod navrhii
parametri reguldtoru. Déle se navrhne reguldtor pomoci polynomidlni syntézy 1DOF a
2DOF konfigurace. Také se k pienosu ptidd dopravni zpozdéni a simuluje se pritb¢h

s pouzitim Smithova predikédtoru a bez jeho pouziti. Nakonec se piidané dopravni zpozdéni
aproximuje a navrhnou se parametry reguldtoru jednou z polynomidlnich syntéz 1DOF nebo

2DOF.

Treti protokol

V ttetim protokolu je ukolem urcit stavovy popis linedrnich spojitych dynamickych
systémi. Vyiesi se matice fiditelnosti a pozorovatelnosti a na jejich zdkladé se urci jestli je

systém fiditelny a pozorovatelny.
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9.1 Prvni protokol — vnéjsi popis a analyza LSDS

TOMAS BATA UNIVERSITY IN ZLIN
Faculty of Applied informatics

Name: Grade: II
Subject: Automatic control theory Group:
Theme: Outer description and analysis continuous dynamic system

SISO (single input-output) linear continuous dynamic system is given by differential

equation
a,y"(t)+a,y'(t)+a,y(t)=byu(t)

Tasks:

1) Write transfer function, consider zero initial conditions.

2) Determine zeros, poles, and relative order.

3) Decide about stability, periodicity, phase characteristic

4) Figure out unit function response and depicture unit step response.
5) Figure out impulse function and depicture impulse response.

6) Determine amplitude-phase frequency response, depicture amplitude-phase frequency
response in complex plane (Nyquist diagram) and depicture frequency response in

logarithmic coordinate (Bode diagram).
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Elaboration

1

Settings value: a=1,a,=5,a=4,by=2
Differential equation: y"(t) +5 y'(t) +4 y(t) = 2u(t)

Transfer function

_Y(s) b, 3 2 3 2 3 (s—ny)
U(s) a2s2+a1s+a0 s?+5s5+4 (s+1)(s+4) (s=p)-(s=p,)

G(s)

2)

Zeros (roots of numerator): 00, 00

Poles (roots of denominator): -1, -4

Order (degree of denominator): 2

Relative order (degree of denominator minus degree of numerator): 2-0 = 2

3)
Stability: system is stable (all of the poles lies in left part of complex plane)
Periodicity: system is aperiodic (all of the poles lies on real axis)

system is minimum phase (all of the zeros are in infinite)

4)

Unit step response

Step function is response to unit step function at zero initial conditions

h(t)=L"{H(s)}=L" {@} =L {;}
S

s(s* +5s+4)
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Calculation by the help of residues:

f)= g res[F(s)es’ ] = lim[(s -, )F(s)es’]

5>

2 2 2
f(t) = im-———— 4 lim ——— e + lim —————
R (S Ay R B ) & T

h(t) = %—%e_’ +£e‘4’: l—ze" +le_4’
4 3 12 2 3 6

Initial and final values of unit step response

. . . 2 2
h(0) = Tim h(t) = lim s.H(s) = lim s. 2 = lim G(s) = lim e
1—0 5§00 5§00 s 5§00 soo 67 + 55+ 4 o0
. . . G(s) .. . 2 2
h(0) = Iim h(t) = lim s.H(s) = ims.———=1im G(s) = lm ———= —=0,5
( ) t—>o0 ( ) 50 ( ) 50 Ky 50 ( ) 50 S2 +5s+4 4
Step Response
0.5 T T
045 - =
04l =
035 ol
03 =
% 025 -
z
02| .
015 il
01} —
0.05 - u
0 | | | | |

0 1 2 3 4 5 6

Time (sec)

Figure 1. Unit step response, MATLAB
Command — step([2],[1 5 4])
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5)

Impulse response

Impulse function is response to Dirac delta function at zero initial conditions

i=h't) , it)=L"{G(@s)}=L" {#}

s?+5s+4

t

. . . 2
i(t) = lim e’ +lim ——e°
s>-lg+4 so>4 541

: 2 4 2 4
()= —e ——e
(t) 3 3

Initial and final values of Impulse response

2 2
1(0) = Iim f(t) = Iims G(s) = lim s-———— = lim =0
() t—0 () §—>0 () §—>0 S2+5S+4 §—>0 2S+5

i(0)=limf(t) = lims G(s) = lim s - ——— =
( ) t—w () s—0 () s—0 S2+5S+4

Impulse Response
0.35 T

Amplitude

Time (sec)

