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with the Constraints
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Department of Mechatronics, Graduate School

Korea Maritime University

Abstract

The Proportional Integral Derivative(PID) controller is still widely used in the
process industries even though control theory has developed significantly since
it was first used several decades ago.

As our industry has developed and increased the level of high-technology,
many suggestions have appeared to upgrade the PID controller. Most of them
are mainly based on experiences and experimentations. As a result, tuning of
PID controller depends on designer's experience and intuition. Closed loop
tuning method of Ziegler and Nichols(Z-N), open loop tuning method,
Cohen-Coon(C-C) tuning method and IMC tuning method are well known to us.

However, it is not easy to apply for unstable process with time delay. The
reason is because of unstability due to the poles existing on right-hand side in
s—-plane and the effect of time delay. Also, we can ascertain through many of
the earlier researches that unstable processes with time delay have large
overshoot the cause of system characteristics. The well known tuning methods
for unstable process are De Paor and O'Malley method, Venkatashankar and
Chikambaram method, Poulin and Pomerleau method, Ho and Xu method, Wen
and Yingqgin method. But the above methods did not consider the control
environment.

This paper considers design technique for PID controller in case of

predefining overshoot or settling time by designer according to control
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environment. To deal with constraint problem like this, the RCGA(Real-Coded
Genetic Algorithm) incorporating the penalty strategy is used this is the method
that if the RCGA violates given constraints, the defined penalty function is
summed to the evaluating function depending on the severity and to convert
non-constraints optimization problem. The proposed method is applied to the
unstable FOPTD(First Order Plus Time Delay) system and simulation is given

to illustrate the set-point tracking performance.
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Nomenclature

ith row and jth column element of matrix A
error state vector

fitness function

fitness of the best

objective function

population size

kth generation

population at kth generation

population after crossover at kth generation
population after reproduction at kth generation
crossover rate

mutation rate

real number

random real number between O and 1
string or chromosome

string or chromosome after crossover
string or chromosome after reproduction
ith chromosome

maximum generation of RCGA

control input

lower boundary of jth gene

upper boundary of jth gene

jth gene of ith chromosome

jth gene after mutation

gene of parent chromosome

gene of offspring chromosome

state vector

chromosome of the best

state vector of system

final integral time



augmented state vector

system output

Vr reference input

/ error state variable

¥ constant

7 parameter of the reproduction operator
A multiplier

T random number of O or 1
A, gain margine

O phase margin

P(K) penalty function

Wi, Wy penalty pressure

J,(K), J,(K), J;(K)  object function

Y PID parameter
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Fig. 2.1 Operation of a genetic algorithm
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Zlo g b o] TR EA & wle] vk Alol7] b= A (3.4)¢ Ert

cos (Vel—e))+ (1— )sm( (1—e¢)

K, = K < (3.4a)
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i = (3.4b)
1—e¢
tan (= (tan"~ V )— Ve(l—¢)

Td = mu (34C)

1N = ol u= (1—e>/etan(¢2“’>, ¢m=tan-1,/@— =0

o},

3.2.2 Venkatashankar®} Chikambaram =

Venkatashankar®} Chidambaram[2]8 De Paor$ O'Malleyol Al 283 432 a4
2 s gial ZAPE SRS o] &l P oAlol 7] el PIL Al 71 E AFSEAATE ## A7)
sebi e = 4 (3.5)9F .

K p KHIII]KIH ax (35a)
T, =25T(1—e¢) (3.5b)

A7A €= %0]3’_, Ko, =0.98y1+T%2, K, .. =5« \/(1+a2T2w§)/(1+25a2)
1.373,0 < € < 0.25

w.=02/(T(A—e))olth a=58(1—¢)/e, Bz{ o]},
0.953, 0.25 < € < 0.775

3.2.3 Ho¢} Xu #4

Hol Xul[3]= 54 o] 5ot odelfwE RI5e=S sk PI Aloj7]& Algtsisle

- =
W, #HFZ A|2Fo] Yol FAE(Nyquist) = 20S WA3S HoF3ltt

K,= A K (3.62)
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L (3.6b)

T, =
5wp — wf,L — %
AHl¢HI —"_ gAHl (A’Hl - 1)
A7 w,= ojth. AREAZF PI Aloj7]e] dhetrlElE A7) ¢

(A2 —-1)L

m
-

A= o5l (A, ) Aol (g,)E AdAsloket=tl, o5 R 8ol w= 4 3.7

ol Arkent.

