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Projektovanje PD regulatora za sisteme
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PID regqulatori su najcesée koriséeni regulatori u industiji, sa udelom od 95% od svih koriséenih regulatora. Od
toga najveci broj otpada na regulatore PI tipa, dok su regulatori PD tipa manje zastupljeni. U ovom radu je opisano
projektovanje PD regulatora metodom D — dekompozicije, kao i primena ovog tipa regulatora na sisteme sa kasnjenjem.

Rezultati prikazani u ovom radu pokazuju da PD regulator dobijen predlozenom metodom daje dosta dobre
rezultate, i da diferencijalno dejstvo minimizira efekte vremenskog kasnjenja i postize stabilnost sistema sa velikim

vremenskim kasnjenjem.

Kljuéne reci: PD regulator, D-dekompozicija, sistemi sa ka$njenjem, stabilnost sistema, relativna stabilnost.

1. UvoD

Regulatori PID tipa su najcesée korisc¢eni regulatori
u industriji, sa udelom od 95% od svih koris¢enih
regulatora. Od toga najveci broj otpada na PI regulatore.
[1] Razlog za naj¢esce koris¢enje PI regulatora u industriji
je njegova relativno jednostavna struktura koja se lako
moze implementirati u praksi. Manje zastupljeni regulatori
su regulatori PD tipa. Ovi regulatori su, takode, relativno
jednostavni, ali im je posveéeno dosta manje paznje. Zato
¢e u ovom radu biti viSe refi upravo o ovom tipu
regulatora.

Metoda koja omoguéava projektovanje PID
regulatora visokog reda je D — dekompozicija. Metod D —
dekompozicije razvio je Neimark [2-3]. Znacajno
prosirenje metode D — dekompozicije dao je Mitrovic
uspostavivsi ¢vrstu vezu vrednosti procesa iskazanim kroz
odgovarajuci stepen relativne stabilnosti sistema. [4] Svoje
potpuno uopstenje metod D — dekompozicije je doziveo u
algebarskoj metodi koju je razvio Siljak [5-7]. Za efikasno
tumacenje rezultata dobijenih D — dekompozicijom
neophodna je i odgovarajuca graficka interpretacija koja
zahteva odgovarajucu softversku podrsku. Savremena
teorija upravljanja omogucava da se za procese visokog
reda projektuju regulatori ¢iji ¢e red biti jednak redu
procesa. [8-11] Interpretacija takvih regulatora u industriji
je veoma slozena i skupa. Zato se namece potreba
projektovanja regulatora niskog reda, koji su najceSce
prisutni u industrijskoj praksi, za upravljanje procesima
visokog reda [12-17].

Sistemi sa ka$njenjem su sistemi u kojima postoji
vremensko kaSnjenje izmedu ulaza ili upravljanja i
ispoljavanja efekata tih dejstava na sistem. Ona su ili
posledica kasnjenja svojstvenih komponentama sistema ili
namernog uvodenja kasnjenja radi lakSeg upravljanja
sistemom [18].

Procesi sa vremenskim kasnjenjem zahtevaju vecu
paznju prilikom odabira regulatora. U ovom radu se
primenom PD regulatora ispituje stabilnost sistema sa
kasnjenjem. Za projektovanje PD regulatora koristi se
metoda D — dekompozicije. Osnovna pretpostavka ove

metode polazi od zahteva da se u parametarskoj ravni
odredi skup svih vrednosti podesljivih parametara za koje
¢e razmatrani sistem, dat svojom karakteristicnom
jednadinom, biti stabilan [15]. Primenom ove metode
dobijaju se parametarske jednacine na osnovu kojih je
napisan program u Matlab-u. Uz pomo¢ ovog programa
vr§i se analiza predlozene metode projektovanja PD
regulatora za sisteme sa kasnjenjem.

