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Design of Cascade Controller With Structure of Smith — Predictor
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(Joon-Ho Cho + Won-Hyok Lee + Hyung—-Soo Hwang)

Abstract - In this paper, we proposed to improve performance of the design of a cascade controller with the
smith—predictor structure. The parameters of controller in the inner loop are determined to minimize the integral of time
multiplied by the absolute value of error (ITAE) value of performance Index. The controller of outer loop and parameters
of Smith-Predictor can be obtain using reduction model. The model reduction is considered that it is the transient
response and the steady-state response through the use of nyquist curve. Simulation examples are given to show the
better performance of the proposed method than conventional methods.

Key Words : Cascade Controller, Model reduction, PID controller, Smith-predictor

1.4 &

PID(Proportional Integral Derivative) A|o}7]|= @ x. v}
ng g Aojel o] ANLHUSA= AdA @F A
volEo] HHA], HEAl Bo] H AojolBE mrj:
PID Aojgnele Awald dvh ©£3 PID Ao)r]g
A Fad B €& A49e AR a glx, Aelry T
7} rdatel Agsirish foldtd, Aloldnat e Ed
7b 2 AdA e A vAY BAS sEXR] &=

s

e
&
rai'
g
2
1
12
o
L
e
-1>
»O
i
HE
cd
L
-
™
=
il
Ho ek
oo go 2 N Im B g rff 2L

it 283 @ 2AAE Eoa e
S A7 AG@ANA A e 2dsm ge
@ o o]

e FEA @A del AEEz £ F

AL F ¥ PID Aol g 55}3}“1 BHE dAete Wy
Nete] B T o] Folx
Astrom¥ Hagglund+= 7+e+3 2
AAFRTE 78 F dE AT
[6] 71Ee dHo] 72 29
EYRERY 9 ¢
e Aol dse o
7 Aoj7ld T2 Gt o] Feix 3 i) o]
% ol 5'4 Rl g 4% A E AQ A 1A
1 A Wl o g Cascade Ao} 7

L6

Lo 2 2 4 2L
ﬂioiio

&:J
O;O
>,—:—*
=
= L
RSl
QA
ol
£,
R

.&r“ ol

g B EXKR Tk ERETLER FEsm LH

o R ENAK TA BEREFIESR T

AAZ, F®E T BXAK Tk ERETFIZ
E-mail : chol(24@wonkwang.or.kr

X HT © 2008%E 35 3H

RHSET ¢ 2008 7H 144

-

OB T

Aoln o HI] PEE = Cascade ® 07| HA|

=

[71[8]. Cascade #Ao}71E WF Ao7)e} iR A 72
Hel glel, AFE FEHY ogF T AA ¥z 59 o
Fa3tA g, 2 =Ed e Cascade #o]7]2]
S FFAF7 AEA U, o829 Aol detrlE #g
ITAE #e] #Aivh HE 2 833, B8 AdANDS
A F7] 9siA Smith-Predictor 7328 2t Lascade A
of7] MAE A¢tsATt

Cascade®] W Aolr] dAE JlF mde] 1x9 X
7k ]

o o ML
of £

;a: i

|
AMbe 2 A sl e 45 A5 [TAE o] HA
zt= PI Alol7)1E MA sHze], 9% Aoy dAe uF
A7l R FAH 283 R F35 A e E
TFata, o] AeEdd didiAl 229 (EATE UAE 4
2d(SOPDDI[10]E T3, 783 F4 2dg o] &3}
AQANZHE BAASE 2ula &7 Aorlel sElnH
#e AFow 2 v ofg@A Tz Aerie) A
& V)@ wiR 948 HEg B B =Ee 74
€ Cascade AolV] AA, Algdeld € n¥ HE2g F