AT " I6L  16L
Am - 4KPKL 1+ \/1 7_‘_2 Ti 7T2T ) (373)
; KKL 1 T
s I K, KL (H f) (875

e, AL ¢, 0 AAE AR 7hol=dR]I(guide line)s Y3t o] AlAlskaL Tt

- Am'o/] /ﬂXg Bé"?’] : 0'7A¢max ~1'3A¢7max

_ d)m'g] /‘\jxg H\:—]r‘?’] : 0'5¢max ~0'9¢max

OIH, Gryax 2 Aymaxi= A (3.8)3 Zrt.

d)max = %_ 2 \% L/T (383)
2vL/T (3.8b)

A —
omE o — x4 — AL/ T
3.2.4 Wen¥ Yingqgin H'd

Wen# Yingqin[4]8 F3-4 ]38 (Loop-shaping) H_ Alojoll 7]%3&}e] PID A|oj7]&

Agkaeiet,
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K — 1 (3.92)

P K(ale+32)
1
. 3.9b
K = RTmern,) (3.9b)
T(c,e+c,)
= (3.9¢)

AN e= -, A AR Aol Satleol, 7 AFES thewt Pk

0.0373
A

a, =— 0.1498log\ + 0.6508

a; =— +0.1862

10.5045

by == +0.8032
b2=3??2—0&ﬂ5

¢, =0.9065\" 163

1
0.2075A +2.0335

Co =—

3.3 AlkzxAE 183 RCGA PID Aol7] %4

RCGAE o3t AAAZ} sk Ao ea B f1ste] Alo7]e] Al st g

= FolZl AUl 545 1tk PID AlojrlE AR FEAHTE AMASAY
T 9§ A sE AN fEliA AR g 7] wiEel tiREe] ATl = ol
T AdeE B A g

PID Ao17]e] Al 7FA] spebE] K, T;, T4 RCGAS] 4 A](Chromosome)7} Tt
o714 et ol AAAIES] el FaL ‘/}EETO: A= ks Fell AREed, 1 A
T AeAFEATESE ARt oxin. Alojghgel wet Ads] Adesi ARS
T A= oY A AeAFTE o, B =dedle AU RIAE), Al AR

95
AHRATAD)S 3744 A5AFE AGHES s, JsAss 4

1~o

g
(ISE), A7kl



(3.10)3} ) HH o] PID At ofH AsA4E Agsii-vk wel 21 gro] t=A ¥
=3

by
IAE :  J,(K)= le (K, t)|dt (3.10a)
0
tl
ISE : JQ(K)Zf e? (K, t)dt (3.10b)
0
ty
ITAE : JS(K)zf tle (K, t)|dt (3.100)
0

4714 ¢ =[K,, T}, T,/T€R3%E PID Alo}7] stepvlel2 A= wEo a1, el A

29k &9 ko] eApolH, ti= o] -9 AT gko]l FAE ¢ AEF FE3] 2 ARtolth

do
lo,
=
ofo
o
N
PN
fr
o
2
)
©
BN
Y
tlo
K
)
ol
as)
K}
dlo
k)
m
=

o714 AT AGEAS B Azwe] g 2 5HoR U oES)
AHA ez F A ke AR Acklae] wee Ao dEnid A4 (3.11)
3 g o)A QulFEE SN R wmsy) HES A WEE QHFEM,)

UERATE 714 ¢ 3 ¢, AAATL AABAE ugste] MAsHs Aol

(3.1D)