2. MATEMATICKI MODEL SISTEMA
AUTOMATSKOG REGULISANJA SA KASNJENJEM

Prenosna funkcija PD regulatora je:
W, =K, +K; s Q)
Prenosna funkcija procesa prestavljena je u obliku:
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Slika 1: Sistem automatskog regulisanja

Karakteristicna jednacina sistema automatskog
regulisanja sa slike 1 odredena je jednacinom:

f(5)=1+W, (5)-W, (s)=0 @3)
f(s):l+(Kp+Kd~s)-l\l\/ll((z))~eTS 4
f(s)=M(s)-e®+(K,-s+K,)-N(s)=0  (5)
(s)=M(s)e"= Y as " ©

Povezujuéi izraze (5) 1 (6) dobija se konacan izraz za
karakteristicnu jednacinu sistema:
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f(s)="f,(s)+(K,-s+K,)-N(s)=0 @)

Potrebno je u pogodnoj formi izraziti kompleksi

broj s i preko njega uspostaviti vezu izmedu stepena

prigusenja & i promenljivih parametara regulatora Ky i Kg

sadrzanih u karakteristicnoj jednacini (7). Na ovaj nacin

preslikavamo oblast iz kompleksne ravni s ispod prave

&=const, slika 2, u oblast odgovarajuceg koeficijenta

prigusenja,  predstavljenog  krivom  £=const, u
parametarskoj ravni podesljivih parametara regulatora.
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Slika 2: Oblast sa zahtevanim vremenom smirenja i
relativnom stabilnoscéu [15]

Posto je:
S=—m,&+ jo,[1-&2,0<£<1 (8)
element Cistog kasnjenja moze se izraziti u obliku:
s _ e, 2 i 2
e” =e (cosw)n 1-&° + jsin m)n«/l—g ) 9)

78

e” =e"(cosq+ jsing) (10)
pri ¢emu su:
p =0, q=10,y1-& (11)
Ako je s dato jednacinom (8), tada je s odredeno izrazom:
s = (T(-O)+ -8, (=) @)
odnosno:
s = ok (<) T (&) + W& ()'U, (9)) (13)

gde su Tk i Ux Cebisevljeve funkcije prve i druge vrste za
koje vaze sledece rekurentne jednacine:

T (£) =257 (£)-Teu (8) (14)
U (£)=28U,(£)-U,.(9) (15)
T,=1T,=&U, =0U, =1 (16)

Povezujudi jednacine (7) i (8) dobija se:

fl(f,a)n)+[Kd (—§a)n + ja)n\/]?)+ Kp} N(&m,)=0
Povezujudi sada jednacine (6), (10) i (13) dobija se: 40
f1(§,a)n)+[Kd (—ga)n + jo, 1—§Z)+ Kp] N(£,,)=0
(18)
f,(¢0,)=]a(&0,)c0sq- (& m,)sing e +

+j[a(& @,)sing+B(&,0,)cosq e’

(19)
pri ¢emu su:

n

a(ée,)= kZak (-1) 0T, (&) (20)
B w,)=1-2 Za ()" 0lU, (&) @)

Izraz za N (&,@,) moZe se napisati u slede¢em oblicima:

N(& ) =y(&w,)+i6(& @,) (22)
N(&m,)= gbka)r‘f ((—1)k T (&)+ iWi-& (-1)"u, (5))
(23)

Izjednacavajuéi izraze (22) i (23), i izdvajajuéi realni i
imaginarni deo, dobija se:

P(E0,)= 20k (-1, (¢) (24)
5(§,wn):~/1—§2kibkw,‘f(—1)k+1Uk(5) (25)

Povezujué¢i jedna¢inu (17) sa jedna¢inama (18) —
(25), 1 izdvajaju¢i realni i imaginarni deo, dobijamo
slede¢i sistem jednacina:

Ky cor (&) i-E0,8(80,)]-
-K,7(&,0,)=(acosq-pgsing)e”
K, [gam(g,a)n)— 1—§2a)ny(§,a)n)}—
-K,6(¢,0,)=(asing+pcosq)e™”

(26)

@7)

ReSavanjem  Sistema jednacina (26), (27) pri
@, #0,0< & <1, dobijamo parametre PD regulatora K i
Kd. Iz ovog sistema jednaCina za @, =0 i @, =
definisu se singularne prave koje su opisane jednacinama:
K,(£,0)=0 (28)
K, (&%) =0 (29)

3. PRIMENA PREDLOZENE METODE
PROJEKTOVANJA PD REGULATORA NA
PRIMERIMA REGULISANJA PROCESA SA

KASNJENJEM

Primenom softverskog paketa Matlab napisan je
program za odredivanje parametara PD regulatora na
osnovu sistema jednacina (26), (27) i singularnh pravih
(28), (29).