AEo

2. Cascade 0|2 M

71 g RE g 3 A W
daA FAEstel NS wEd Ao Aes
A7) el g A FHFolrh v)Ee

Cascade A7
ol gl F

Iy A
dg 5 AUs

a4
Cascade Aol 793

= oag 17 el FAEHA vk
Cascade Aol7]2] TF&& W FL &f FIZ o|Fo
A da FAL BH UF B FASG R F

ojFolx dom, Aeojy] EF HE Fx
Aoy 7] o - Lo |

1447



BEBWANE 57€ 8% 20085 8A

R r L
~ d(s "gH C}}ﬂ—‘ @&s} »@ %Q’,z(s) — —.
OuterCortreller | IwerGoptroller  Trer Process OuterProcess |
| ‘ Inner loop

Quter loop

a® 1 Cascade MO{?] 7=
Fig. 1 Structure of Conventional Cascade controller

Cascade Ao]7|+ 2702 FA = o] §lof
7} AARGE B33t B =Fd A= Cascade Aozl A
Aol 9o} YR FZo] gl Aolrl= ITAEZ 47 H
E% g Aoy AAYEE dedtgm, 9F 224 e
Al71E AA 3 HGH1 WE 3, R 3o Aojr|g
R Freo FAL AT Hg¥FE 249 XAANDE
e BdE 243800, %i RERRE ojF Fxol Aoy

712<] PID A}

g AAE F Jde AR wEe A g £ R
—'?-94 TRl NAAZE T3tz o], AGAE BAE
¥ Smith-Predictor Ajol7] +2& 1Y 29 Zo] Aozl

95\5}.

{
| Inner loop

{

‘ ) (s}
Rm@ (;) ‘ X*é@f-{ G VJ G (s) -1‘»(} _i (,7(5) ‘ W
| |
|
| |
: |
| Smith-Predictor |

| T

Outer loop

a8 2 MotE Cascade Mo{7] 7=
Fig. 2 Structure of Proposed Cascade controlier

21 UFE 2= FMo{7| MA
Aet7le Wy F2ef 340 1

tiste} A5 ITAEZ H
& Toles, ¥ 134 £k

® 1PD EX #E
Table 1 PID tuning rule,

Process
. Ll —0.92 ‘{1
0.586(—T ) 1.030 0.165(?}

siy 1 1

0.965((%)*0-85) 0.796 — 0.1465( ?, ) 0.308(%)’0'929

1 1 1

1448

22 95 gx Hojz| dA

B 2Z Aorie Ao FatvEErt ofu#t Smith-
Predictors] dtelvle] FEZA 25T Feof &dvh & =&
AN E ojF FXo| Aoy] Ttv]H g Smith-Predictor]

#HvHE Talr] A H4 2dE AT
Cascade controller®} T=olA inner loop ¥#& #Hi8
W REL A()u
Gcz (3 ) Gpl (3)
Gils) =13 G2 (5)Gy (5) W
Eg 9% 22 FF Guls)d 4 8 284 4
2& 7¢ + it
A (DE vfi 24 "éxﬂ%&% 34%0}‘{'3 (2-1 ¢
SOPDT 2d& &4 3 4 gt
A( ) P_S.L
Gls) = —rme @2-D
¢ as’+bs+e

221 54 29 209 F

Nyquist A% I T

2l 4708 HolM AA Rdy F4 Bdo] YXFEF HT

%1—4 g9 FAX €ndgEs 2}
e g T

S 4 AANEE A S AFEE $4 BY

¢ setme g g 7Y 9 AgRyn, A GndE

& #x A g sRHE 0 b LHe +E 9 AET
o FAR gnEE A% #37F FF2E At A
M AR 2l Fu o‘ﬂ'ﬁr & 2EY F5 $H
ghol Hagel HEE 33t 28 32 4 Zd du¥
Fojrt.

g
G0 ALEAT AT s At {m.)‘
A e T T

Nyquist 250 B SNE B9 W S ULS DAY VAR L B

n e iy g
(e = 22" A +ﬁi +-"*ﬁ‘j&+ﬁ-,—f
St AT @t At Bt

H

Nyquist €152 4% D2

hang? FUY R0
ESEE

(. G s o} (g bebcmg)

t
i t
>l i A——— :