~
o] A ARl gl AlkxRs ANHEF-AR e 49 gAskH 1 9uk Feof whet
LA sko] AAAZE AR HHS FoletES k= WhHolth WA P(K)7F 29
RCGA®] 54 g thaat 2t
FK)=JXK)+P(K) (3.12)
]a——»
0; K7} A &gkl d 4 5
P(K) ={ )
wy (¢ MP(K))2+W2(C2_t2(K))2§ K7} 54 33k sl o 7 5



A7 wy, wys 2 AR veH s HAYFEA AAR o8 =dEe= W
=

Golil, BAGSE J(K)E Aol@Adel weh Hds Al A8 F YRS o
A AEASE nesH, A4 5 Q%o A9 PID AFE @ HAIFE A
wshvtel whek 1 ghel 2ekAth 4 (3.10)¢ BHIS FolA ISEE 4ol §ol

stol HHA017] HA Tl AF o] EHAY At F Wi  EHE, 7S ue F
FA =] JW oH N W Alg=e] Mstell =3patth IAEE 2xhe] doj=l

& UERT ITAEE A3t sh=ddel tis) 44

v < 7= Wy F&%
7502 IAEY ISERY &4 o Wideoe] glom o] Ao HAge A|xHle] v}
e Ee] Wk A9 88 o & Aojd 4 drh.[12]

=

N

olgA FomA AR HAHs A= A 3.12)9 A} FK)E HALE e
Hl A oRd H A3 EA2 ®gkET Fig. 3.3 Ae7HA A9d 385 25452

\ F®)=JE)+P(K)

RCGA

Ti’Td

p’

> Gpp (8) Gp(s)

Fig 3.3 Optimization of a constrained PID
control system using the RCGA
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A 4 & AlEdEold

A2l A= B8 Al=¥le] PIDAC]7] stetvEE @37 93 72 ARES
RCGA®] o]24 w77 RCGACl AloFxz1S Fustr] $1ek Wl dis] A3
A3l A= EQhg A ="l 543 71E9 AT 7S AUERlaL, & =EedA A
orsti= W el AgE RCGA 7|uke] PID Alo]7] debvl oMj—g— Mg shol o).

uEpa] 3 e AE ofE] ATl A8HE B S Algle] PID Aloj7]E A

ato] Algelelde AAlstal, 71 Wit Wlasto] AlQkE el fraAde A5

4.1 AA A28 1

dA A|=El & A|AEHY o]|Eo] 1, A|AFT 1, ARl 0.2%<Q] Al~Eo R

H A A|7FA] o] 2o A ~Elo| T},

oAlAl T 2] AlEHOI AN AlE" A2 ofe] oA &= tEH E9HY
FOPTD A|&®lolw Adddta+= 2 (4.1)3 &
G,(s)= Le_ 0-2s (4.1)

4.1.1 FFA

A 3FNA ATNEE BEA QD 47FA] =QHd Al Aloji ] PI = PID Ao
71¢) sebulE K, T, T,& T84 Table 4.17 2t}
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Table 4.1 PID parameters of unstable process for set—point tracking

PID Parameters

K T. T, H] 11
Methods

P i

De Paor and O'Malley 1.699 1.354 0.184

Venkatashankar and

] 2.647 20.0 - 6=1.373
Chikambaram
AL =07A,,
Ho and Xu 2.929 1.436 -
¢I11 = 0'6¢max
Wen and Yingqin 2.792 1.141 0.001 A=9

Table 4.19] wW& PID A|oje] delngE o] &3 dyAG S22 Fig. 4.1, Fig. 4.29}
Fdgsi
Fig. 4.1 De Paor®} O'Malleye] 3} Venkatashankarﬁl} Chikambaram®] =&

Hlwgh Jefzolt), EQHY AlaEllA SHoE YBids 2 FES} 87 A]2Hlo]
SHAE 71744 = De Paor®t O'Malleye] HWHE 20x% AR Algke] ZAyH,
Venkatashankar®}  Chikambaram®] ¥WHo| A= 30&7F A Ue ob4 X ke E5S
Bl