Ovaj program automatski crta krivu zavisnosti Kg
kao  funkciju proporcionalnog pojacanja K, U
parametarskoj ravni za zahtevani stepen prigusenja
zatvorenog kola sistema automatskog regulisanja.

Da bismo ilustrovali predlozenu metodu
projektovanja PD regulatora za procese sa kaS$njenjem
izabrana su tri primera:

1
— —15s 30
Wa3)= e (30)
1 s
S K T 0
W, (s)=e"* (32)

Primer prenosne funkcije procesa Wpl(s) je

karakteristiCan sa aspekta relativno velikog vremena
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kasnjenja. Kod ovog procesa je odnos izmedu vremena
kasnjenja i dominantne vremenske konstante 15/3. Kod

procesa opisanog prenosnom funkcijom W,;(s) ovaj
odnos je jo$ ekstremniji i teorijski tezi beskonaéno.

Na slici 3 prikazana je parametarska ravan za
prenosnu funkciju procesa W, (s) sa granicama apsolutne
i relativne stabilnosti za zahtevani stepen prigusenja
zatvorenog kola sistema automatskog regulisanja koji
iznosi £=0,5. Granica stabilnosti obeleZzena je sa
£=0,0. Vrednosti proporcionalnog pojacanja K, i
odgovarajuceg diferencijalnog pojacanja Ky za vrednost
stepena prigusenja ¢ =0,5 ocitavaju se sa slike 3.

Kd

Kp
Slika 3: Parametarska ravan za razlicite vrednosti stepena
prigusSenja zatvorenog kola za prenosnu funkciju Wp, (S)

System Ws

Peak ampiitude: 0.153

Overshoot (%) 483 ponse
016 —————— Attime (seconds). 17.7 ;
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Slika 4: Odziv sistema regulisanja za vrednost stepena
prigusenja & = 0,5 za prenosnu funkciju W, (s)

System: Wz

Step Response Peak amplitude: 1
T T T Overshoot (%):

H H 1 | Attime (seco

SystemlWz HI
- Settiing Flme (seconds): 40.3 T ------- B

Amplitude

i i
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Time {seconds)

Slika 5: Odziv sistema regulisanja za vrednost stepena
priguSenja & =0,5 pri potiskivanju opterecenja

poremecaja za prenosnu funkciju W, (s)

Bode Diagram
Gm=15.7 dB (at 0.585 rad/s), Pm=Inf
-10 T S e e T L

Magnitude (dB)

Phase (deg)

Frequency (rad/s)

Slika 6: Amplitudna i fazna karakteristika otvorenog kola
procesa opisanog prenosnom funkcijom Wpl(s) za

vrednost stepena prigusenja & =0,5

Odziv sistema automatskog regulisanja za vrednosti
stepena prigusenja &=0,5 po referenci prikazan je na
slici 4, a po poremecaju na slici 5. Amplitudna i fazna
karakteristika otvorenog kola prikazana je na slici 6.

Drugi proces koji se razmatra opisan je prenosnom

funkcijom sz(s). Na slici 7 prikazana je parametarska
ravan za ovaj proces, za stepen priguSenja &£=0,5 i
granicu stabilnosti &=0,0. Vrednosti proporcionalnog
pojacanja K; i odgovarajuceg diferencijalnog pojacanja Kq
za vrednost stepena priguSenja & =0,5 ocitavaju se sa
slike 7.