Figure 2. Impulse response, MATLAB
Command — impulse([2],[1 5 4])
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6)

Amplitude-phase frequency response

Amplitude-phase frequency response is graphic display of frequency transfer in complex
plane for ® €<0, «)

2

G)= ———
®) s?+5s5+4

2 _ 2 (4-a*)-5jo _ 8-20°+10ja
(jw)2+5jw+4 —@’+5jo+4 (4—02)—5]'@ (4_02)2_,_52@2

G(jo) =

82w’ . —10@
o' +17@° +16 J o' +17w* +16

Values on axis x are calculated from real part of transfer G(jo)

8—2w?
o' +17@* +16

Re[G(w)] =

Values on axis y are calculated from imaginary part of transfer G(jo)

—10@ g
o' +17@° +16

Im[G(je )] =
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Imaginary Axis

Magnitude (dB)

Phase (deg)

'
=Y
o
o

0.1

-0.3

04|

Nyquist Diagram
0.5 T T T T T T T

04

02

0.1

Real Axis

Figure 3. Nyquist diagram, MATLAB
Command — nyquist ([2],[1 5 4])

Bode Diagram
0 S e e I e e SO ——

05

=20

=30 —

40

-50

-60

=70 —

-45

'
=]
=1

-180 = L TR A A A T L R R R | L N G 00 G B

10 10 10" 10
Frequency (rad/sec)

Figure 4. Bode diagram, MATLAB
Command — bode ([2],[1 5 4])
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Conclusion:
From differential equation y"(r)+5y'(t)+ 4y(¢) = 2u(r) was determined transfer

2
s?+5s5+4

G(s) =
Poles of the transfer: -1, -4

Order and relative order: 2

Calculated unit step function:

h(t) = 1 2,1
2 3 6

Calculated impulse function:

. 2 —t 2 —4t
()= —e ——e
(t) 3 3

The given system is stable (all of the poles lies in left part of complex plane), aperiodic (all

of the poles lies on real axis) and minimum phase.

Graphs are depicted by the help of program MATLAB
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9.2 Druhy protokol — syntéza regula¢niho obvodu

TOMAS BATA UNIVERSITY IN ZLIN
Faculty of Applied informatics

Name: Grade: II

Subject: Automatic control theory Group:

Continuous dynamic system — Synthesis of control system,
Theme:

description and analysis

SISO (single input-output) linear continuous dynamic system is given by differential

equation
a,y"(t)+a,y'(t)+a,y(t)=b,u(t)

Tasks:

1) Propose continuous controller by the help criterion stability and any classical

method. Verify functionality and compare acquired results.

2) Propose controller by the help of polynomial synthesis for 1 DOF and 2 DOF

configuration. Depicture control process for both configurations.

3) Suppose this system with time delay term in ® € <1;10> and compare the simulation

behaviour of the feedback loop with and without Smith’s predictor. Then
approximate the delay term and propose controller by the help of polynomial

synthesis for 1DOF or 2DOF configuration.
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Elaboration

1

Settings value: a=1,a,=5,a=4,by=2
Differential equation: y"(t) +5 y'(t) +4 y(t) = 2u(t)

Transfer function

Y(s) b, 2 2 (s—ny)
G(s) = = 5 =— = =
U(s) a,s”+as+a, s +5s+4 (s+1)(s+4) (s=p)-(s—py)
2 b b Y b
G(s) = — = 5 0 == G(s)= —=—
s*+5s+4 a,s"+as+a, a U a
C(s):r0+£:r°'s+r‘l :ql.s+q0 :1 C(S):gzi
s s s p E p

ap + bg=5s.(s"+5s+4) + (s + Qo)2 = + 58° + 4s + 2qi8 + 2qp =

=5 +55° + (4 + 2q))'s + 2q

Routh-Schure’s criterion

1 5 4+2q; 2qo
5 2qo /.(-0,2)
0 5 442q, - 0,4 2qo

A 7 73

Z]>O VAR 5>0
7,>0 7. 4+2q, - 0,4>0

z5>0 Z3: 2q0>0
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q0=r-1 =2
0,4q, —4 8—4
q1>qTOZq1>08 :-1,6:>q1:r0:1,5
qi >-1,6
2 >-16 SN C(s) = 25+2
Naslin method
b
G(S): 2 2 = > 0 :2
s*+5s+4 a,s"+as+a, a
Cls)=ro+ L=D00 _G1574 _ 4
s s s p
Overshoot: 1%
a=24
o 1,75 1,8 1,9 2 2,2 2,4
Ay [%] | 16 12 8 5 3 1