Fig. 4.2 Ho9} Xue] a7 Wen} Yinggin®] HHHS- w)wak —1efto|t}. oA = 7}
o] WM RTIE 5% oo A7 HiE g w2 AR HoFa 9o}, of A3
100%9] 7V7HS- 2 QHFES Kot

Table 4.2= 919] 4704 el digh Ao WEE LWE(M,), JAARK ), 35
THt,), AFAH S A Zlelm, Fig. 4.1, Fig. 4.29} Table 4.28 Felgh A3}
Venkatashankar$} Chikambaram®] HPH-S #]€]8F 37k4]%= oF 100%0] 7}7+$ =

[e)
EE 7MW, Ao 30%0] 7k 21 AFAIREE 7 AL Qs AR geld o ik

O
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(a) Step responses

(b) Control inputs

Fig. 4.1 Step responses and control inputs of PID control system for unstable

process by De Paor and O'Malley, Venkatashankar and Chikambaram
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(a) Step responses

(b) Control inputs

Fig. 4.2 Step responses and control inputs of PID control system for unstable

process by Ho and Xu, Wen and Yingqin
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Table 4.2 Performances of PID controllers for set—point tracking

Performances M, (%) t, t, tq
Al A2 E A 7F | AEAZE | A FA 7
) = pzs
ethods oman | NRLAL | AEA | AR
De Paor and
105.45 1.99 0.44 14.14
O'Malley
Venkatashankar and
] 68.16 1.19 0.26 31.58
Chikambaram
Ho and Xu 98.37 0.97 0.22 2.01
Wen and Yingqin 106.15 1.01 0.22 3.05

g Aokzde T RCGA 7lwe] PID Aloj7lE dAad. Aetzde Ay
WEEQWFESL 55% oIt 2% QA tE AEARN] 25% olurt HES Y
stk makA A (31D o =55, ¢ =257k €5, 4 (312004 WH A5 4

10 o2 A=A 3T}
T 3714

o7 w, =107, w,=

A%z shol Alol7] HernEE

El— 24 o}

S ez}

H %
t}. Fig. 4.3 [IAES =% ?:}—’Fi, Fig. 4.4& ISEZ &#3t4==2 Fig. 4.5% ITAES =
At sto] Aol7] stetuE & ©@Alehs AAS UER Bloltk. RCGAY Ao w4
= 27 A9 A7) N=20, A AS p=1.8, AmjFE P, =0.9, EdHo] FE

N
P =022 A&3l%t}. o2 =8 @9 PID Alol”] 3ebn|El= Table 4.33% 2t}

Table 4.3 PID parameters for proposed method

PID Parameters
Kp Ti Td
Objective function
IAE 5.0398 1.088 0.132
ISE 5.0344 1.098 0.131
ITAE 49167 1.011 0.132
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Fig. 4.3 Searching process of parameters for PID(objective function : IAE)

Fig. 4.4 Searching process of parameters for PID(objective function : ISE)
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Fig. 4.5 Searching process of parameters for PID(objective function : ITAE)

Fig. 4.6& 37b 45756 MA@/t 37kl BHG5S ol §3te] RCGAE 5
srobdl PID Alei7l9] stetrlgz @AY 4 7t
59

~
DAAS 7THAHA, Aoz Fojd <

MP
=)
=

o

13 ek, wa, 7)E] el vla)
A7F 25% ol Zolw itk Table 4.4% 374 Whgel ol@ Huj W
E(M,), AN, AEAZH,), AN )E] A 727 fots

Zoltt.