Projektovanje PD regulatora za sisteme sa velikim vremenskim kasnjenjem
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Kd

P T X A S
L Y:0.3286

Kp
Slika 7: Parametarska ravan za razlicite vrednosti stepena
priguSenja zatvorenog kola za prenosnu funkciju W, (S)

System: Ws

Peak ampltude: 0.0688

Overshoot (%) 183

Attime (seconds): 2.79 tep Response
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Slika 8: Odziv sistema regulisanja za vrednost stepena
priguenja & = 0,5 za prenosnu funkciju W, (s)

System: Wz
Peak amplitude: 0.367 Step Response

04— Overshoot (3%): 12.7 T T T
At time (seconds): 4.85 : : :

Lo} System: Wiz 1
. Settling Time (seconds): 8.29
o 0
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Slika 9: Odziv sistema automatskog regulisanja za
vrednost stepena prigusenja & = 0,5 pri potiskivanju

opterecenja poremecaja za prenosnu funkciju Wo, (S)

Bode Diagram
Gm = 23.7 dB (at 1.68 rad/s) , Pm=Inf
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Slika 10: Amplitudna i fazna karakteristika otvorenog kola
procesa opisanog prenosnom funkcijom W, (s) za

vrednost stepena prigusenja & =0,5

Odziv sistema automatskog regulisanja prenosne
funkcije W, (s) za vrednosti stepena prigusenja £=0,5
po referenci prikazan je na slici 8, a po poremecaju na slici
9. Amplitudna i fazna karakteristika otvorenog kola
prikazana je na slici 10.

Treéi proces koji se razmatra opisan je prenosnom
funkcijom W, (s). Na slici 11 prikazana je parametarska

ravan za proces opisan ovom prenosnom funkcijom, sa
koje se ocitavaju vrednosti proporcionalnog pojacanja Kp i
odgovarajuceg diferencijalnog pojacanja Ky za stepen
prigusenja £=0,5.

Kd

Slika 11: Parametarska ravan za razlicite vrednosti
stepena prigusenja zatvorenog kola za prenosnu funkciju

Wos ()

Odziv sistema automatskog regulisanja prenosne funkcije
W,,(s) za vrednosti stepena prigusenja &=0,5 po

referenci prikazan je na slici 12, a po poremecaju na slici
13. Amplitudna i fazna karakteristika otvorenog kola

prikazana je na slici 14.
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Tabela 1: Prikaz rezultata projektovanja PD regulatora sa
performansama za prenosne funkcije W, (s), Wp, (s) i

W, (S) pri vrednosti stepena prigusenja & =0,5

System: Ws tep Response
0.12 [T Peak ampliude: 0.108 T
1 | Overshoot (%): 10.6
|| Attime (ssconds) 1.08
B i E System: Ws :
01 i Sefting Time (seconds): 3.06 !
008 [ eeeesseeeedfeeenesnnneesbeani s s ST SR
£ H H
-] | H H H H
E | ; H H H
T e
£ | ; H H H
<L H H
0.04 [ - memmmems s bomoannonnneend T
0.02 = --mmmmmmm e R RRGRECEED SEEELEECEEELEEI CERREEEREREEE,
0 i i i
0 1 2 3 4 5 6

Time (seconds)

Slika 12: Odziv sistema automatskog regulisanja za
vrednost stepena prigusenja & = 0,5 za prenosnu funkciju

Wo, ()

System: W, L.
Sy step Response
T

Peak amplitude: 1
[T Overshoot (%): 106
! | At time (seconds): 1.08
; ememeennaas L. System: Wz
H i Settiing Time (seconds): 3.04

=
@

Amplitude

=
.
T

0.2
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Slika 13: Odziv sistema automatskog regulisanja za
vrednost stepena prigusenja & = 0,5 pri potiskivanju

opterecenja poremecaja za prenosnu funkciju Wp, (S)

Bods Diagram
Gm=-0.316 dB (at 54.8 radis), Pm =114 deg (at 52.9 radis)

10 10° 10 10°
Frequency (radis)

Slika 14: Amplitudna i fazna karakteristika otvorenog kola
procesa opisanog prenosnom funkcijom W, (s) za

vrednost stepena priguSenja & =0,5
Vrednosti parametara regulatora sa performansama
za prenosne funkcije W, (S), Wi, (S) i Wes(s), pri
vrednosti stepena prigusenja & =0,5, prikazane su u
tabeli 1.