Table 1 — Dependence Ay,.x on o, by Naslin

Characteristic equation

ap +bq=0
s’ +55° + (4 +2q1)'s +2qo =0

2
s +as +as+a =0

a1
a5
a''  4+2q,



UTB ve Zliné, Fakulta aplikované informatiky, 2008

i=1 i=2

alzza'ao-az >0 a - a;

(442q;) 22,4 .2q¢ . 5 5°224.(4+2q) . 1

(4+4) > 24q, 2529,6 +4,.8q
15,4

2,672(10 :>q0:2 qu

48
3,2083>q; = q =2

C(s) = 25 +2

T T T T T I I

u - actuating value
6 + y-controlled value ||
— w - desired value

w(t), y(t), u(t)

| 1 1 1 |
0 20 40 80 80 100 120 140 160 180 200
t]

Figure 1 - Behaviour regulation of given transfer function G(s),

parameters of controller C(s) were adjusted by the help Naslin method.
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Setting value from unit step response

'Y

»(0)

_— ‘

K

L
0
I, I,

| I L

Y

1
C(s)=k,|1+—+T,s |, or C(s)=r, +£+r1s
T;s s

Parameters Tu, Tn, K was deducted from unit step response by the help software Matlab

Tu=0,1246
Tn=1,5878
K =0,4999 7/:&:@:12]4
Tu 0,1246
kp Iy Ip
1
P J‘_.f S— = =
K
1
PI 0.9y — 3,5 T, -
K
1 .
PD 1.2y — - 0,257,
K
1 n
PID | 125y— 2T, 05T,
K
Table. 2 Table of transfer relations for calculation parameters
PI:
1 1
k, = 0,9;/; =09-12,74- =2294

9

T;=3,5Tu=3,50,1246 = 0, 4361
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. 1
Transfer function C(s)= 22,94{1 + j
445

15 T T T T T I I
u(t) - actuating variable
— vy(t) - controlled value
— w(t) - desired value
10+ 4
S st :
=
=
S |
> ! :
= | |
= v
: of 1
5L =
_1 0 | | | | | | |
0 50 100 150 200 250 300 350 400

-]
Figure 2 - Behaviour regulation of given transfer function G(s),

parameters of controller C(s) were adjusted from unit step response

The rest of method and conclusion are included in CD insertion.
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9.3 Treti protokol — stavovy popis

TOMAS BATA UNIVERSITY IN ZLIN
Faculty of Applied informatics

Name: Grade: I
Subject: Automatic control theory Group:
Theme: State space description LCDS

SISO (single input-output) linear continuous dynamic system is given by differential

equation
a,y"(t)+a,y'(t)+a,y(t)=b,u(t)
Tasks:

1) Determine state space description of engaged control system. Make transmission from

inner description to outer description.

2) Determine controllability matrix and observability matrix and decide if the system is

controllable or observable.

Elaboration

1

Settings value: a=1,a,=5,a=4,by=2
Differential equation: y"(t) +5 y'(t) +4 y(t) = 2u(t)

Transfer function

_Y(s) b, 2 2 (s—n))

- U(s)_ a2s2+a1s+a0 _s2+5s+4_(s+1)(s+4)_(s—p1)-(s—p2)

G(s)
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Y(s) bys+b, l-s+2
GS(S): = > = 5
U(s) a,s"+ass+a, s +5s+4
Y VA .
Gs(s) = (s)‘ (s):1s+2‘ 1

First part of transfer function

Y(s)
Z(s)

1ls+2

Second part of transfer function

Z(s) _ 1

Z(s) U(s) 1 s> +5s+4

Differential equation

y(t) = 1.Z/(t) + 2. (t)