Table 4.4 Performances for proposed method

BN P

Performances | M, (%) t, t, t
Objective function ﬁgmﬂﬁ’?%lé% AR | e | AL
IAE 55 0.53 0.13 2.32
ISE 55 0.54 0.13 2.34
ITAE 55 0.54 0.14 2.27
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(a) Step responses

(b) Control inputs

Fig. 4.6 Step responses and control inputs of PID control system for unstable

process by RCGA for unstable process with constraints
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4.1.2 A

A A=g) 1ol tel] AAE PID Ale7]e] oAl Aee Felstes d) 9w
27A R=0% FHiolM &9 Adgefo] ofsF D=1(T>0)°] A7te= A=
gkt

Table 4.5 719 WHI ARKeE WRo] et S9S AFA o= vwshy] flste] &
AAE elgro] Fdd wf wekdl FHe] FHFi(Perturbation peak) M, © HFgkel =
ot o e AIRE ¢ ol AAAY 2% We| MR 3&HH= AR ¢,
ERH Zlo)tt,

Fig. 4.7& De Paor®} O'Malley?] W3} Venkatashankar®} Chikambaram®] W&
Ml agk 2], Fig. 4.8 Ho¢t Xuo] ¥ 3! Wenit Yingqin®l #¥& wmgh Aot

Fig. 4.9+= AIRKgE ol o3 S5-5 yehdl Zlojtt,

-

Ll

pk>

Table 4.5 Performances of PID controllers for disturbance rejection

Performances M, t ok toy
Methods A5k T A 7F 3] E A 7F
De Paor and O'Malley 0.665 1.401 >15
Venkatashankar and
) 0.615 1.135 >15
Chikambaram
Ho and Xu 0.512 0.835 1.961
Wen and Yingqin 0.519 0.845 2.940
Proposed method(IAE) 0.260 0.500 1.880
Proposed method(ISE) 0.260 0.500 2.040
Proposed method(ITAE) 0.262 0.500 1.790
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(a) Disturbance responses

(b) Control inputs

Fig. 4.7 Disturbance responses and control inputs of PID control system for

unstable process by De Paor and O'Malley, Venkatashankar and Chikambaram
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(a) Disturbance responses

(b) Control inputs

Fig. 4.8 Disturbance responses and control inputs of PID control system for

unstable process by Ho and Xu, Wen and Yinggin
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(a) Disturbance responses

(b) Control inputs

Fig. 4.9 Disturbance responses and control inputs of PID control system for

unstable process by RCGA with constraints
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4.2 A A" 0O
dA A2E = A28 o]So] 1, ARSI 2, ANHAS 1.2 7HHE A|A~E0

Z WA A|ZEx| o] & A|AHo|T}
919] oA A 2=H] o= 7]E9 Hhﬂ%z} RCGA ©] WS wlashH, RCGA

o] AlekxS A83F PID Aloj7lE A7 ot e e SRIgit oAl A

= A 4.3)3 Zk

Ii]— e u

/\Eﬂ HP/] q _/,:

(4.3)

Aol tigk Ao o] PI = PID Alo17]¢] wetmlE K,

Table 4.8 PID parameters of unstable process for set—point tracking

Performances
Kp Ti Td H] al

Methods

De Paor and O'Malley 1.2666 25.066 0.0598

Venkatashankar and
] 1.4326 20.0 - 6=0.953
Chikambaram
AL =07A,,
Ho and Xu 1.3645 233.99 -
¢I11 = 06 ¢me1x
2.320 5.554 0.445 A=9

Wen and Yinggin

Fig. 4.10, Fig. 4.11% Table 4.8 w& PID #Alo}7]1¢] b S o] &3 oAtk
O] De Paor®} O'Malley?] #He] -9 °F 400%° 7V7&
ZIETHE ol 7P 2 QHFES BojF ], F 7] Uy %2%17&01 50zl 7}
S UERITE B3 oAl Tellxe= ARPAIZTe] th

-

7hE oAl TRYE v =<t

S Holth. Fig. 4.10914+=

o
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2 Aojubi Rt 8439y Hoot XuH ™ Wen¥t Yinggin®ie A2A71F 502
% oFg )R] k= o 71 AHAZFS BT}
o

Table 4.9 Performances of PID controllers for set—point tracking

Performances M, (%) t, t, t
_4q1 uﬂt' _
Methods oMsE HAANZE | AR | AR
De Paor and
O'Mall 399.380 7.1 0.91 49.21
alley
Venkatashankar and
) 367.700 5.88 0.82 50
Chikambaram
Ho and Xu 376.700 6.74 0.87 50
Wen and Yingqin 232.470 3.44 0.54 29.1