¢

¥ ¥

G LY Y
o

EECERE R

T P S

as’ +bstc

a3 3 54 24 LNe[Fe EEL

Fig. 3 Flowchart of reduction model algorithm



1 9 A) Nyquist 9 &9l

AA B9 NyquistdZg #¢lste Foy Lo 2
A¥Ee A golg BAseAg Boste Baau A
2de A4 @ 23, Edax 2od A@T o] A4
2] Has AANGE Wohstd Faa Sge] 2o
Wel A g2 ERSEE )

_ Gul(s)G,(5)G,u(s)
e NI 3

Fgo A9E o8 Sty col 43
e Age 2 PRl A4
1

I =
ropor b gee) FEe F

71"—_‘. [eRe} =
ik, AA e 2de] HEgre 2 (49 Ao
1
“= T60)) “w

34 Ao a b L@ AA
Nyquist A% ¢ 47X b 2l 22 2do] 24
gfe 2 AG)~R)2 FEF &

cos (w,L)— jsin(w

c—aw? + jw,b= GGl . %)
. cos (w, L) — jsin{w,L)
c—awy + jwyb = GG (6)
o awd + jub = cos (w L) — jsin{w,L) o
e /e -G (jw, )
. cos (wyL) — jsin(w,L)
c—awy+ jwb = 1GGw,) (8

—%—7]&(041, b] Ll)o] %J‘l@}ﬂr. %_:'E‘ou’ﬂxf‘ Wangfﬂ tg’
Hel o9 e ZV)geR Hgagon, 4 Beuee o
¥ 0< a< 2q 0< L< 2I,2 8¢

0
o A48 AN JMe 9E A4 dnFoR, AE
€ dddate S, e wda, Bdve]
e A HES WS invert WA S AEAT ®
& AdE 10004H, 8 60704, F debule AL
Zolg ox Yz 1598, &S 70%, AWl T4
&2 3%= A&k

£ A% B7F F5()E Nyquist A= A FHel A
23k} ol Aavt HEs 4 (9 o &stgrt

J= 31 Glw) | = | Gljw) 1) )
w

S
o
2
&l
=

g F

0‘}7]*1 w=wba wm wdolt}ﬂ

AA) HrE AEAL AA
19 AN E Nyquist 290 24T A

B} @om niel AdAz e P F7h S v
AAE A7tE AANRE AAGLEH 4 2de T2

aojd &I PEE HE Cascade Mo &

Trang. KIEE, Vol. 57, No. 8, AUG, 2008

F Atk A (1002 Nyquist 449 2E 495 F3sHA
g9, d7hg va AN e” e AARE F4 2dS
2 <]
AR
e iLw e yLufe*j,au*

Clw) = = it tmre 10

222 9% 7= FMolzig PiD u2iole g

AE Cascade A7) P2 vk 627 FRG E
g8 Af2 Avgss 40DIHe

371N Gls)e AA BH, G ls)e Ve Fh 2EL oy
s, o) Tz AA FHH b Bdol A dx¢
da AdsE, 2 Gls)= G, (s)e L= Gls)a
I 2aDA" 23t Gk

Y(s)  Gals)Gls)
R(s) 1+ G, (s)G, (s)

(12)

(1214 oF Fx} Aojy] A 5= 4 (13)3%

4‘(1.92 +bs+c )
8

o 7] A kpZkXb,ki:kXc,deanO}tﬁ, @b, e

a2 B4 getvg ol

G (s) = k( (13)