W, (s) W, (s) Wo; (s)
Stepen prigusenja 0,5 0,5 0,5
Proporcionalno 0,115 0,07208 0,106
pojacanje Kp
Diferencijalno 0,3864 0,3286 0,0188
pojacanje Kg
Preskok 48,3 193 10,6
(referenca) [%]
Vreme smirenja 37,8 9,98 3,06
(referenca) ts [s]
Preskok 11,5 12,7 10,6
(poremecaj) [%]
Vreme smirenja 40,3 8,29 3,04
(poremecaj) ts [S]
Pretek faze Inf Inf 114
?n [
Pretek pojacanja 15,7 23,7 -0,316
9y, [dB]

4. ZAKLJUCAK

Dolazi se do zakljucka da PD regulator dobijen
predlozenom metodom daje dosta dobre rezultate i
njegova prednosti se ogleda u jednostavnosti izvodenja
metode. Rezultati prikazani u ovom radu pokazuju da
diferencijalno dejstvo minimizira efekte vremenskog
kasnjenja 1 postize stabilnost sistem sa velikim
vremenskim kas$njenjem. Glavni nedostatak ovog tipa
regulatora je nemogucnost eliminisanja staticke graske.
Dalja istrazivanja autora ¢e se usmeriti ka projektovanju
PID regulatora ovom metodom, ¢ime ¢e ovaj nedostatak
biti otklonjen.
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Design of PD Controllers for Systems with High Time Delay
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PID controllers are the most used controllers in industry, with a share of 95% of all used controllers. Most of them
are Pl controllers, while PD controllers are less common. This paper proposes the design of PID controllers by D —
decomposition method, as well as application of this type of controllers to the delay systems.

The results presented in this paper show that PD controller, obtained by the proposed method, gives good results,
and that differential action minimizes effects of time delay and achieves stability of systems with high time delay.

Keywords: PD controller, D-decomposition, time delay systems, system stability, relative stability.

1. INTRODUCTION

PID controllers are the most used controllers in
industry, with a share of 95% of all used controllers. Most
of them are PI controllers [1]. The reason for the most
frequently use of Pl controllers in the industry is its
relatively simple structure, which can be easily
implemented in practice. Less used controllers are PD
controllers. These controllers are also quite simple, but
much less attention is devoted to them. Therefore, exactly
this type of controller will be discussed in this paper.

The method that enables PID controller design for
high order systems is D — decomposition. The D —
decomposition method was developed by Neimark [2-3].
Significant expansion of D — decomposition method was
given by Mitrovic, establishing a strong link between the
processes values expressed through the corresponding
degree of relative stability of the system [4]. The D —
decomposition method was fully generalized in the
algebraic method developed by Siljak [5-7]. For efficient
interpretation of results obtained by the D — decomposition
method it is necessary a suitable graphical interpretation
which requires the corresponding software support.
Modern control theory allows, for high order processes, to
design controllers whose order will be equal to the order of
the process [8-11]. Implementation of such controllers in
industry is very complex and expensive. Because, there is
a need for design of controllers of low order, which are
most frequently present in industrial practice, for control
of high order processes [12-17].

Time-delay systems are systems in which there is a
time delay between the input or control and expression of
the effects of these actions on the system. They are either
the result of delays which are inherent in the system
components or intentional introduction of delays for easy
system control [18].

Processes with time delay require more attention
when choosing a controller. In this paper, by applying the
PD controller, it is examined the stability of the time-delay
systems. For the PID controller design, it is used D —
decomposition method. The basic assumption of this
method is based on the requirement that, in the parameter
plane, it is determined the set of all values of adjustable
parameters for which the considered system, given by its

characteristic equation, will be stable. [15]. By using this
method, the parametric equations are obtained, on which
the program was written in Matlab. With the assistance of
this program it is performed the analysis of the proposed
method of designing PD controller for time-delay systems.

2. MATHEMATICAL MODEL OF THE AUTOMATIC
CONTROL SYSTEM WITH TIME DELAY

The transfer function of the PD controller is:
W, =K, +K; s Q)
The transfer function of the process is represented in the
form:

m

> bys"
_ k=0

v NGO

e’ ,m<n 2)

n

> ask
k=0

D(s)
Wu(s)&g—uwp(s) X() 3

Figure 1: Automatic control system

<
—_

w
N—

X, () e(s)