_36_

A



(a) Step responses

(b) Control inputs

Fig. 4.10 Step responses and control inputs of PID control system for

unstable process by De Paor and O'Malley, Venkatashankar and Chikambaram
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(a) Step responses

(b) Control inputs

Fig. 4.11 Step responses and control inputs of PID control system for

unstable process by Ho and Xu, Wen and Yingqin
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SbA Table 4.9 &8l 241 npe} o] o AJAElL vig- F QHGE Bl AT
BojErh ol Al&EeME Alkxrds Hu wWEE eHFEZE 130% ©ls)
2

% oli(c, =20)7} H=5 24 si3lvh. AleF

o

BN

AolA Abgsls W] 9 35 ARHeR w, =10, w,=10' o2 143

o} A HES Aes RCGAS £ &9 PID Alo]7] w}ebn]El= Table 4.103 %

oo

Table 4.10 PID parameters for proposed method

PID Parameters
Kp Ti Td
Objection function
IAE 1.871 12.507 0.739
ISE 1.945 12.580 0.759
ITAE 1.893 12.369 0.746

Fig. 4.12 Searching process of parameter for PID(objective function : IAE)
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Fig. 4.13 Searching process of parameter for PID(objective function : ISE)

Fig. 4.14 Searching process of parameter for PID(objective function : ITAE)
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Fig. 4.15%= Agre WS o] &3 HA o= w23 PID Aloj7]9 355 el A
o]al, Table 4.11& AlojAd S YELH Aot} Fig 4.15¢F Table 4.115 S3l &<l
&g g5l A W2 Foj AlkEA] M, < 130(%) 2 t, <20(s)S EH 8t
A WS AL 9ee & 5 A

Table 4.11 Performances for proposed method
Performances M, (%) t, t, t
ol g I IAZE | A | A ZATE
Objection function o) quh_ b A I R
[IAE 130.000 3.36 0.66 17.34
ISE 130.000 3.28 0.64 17.75
ITAE 130.000 3.33 0.66 17.46
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(a) Step responses

(b) Control inputs

Fig. 4.15 Step responses and control inputs of PID control system for

unstable process by RCGA for unstable process with constraints
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4.2.2 A

=
=3
u
it}
oo
o
o
a0
r

#k(Perturbation peak) M, ©] FFgkell =gsh= o] e AIRE
S ot WFHE Sl AAAY 2% o MR IEEE AZRE ¢, 2 Fosta ALt
sto] vERH Aolth

Fig. 4.16, Fig. 4.172 7]12] Wil
olw, Fig. 4.182 Alkx=7& aelgh
4.16 ~ Fig. 4.18, 18]l Table 4.9
o717} 719 Aol7] Hr} dsgk QA A

Table 4.12 Performances of PID controllers for disturbance rejection

Performances M., bk bry
Methods R 9 A ZF 3| & A2
De Paor and O'Malley 3.468 6.665 48
Venkatashank d
criatashanizar ai 2.883 5.600 >50
Chikambaram
Ho and Xu 3.445 6.670 >50
Wen and Yingqin 1.169 3.280 24.050
Proposed method(IAE) 1.118 3.280 15.300
Proposed method(ISE) 1.080 3.200 17.420
Proposed method(ITAE) 1.118 3.280 15.310
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(a) Disturbance responses

(b) Control inputs

Fig. 4.16 Disturbance responses and control inputs of PID control system for

unstable process by De Paor and O'Malley, Venkatashankar and Chikambaram
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(a) Disturbance responses

(b) Control inputs

Fig. 4.17 Disturbance responses and control inputs of PID control system for

unstable process by Ho and Xu, Wen and Yinggin
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(a) Disturbance responses

(b) Control inputs

Fig. 4.18 Disturbance responses and control inputs of PID control system for

unstable process by RCGA with constraints
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