Differential equation

u(t) = 1.z2" (t) + 5.2'(t) + 4.z(t)

U(s) s>+5s+4

Choosing state space variables

X1 =Z
X, =127

Differential equations of 1% order

Xi)'=Xp
XZ': 7! = u(t) - SZ'(t) -4z (t) =u- 5'X2 - 4'Xl

Output equation

Y(t) = 1'X2 + 2'X1

State space model
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Conversion state space description to transfer function

A:(_04 _15j B=m C=2 1) D=(0)

G(s)=C(sIT-A)'"B+D

a1 ] (o

(2 1) N -1 ) 0 ) 1 _ 1-s4+2
4 s+5)\1) s*+5s+4  s*+55+4

2)

Controllability matrix

R=(B A-B)
AR

A'B = . =
-4 -5) 1 -5
i

R = = rank(R) =2
1 -5

rank(A) =2

det=-1#0

Rank of controllability matrix is equal degree of transfer; determinant of controllability

matrix isn’t equal zero = system is controllable

Observability matrix

S
P= = rank(P) =2



UTB ve Zliné, Fakulta aplikované informatiky, 2008 67

rank(A) =2
det=-2#0

Rank of observability matrix is equal with degree of transfer, determinant of observability

matrix isn’t equal zero — system is observable

Conclusion

From the given system was determined state space description, and then was verify
parameters of state space description. Also was made transmission from inner description to

outer description. From transfer function was determined parameters:

A= (_0 A _1 SJ B:(?J Cc=(2 1) D= (0)

Controllability matrix Observability matrix

=% ()

In terms of these matrixes was decided, that the given system is controllable and observable.
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ZAVER

Cilem této bakaldiské prace bylo vytvofit studijni ndvody a opory pro predmét Teorie
automatického fizeni I. Materidly jsou v anglickém jazyce a budou slouzit pro zahrani¢ni
studenty. Teoretickd ¢ast je zaméfena na struc¢ny popis latky, kterd je podrobné&ji popsdna
v prezentacich vytvofenych v programu PowerPoint. V praktické C¢4asti jsou zobrazeny
samotné prezentace v rozloZeni 6 snimkd na list, dale jsou zde vzorové protokoly, které
jsou rozdéleny do tii ¢asti. Prvni ¢4st je zaméfena na vnéjs$i popis a analyzu linedrnich
spojitych dynamickych systémti. Druhd ¢ast se zabyva syntézou regula¢niho obvodu a ve
tfeti je dkolem studentii urcit stavovy popis linedrnich spojitych dynamickych systémii.
Vsechny materidly budou k dispozici ke stazeni z univerzitniho webu. Simulace byly

provedeny pomoci programu MATLAB/SIMULINK.
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ZAVER V ANGLICTINE

Aim of this bachelor work was to create study instructions and supports for subject Theory
of automatic control. This study is in english language and is instrumental for foreign
students. Theoretical part is concentrated to brief description of substance that is more
described in presentations of PowerPoint. In practical part are displayed the presentations in
group of six pictures. Next there are exemplary protocols that are divided up into three
parts. First part is focused on outer description and analysis linear continuous dynamic
systems. Second part contains synthesis of control system and third part is oriented to state
space description of linear dynamic continuous systems. All materials will be possible
download from university web. Simulations were made by the help of program

MATLAB/SIMULINK.
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SEZNAM POUZITYCH SYMBOLU A ZKRATEK

LSDS - linedrni spojity dynamicky systém

G(s) - prenos soustavy

Q(s) - prenos reguldtoru

F(s) - obraz Laplaceovy transformace
£(t) - origindl Laplaceovy transformace
u(t) - vstupni veli¢ina

¥(t) - vystupni veli¢ina

h(t) - ptechodova funkce
i(t) - impulsni funkce

G(jw) - frekvencni pienos

S - kofeny jmenovatele (poly)

Di - koteny Citatele (nuly)

P - proporciondlni slozka reguldtoru
I - integracni slozka reguldtoru

D - derivacni slozka regulatoru

T, - integracni Casova konstanta

Tp - derivacni ¢asovd konstanta

T. - doba pritahu

T, - doba nabéhu

K - zesileni
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SEZNAM PRILOH
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