The characteristic equation of the automatic control
system from Figure 1 is determined by the equation:

f(5)=1+W, (5)-W, (s)=0 @3)
f(s):l+(Kp+Kd~s)-l\l\/ll((Ss))~eTS @)
f(s)=M(s)-e®+(K,-s+K,)-N(s)=0  (5)
(s) =M (s)-e" = as e ©)

By connecting Equations (5) and (6), the final expression
for the characteristic equation of the automatic control
system in the complex domain is obtained:

f(s)=fl(s)+(Kd‘s+Kp)-N(s)=O @)
Taking into account Equation (7), it is necessary to
express the complex number s in a suitable form and use it

*Corresponding author: Dositejeva 19, 36000 Kraljevo, dubonjic.lj@mfkv.kg.ac.rs
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for establishing the relation between the damping degree &
and the variable parameters of the controller, Ky and K;,
contained in the characteristic equation (7) for the
automatic control system. This is how the area from the
“s” plane below the straight line & = const. (Figure 2) is
mapped in the area of the corresponding damping
coefficient represented by the curve & = const., in the
parameter plane of tuning parameters of the controller (K,
Ka).

A 3
l m ( S)
. \\c =0
I]&[
/ \ T =N,
/‘/ \‘\(i)\""\d\ q)
\Y‘an/ \
*\\\\ \

/ o T(o \

| nmin \

I s [ 0 B \

h }, 5

o oy - | »

. * * * »
vE=1] A =3

| ® * [0) } /*/ R.(5)
‘ Ao

~ nmin
*
-
a3 4 c“‘
\ 7 (0
/\/ / nmax

Figure 2: Area with the required settling time and relative
stability [15]

Since:

s=-m, &+ jo,1I-&,0<£<1 ®)

apure delay term can be expressed in the form:
e” =e "% (coswo 1- & + jsintm «/1 £ ) 9)
e” =e?(cosq+ jsinq) (10)

pzrgwn’q =1, \]1_52 (11)

If s is given by equation (8), then s* is determined by the
expression:

s = ot (Tk (=&)+ ] 1—§2uk(—§)) (12)

where

or:
S =0 () T (&)+ L& (1)U, (¢)) @9)
where Ty and Uy represent Chebyshev functions of the first

and second kind for which the following recurrent
equations hold:

Tk+1 (é)zzﬂk (f)_ka1 (5) (14)
Uia(€)=28U,(£)-U, (&) (15)
T,=1T,=¢{,U,=0U, =1 (16)

By connecting (7) i (8) it is obtained:

fl(§,a)n)+[Kd (—ga)n+jwn 1—52)+KD]N(§,Q,”):

(17)
By connecting now equations (6), (10) and (13) we get:

fl(f,a)n)+[Kd (—e:a)n + jo,1- & )+ Kp] N(&m,)=0
(18)
f,(é0,)=]a(&0,)c0sq-B(& ,)sing e +

+j[a(& o,)sing+B(&,m,)cosq e’ 19)

in which:

a(é,0,)= Za (=1)" 0T, (£) (20)
N Za ()" 0lU, (&) @)

The term N (&,®,) can be written in the following forms:

N(fw)=y(§w)+j5(§,a)n) (22)
@) =20k (-1 T (9)+ WE-E (-0 U.(9))
(23)

Equalizing the expressions (22) and (23), and separating
the real and imaginary part, it can be obtained:

y (&)= ibkw: (-1, (&) (24)
5(&m,)=1-& Zbk of (-1)TU(E)  (25)

By connecting equatlon (17) with equations (18) -
(25), and separating the real and imaginary part, we obtain
the following system of equations:

K| o (6.0, +I-E0,6(0,) |-

(26)
o7 (& @,)=(acosq-Bsing)e™”

K, [ﬁa) 5(ém,)-1-Eay(é o )} @7
-K,6(¢,0,)=(asing+pcosq)e™”

By solving the system of equations (26)-(27) at
@, #0,0< & <1, the expressions for the parameters K,

and Kq of the PD controller are obtained. From this system
of equations for @, =0 i @, =0, the singular straight

lines are defined, which are described by equations:
K,(£,0)=0 (28)

K, (&,00)=0 (29)

3. APPLICATION OF PROPOSED METHOD FOR PID
CONTROLLER DESIGN ON THE EXAMPLES FOR
CONTROLLING OF PROCESSES WITH TIME DELAY

By using Matlab software package it is written a
program to determine the parameters of the PD controller,
based on a system of equations (26)-(27) and the singular
straight lines (28)-(29).