=

2135 AU igstd FEatd, ST A3
2l ol AAR A(14)9 Eet
Vis) ke °f
R(s) T etk (14)
A4l @ ool Aevl dAe kghd Feke
Aap gk 2l (oA geEo] geiAg Faeolar AH A7)
y,olet &,
ITAE(Integral of Time multiplied by the Absolute value
of Errorel thgt 24 g ko] sl #HuE 3d % 29

wol 7% 5 Al

-

ISE(Integral of the Squared Error),

E:3 2 Cist 452 s 2 2E

Table 2 Tuning Method considered multiple performance

o714 ISTAE® ISE$} ITAEE ZE# A
7h 2 Aedg BAE7] A AbS

1449



BRETHEE 57% 8% 2008% 8H
2.2.3 Smith-Predictor A

HE BYNEYY By

= Gl
AL Qe olE ZzAze Ad Aew AFY &%
Z

ABAZIA HE=H ol sy A7 A A
o8 2Ha oF duHgFe] de zolx i} Ani 4
7= AAAZ FED XAANDE ALdd BRow =7
Us & dth B =EqMe 2ua J&79 AF e
S4a BEY AFHoz AEdozA 4A 7 + dd
2 (15)e 2n2 4279 AFE veEld Aot
—sL__ 1 —sL

Gm(s)e B a52+bs+ce 15

714, e Pe AN BEOH, G, & AAXRHE
A Rt}

3. AlEgjo|ld ¥ &

2 G xe Add WUilo] ¥y T e Hed
T Ueg Holy] HaM PH Fxeo FAFN ¥ Tio
FAE 4 4 Adrzte] #F2 AR 7 RS Md9Eqa
ohoWiF F3zo Aozl PL A7) dAG:, Wi Fxe
A7), Wi e 34 agdu o 2o FHL 2F
@ AP B5E 249 AdALE 2E 2dE F2 @ 5
0&e AU TE A PPoz MAY 2vx o
27 R 9% =3 Aojrld 4ol 1Y Py moh S
FEHE ANEHIASE F3l9 =9

3.1 XA Zio| B A|AH

1
() g™ (9

A 2 FA(G(s) 1 —re an

Step 1:

HF3x Are 1x9 AAXNDE zE= F
4 e ITAE gol H&7F He PI Aloi71& AAE
T 3ot Alo17] sEtvE e F 19 BHE A4
stH 4 (18)3 2.

Wi gz Aolr] (Gy(s)) :0.5860(1+

Step2:
F Fro Aorjg AAsz U 21(19) ¢+ 2ol Aw
g5 7% & Aok
)= (0.0677s + 0.5860)e ™11
(5+1)%(0.1s+1)0.11565 + (s + 1)2(0.0677s + 0.5860 ) e ~*1*
(19

G(s

1450

Hagel detd %2 =Y LuYEFL AW (209
SOPTD ¥ &4 & ¢ Ut}

e 1.1094s

s)= > (20)
1.20345* +2.6235s + 1

219 A0 T sty Fos S HFZ
SAgEHE 29 49 dEhl. 3™ 4oA s el

e ge 3 FE Sdel dATE & & Aok

y ——Real Model
[B13 e N Reduction Model

Imaginay Axis
ooy
[

—Real Model :
""" Reduction Model

| .
20 25 30 35 a0
Time(sec)

(b) AFZ ¢9 A &

a8 4 3 10 tiE SE B

Fig. 4 Response comparison of process 1

Step3:
@09 F4 2do] T WA H@DFH o] A7)

2 G &
A & & Qo 2us d&7e G, (s)9 #e F2 2d

7holt),

2.
I 1.2462

o

Ed 3 34 10 st Mof{7| majole 8=
Table 3 Parameters Tuning of Process 1

k 0.4456 17825 1.1141




— Conventional Methot.
e

I I
0 1 20 30 40 50 66 70 80
Time(ssc}

a8 5
Fig. 5 Appilication of Proposed method for processi

SHto] et motE ol HE

29 5% Add ¥y F&3ted vdehigle
&9 Wy AeAFE vL AT

X 4= 7)