This program automatically draws a depending
curve Ky as a function of the proportional gain K, in the
parameter plane for the required damping degree of
closed-loop of automatic control system.

To illustrate the proposed method of the PD
controller design for processes with time-delay three
examples are selected:

1 -15s

WP1(5)=(S+—1)39 (30)
1 N
Woq(s) =€ (32)

LJ. Duboniji¢, N. Nedic¢, V. Stojanovi¢, M.Veljovi¢
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An example of the transfer function of the process
W, (s) is characterized in terms of a relatively large time
delay. In this process the ratio between the time delay and
the dominant time constant is 15/3. In the process
described by transfer function W, (s), this ratio is even
more extreme and theoretically tends to infinity.

In Figure 3, it is shown the parameter plane for
the transfer function of the process W, (s) with the
boundaries of the absolute and relative stability for the
required damping degree of the closed loop of automatic
control system, which is £ =0,5. Stability limit is marked
with &=0,0. The values of proportional gain Kp and the

corresponding differential gain Kd for the value of the
damping degree &£ =0,5 are read from the Figure 3.

Kd

Kp

Figure 3: Parameter plane for dif#rent values of the
damping coefficients of closed loop for transfer function

W, ()

Response of the automatic control system for the values of
the damping degree £ =0,5 to the action of reference is

shown in Figure 4, and to the action of disturbance in
Figure 5. The amplitude and phase-frequent characteristic
of the open loop is shown in Figure 6.

System: Ws
Peak amplitude: 0.153

System: Wz

Peak ampitude: 1

T Overshoot (%): 11.5
s):

Step Response
T T T

Amplitude

i i i i i i I
10 15 20 25 30 40

Time (seconds)

Figure 5: Response of the automatic control system for the
value of the damping degree & =0,5 with load

disturbance rejection for transfer function Wy, (s)

Bode Diagram
Gm= 157 dB (at 0.595 rad/s) , Pm = Inf

Magnitude (dB)

Phase (deg)

10" 10° 100 10
Frequency (radis)

Figure 6: Amplitude and phase-frequent characteristic of
the open loop of the process described by transfer function

W, (s) for the value of the damping degree & = 0,5

Second process, which is considered, is described by
transfer function W,, (s). Figure 7 shows the parameter
plane for this process, for damping degree £=0,5 and
stability limit £ =0,0. The values of proportional gain Kp

and the corresponding differential gain Kd for the value of
the damping degree & =0,5 are read from the Figure 7.

Amplitude

B R e SN SIS R

Overshoot (%): 48.3 ponse
At time (seconds): 17.7 T

____________________________________________________________

| System :
+ Settling Time (seconds). 37.8

Kd

0.07208
0.3286

Figure 4: Response of the automatic control system, for
the value of the damping degree &£ =0,5 for transfer

30 @ 5 .
Time (seconds) 05 0 0.5 1 15 2 25 3 35 4
Kp

Figure 7: Parameter plane for different values of damping

. coefficient of the closed loop for transfer function W, (s)
function W,, (s)

Design of PD controllers for systems with high time delay
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Response of the automatic control system of the transfer
function sz(s)for the values of the damping degree
£=0,5 to the action of reference is shown in Figure 8,
and to the action of disturbance in Figure 9. The amplitude

and phase-frequent characteristic of the open loop is
shown in Figure 10.

System: Ws

Peak amplitude: 0.0688

Overshoot (%) 193

Attime (seconds): 2 79 tep Response

T ———————

Amplitude

: System: Ws
1| Settiing Time (seconds): 9.98

0 2 4 ] 8 10 12 14

Time (seconds)

Figure 8: Response of the automatic control system for the
value of the damping degree & =0,5 for transfer function

W, (s)
System: Wz
Peak amplitude: 0.367 Step Response
04— Overshoot (%) 127 T T T
At time (seconds): 4.85 H H H
R T T T e bt LLLTEERERERE
1 ) e T ‘r- System: Wz -
+ Setting Time (seconds): 8.29
| .
025 |- memmeneas R A R Loponomnenes [ ——
. Ll
3 '
R S e R D R RREREEEEEELEEERPEETREERES
£ s
L L e R R A b Poboees Ao
vl H
L '-L' --------------
I |
005 - mmmmmm e fae el B R
' ' ' L i
0 i1 i
o 2 4 B 8 10 12

Time (seconds)

Figure 9: Response of the automatic control system for the
value of the damping degree £ =0,5 with load

disturbance rejection for transfer function W,, (s)

Bode Diagram
Gm=23.7 dB (at 1.68 rad/s), Pm=Inf

Magnitude (dB)

Phase (deq)

10° 10' 10°
Freguency (radis)

Figure 10: Amplitude and phase-frequent characteristic of
the open loop of the process described by transfer function

W,, (s) for the value of the damping degree &£ = 0,5

03

025

02

0.15

Kd

0.1

0.05

Figure 11: Parameter plane for different values of
damping coefficient of the closed loop for transfer function

Wos ()

Third process, which is considered, is described by
transfer function W, (s). Figure 11 shows the parameter
plane for the process described by this transfer function,
from which the values of proportional gain Kp and the
corresponding differential gain Kd are read, for the value
of the damping degree £ =0,5.

Response of the automatic control system of the transfer
function W, (s)for the values of the damping degree

£ =0,5 to the action of reference is shown in Figure 12,

and to the action of disturbance in Figure 13. The
amplitude and phase-frequent characteristic of the open
loop is shown in Figure 14.
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System: Ws jtep Response
012 —————7— Peak ampitude: 0.106 T

i Overshoot (%): 106

i | Attime (seconds): 1.08
H ; | | System: Ws :
! | Setting Time (seconds): 206 !

0.08

o
=
&

Amplitude

0.04

0.02

Time (seconds)

Figure 12: Response of the automatic control system for
the value of the damping degree & =0,5 for transfer

function W, (s)

System Wz
Peak ampltude: 1
T Overshoot(%) 106
| Attime (seconds): 1.08
) S T L. System: Wz :
: ' i | Setting Time (seconds): .04 |

Step Response

TP SNBSS N — A S —
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T
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T
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Figure 13: Response of the automatic control system for
the value of the damping degree & =0,5 with load

disturbance rejection for transfer function Wo; (s)

The values of the controller parameters with
performances of transfer functions W, (s), W,,(s) i
W, (s), for values of the damping degree &=0,5, are
shown in Table 1.

Table 1: The values of the controller parameters
with performances of transfer functions W, (s), W,, (s) i

W, (s), for values of the damping degree &=0,5, are
shown in Table 1.

Bode Diagram
Gm=-0.316 dB (at 54.9 rad/s), Pm = 114 deg (at 52.9 rad/s)
T T

Magnitude (dE)

Phase (deg)
[ L
) ™
3 o

fa
=

10" 10° 10’ 10°
Freguency (rad's)

Figure 14: Amplitude and phase-frequent characteristic of
the open loop of the process described by transfer function

W, (s) for the value of the damping degree £ = 0,5

WPl(s) WPZ (S) WP3 (S)
Damping 0,5 0,5 0,5
degree &
Proportional 0,115 0,07208 0,106
gain K,
Differential 0,3864 0,3286 0,0188
gain Ky
Overshoot 48,3 193 10,6
(reference) [%]
Settling time 37,8 9,98 3,06
(reference) ts [s]
Overshoot 11,5 12,7 10,6
(disturbance)
[%]
Settling time 40,3 8,29 3,04
(disturbance) ts
[s]
Phase margin Inf Inf 114
@ [°]
Gain margin 15,7 23,7 -0,316
9, [dB]

4. CONCLUSIONS

It has been concluded that the PD regulator
obtained by the present method provides a lot of good
results, and its advantage is the simplicity of the method.
The results presented in this paper show that the
differential action minimizes the effects of time delay and
achieves stability of the system with large time delay. The
main disadvantage of this type of controllers is inability to
eliminate the static error.

Further authors’ research will focus on PID
controller design using this method, which this deficiency
will be removed.

Design of PD controllers for systems with high time delay
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