E 4 3% 1ol ofEt dEXs vl

Table 4 Comparison of performance index for process 1

| [AE | 3478% | 325022 34.7678 31.6193
ISE | 279731 | 236983 26.4263 24,0366
ITAE | 1981956 | 3157512 @ 1960677 | 261.6668

E 694 FAF 5 UKol A" Wl A5AFUAE,
ISE) F¥dAe 7|&9 Wyuc 5w, AeAs
(ITAE) S¥dAe Add U2 ol 58S & & 9l
2, 3¥ 5AE & 5 gl

32 A dAjzZio] 21 MAH

oy - 0.57 s,
MM, OB 3% o] L] ¢ —
Wy FEe 3G () 5ooTe (1)
1 - 208

AR 22 FH(Gy(s)) Bos+1) ¢ 25 2)
A@AzEol 21 Azde] s, Wy Fire FAo

FolAW t&3d ZL 3TAA gsiM R FZ A7)

94F FE Aoy R Lujs FVE HA T F AU

Step 1:

Wi FZeo Aorle 149 (dALE 2E FA4 o
4 A AL ITAE gol H4r 5% Pl Aoy & 4AE
Z 9t Aoly] getelg e ohgn @l

o

i

W 2xe Aol7] (Gyls)) : 2.3885(1+ !

20.7469s ) 23)

Step2:

R FZo Ao71E dAST Ui (24 2ol He

Anjs &) FxE FE Cascade Moi7l 4

Trans. KIEE. Vol. 57, No. 8, AUG, 2008

—28s
ols) = (49.5542s + 2.3885 e

(205 +1)(50s + 1)20.7489s + 0.57(50s + 1)(49.55425 + 2.3885 )™ &
(24)

A4)e] itd 24 Y ¢ngEE AL E (25)9
SOPDT 4= #4 & 4 g

e 32.9930s

= (25)
686.9933 52 + 260.2405 s + 5.2632

Ak A(@25)8 A dste Fap S HFE

waASEEe 29 69 dehiadith 1@ elMe 2ol
FE A % A H $9el dNFS ¢+ vk

0.05¢

Red Model |
vvvvvvv Reduction Model

Imaginary Axis
=
G

O1F

017 w08 [ 008 o1 0.15 02 0.25
Real Axis

(a) Fib 27

- Real Model
""""" Reduction Mode!.

0.02 4
i
O TR 06806 60060 B 00 Taee
Time(sec)

(b) AFE 29 Ad 29

a3 6 2 20 st 2 "
Fig. 6 Response comparison of process 2

Step 3:

Ao5)e] & mdo] AT Ud A@e)T o] AorE
QA & 5 glem, ana dErle G, (s)9 e 2 2
o AANZE AT HEo ¢ e 4 mde xa A
zbolct.

k|, [260.2405
k |~ | 5.2632 @0
k 686.9933

o

1451



BERBEMNE 5748 8% 2008%F 88

= 5 33 20 tist Mo{r| melo|g 5=
Table 5 Parameters Tuning of Process 2
e

0.0379

T T
Conventional Method
------- Proposed Metho d(ITAE) ‘
----- Proposed Method(ISE) ||
“~ Propesed Metho d(ISTAE) |

Process Qutput
=) =y
o w
T T

&
~
T

=
(5]
T

I L I 1 1 : | : L
0 100 200 300 400 500 600 700 800 900 1000
Time(sec)

0

a8 7 23 20 ofsh MotE g Mg
Fig. 7 Application of Proposed method for process 2

E 63 20l ot A5X$ 8D

- oo

Table 6 Comparison of performance index for process 2

33.6409

37.7189 29.4026
| ISE 26.3084 31.2467 25.8556 27.0753
ITAE 1394.4 1872.5 1206.5 12974

MEL Cascade A|o17] HAWHEL Adsdd. A5A$
ISE®} ITAEE n#ld 9% FZ9 Aojy] Al 24 &
42 o] gFdogH o7 AN £ 8¢ 3, T 5
g FIAM #F steuh

a9 4, 19 694 B2 & 4 9l%e] Cascade Ao}71Y
Wi FZo Aoy, 4T g7 FLo FHEL 2319 A
AbE ze 2dE 248 £ d&8 Fae 39, A &
@ REAA Ve YRy g 9 & £ gtk
olgA HAWE Cascade AoI71¢) Hee X 4 X 69 4%

1452

Ztatel 2
2 oA7E 20089 Adger Ao oA ol
=07 7YYL,
¥ 2 o2 d

[1] K.J.Astrom and T Hagglund, "Automatic tuning of
simple regulators with specifications on phase and
amplitude margins”, Automatica, vol. 20, no. 5, pp.
645-651,1984.

[2] WK.Ho, C.CHang, W.Wojsznis,
"Frequency domain approach to

and Q.H.Tao,
self-tuning PID
control”, Contr.Eng. Practice, vol, 4, no.6, pp.807-813,

1996
[3] W.K.Ho, O.P.Gan, E.B.Tay, and E.L.Ang,
"Performance and gain and phase margins of

well-known PID tuning formulas”, IEEE Trans.
Contr. Syst. Technol., vol. 4, pp. 473-477, 1996
M.Zhuang and D.P.Atherton, "Automatic tuning of
optimum PID controllers”, Proc. Inst. Elect. Eng., vol.
140, pt. D, no. 3, pp. 216-224, May 1993.

[5] Q.G.Wang, THLee, HW.Fung, QBi and Y. Zhang,
IEEE
7, nod, pp.

(4

[}

"PID tuning for improved performance”,
Trans. Contro. Syst. Technol., vol.
457-465, July 1999.

[6] K.J.Astrom, "Automatic tuning of PID regulators”,
Instrument Soc. Amer., 1998

[7] Sihai Song , Wenjian Cai and Ya-Gang Wang,
"Auto-tuning of cascade control systems” ISA
Transaction 42 (2003) pp.63-72

[8] antonio Visioli and Aurelio Piazzi, "An automatic
tuning method for cascade control systems”
Proceeding of the 2006 IEEE, October 2006 pp.4-6

[9] Lopez, AM., PW. Murrill, and C.L.Smith,
Tuning Relationships Based on Integral Performance
Criteria”, Instrum.Technol, 14(11), 57, 1967

[10] &3, 885, "MAE =2 =4 Uy 9% HE

A A7) HA PRAAFT Y =&, A 48 SC

53, pp. 1-10, 2007d 94.

"Controller

1)

M



A A & 7HT

= F 3 (A 7BE
19749 10€ 2494, 2000 €&l Al
AZ-gara &<, 20029 B gad A
AZTeA 29 (A, 2006 B tﬂ
2 AojASEgY SQOHAD 20074
Bt AV AAEAERF G 73%17&
Ab, BALROE © AE A0, 2rYEA A9

£

4

2
Jeﬂiﬁ

Me

el © 063) 850-6312
E-mail : chol024@wonkwang.ac.kr

o & 8 (F T W)

1974 1€ 294, 19973 Y3dista A
ol A&Fdra 4. 19999 B g A
AAZFFeT FH(AAL. 2007 & o
e AoAZ TS Zd0Ah 4 4
Fuietw Hrldx LB FEy geld
G, gk BERE A 8 A %A
Tel : 063} 850-6345

E-mail © controll@wonkwang.ac.kr

‘ﬁ(“’”\ﬂ 1991 199241 University
f Ottawa, Canada (Post -Doc).1988 ~
d dggstn AViAGLAR FER
S BAROR L AAUAFA A, o] AR

El

[

o

Tel @ 063) 850-6345
Fax : 063) 850-6345
E-mail : hshwang@wonkwang.ac kr

A0{A &7 FxE Ze Cascade M7 HA

Trars. KIEE. Vol 57, No. 8, AUG, 2008

1453



