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Anti-Windup Controller Design for the Ship with the Rudder Saturation
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ABSTRACT: In the actual control systems, there exist many kinds of restrictions or nonlinearities. However, due to the nonlinearities
in actuators and sensors, the designed controller may not be applicable in some practical situations. One such nonlinearity is amplitude
saturation in actuators. Although sometimes it may be ignored, in other cases failure to consider actuator saturation may severely
degrade closed-loop system performance and even lead to instability. On the other hand, limiting the controller gain to avoid saturation
sacrifices control effort and may lead to loss of performance. Consequently, in some cases, the actuator saturation must be explicitly
taken into account to ensure desired performance. However, in this paper, an anti-windup control system design method is introduced to
suppress the windup due to the amplitude saturation of the actuator. The proposed control system has very simple design process and
guarantees the good control performance. The validity of the proposed control system will be shown by comparing with the results of a

reported paper.
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He 23 AoAE AARE A Aoie]
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@ 2l Esh dold
oAE AA gt
olg{et Unkdel FAL AXE anti-windup AWM B
A7 0 ARE olfold WL QAW musel 9
t}(Astrom and Rundquist, 1989; Hanus et al.,, 1987; Kothare
et al,, 1994)

=0 ==
=
(o]

HES
==

)

at
al

Felle o3 AoiAl BAANGE
WAAAE AR
o-oflak F&Fsh= anti-windup A

ST
L=
oy

LA DGR DA -

AR T 88 A0
051-620-1584  kpjiwoo@pknu.ac.kr

61

A& So] FHZol= ZelAlo)(robust control), HIHE A} &
LMI(linear matrix inequality) %< AAZIYE <]&3lH
windup@& Hoh gapFo g AAsty] A4 A=E HF4
o7 o]Fo]x)i THBernstein and Michel, 1995; Stoorvogel
and Saberi, 1999; Teel, 1998). ©]¢} 22 HIHIMe X35
AL shte) E-shd A (uncertainty) 0.2 RSt A oA

Yoz AojAE AAsta vk & ZEA wiFol ¢
E A2deEY Bgs BEA sene WE 52 9
Goll 93 JFo Hriste] o2 FFE AAINES Ao
AE AAshs Aotk

Iy o)dld HAVIHE 4 AojA AAEAE B
Wk ohle), Tkt YEAE(5xRA15)e] A0 el Ale]
A9l etgAdo] HAEZ FAL FFE54 A3t 5 AT
Ho e AR EA47} B Tan et al, 1999). &, 4
Aze) =7 wet AEgEELel 2] wEd
auto-pilot A=REA Fol 38F A AT AodeE
7Ih3t7] ek

el B =EoME ozt EAHES B F U=
AR QAUE 2Tt =, AL T Ao
Aol skgAe]l ®BAad W wk o} sk A7)e] YHAlE
o dAME Jast FEAE LIHY F URF o 59
£ =gl alske 11101741% BT gy HE o
oj@AHe] EAFE 73T FTEEAHL AT 5 U=
£ 3le ZgAIR (tuning- gam)% ZE5e dck ZEfA AlojAl
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Fig. 1 A control system with saturation

FEE AJFEA] Zbeste] = AojAY H=dd B A4
FESHE MAAYIe Byl 2" olEEd 54 Fw
B&(Tan et al, 1999)9] ZHo} MmAEES E3) 1 F54S
AS3= S gk

2. Y=izEslo| Agt

H2 AojAle] AsLaAvt AojAle] ojugl JFS FAE
Ao sl Lfgci(Wada and Saeki, 2002). Fig. 12] Ao
AZFE AW dE Pt T3 o|RAS tadt o] v

2oz yehdck
pfr = At Bu 1

&, ox, w, yE 44 HPE 3719 A, Aojdd 9 3w
EHolth 133 o ¥3had, K= AorE Uehid e
7 o] x@wrt

= Acxc+Bc(7_y) (2)

u = chc+Dc(7_y)

L2 Aoi7Y AEHE, zE AorERY ZHE Ao
g e ui= Aojrlzny wyd Aolass w3
84 08 AA AA Aojulgel dEE= Alojalielck 18
I & BRI (reference signal)E vieldTh

q714 28he st o() & o2 2ol Aose v E3)
ekl 7Pg gt

() = (¢1(u),, du(w))” ®)

—

ojt}y. flo] A= =AFHoZE Fig 29 Zo] EAE F 2
o} o] o2 RE windup@del tha) dwgitt Estas
E&3l= AoA Fig. 19 lolA, A7) K7} %—-1—%714
R = (slow-mode) & zte 7%, &84 =9

Holl A HFEZL A7IAY AFHA SESgol T
g 7 At o) e e o] A9 & %

Fig. 19} AloJAlo A Z}& o] LAY3IA
ol #F3Z 7 (closed-loop system)e] E44& 2%01‘31‘3]71 Ll
NFZAl(open-loop system)ol] 717k Adelol o]2A4 Hr} o]
A = v =w(feedback)ell 23t FH ARV} FAEHA] 571
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Fig. 2 Saturation indicator parameters

HEol] Rloleabz F71el Bk oed Aloleate] Frke
FAFRS WINTE 7179 Aol7|2RE ] F(Alo] R
o] A& ZUE NHHA HI oA W ARFES ¥
HUE AEAA AT AoEHe A MGERAYS
YA AAE BAHT FE2 FEdih o9 g A
o145 okl ge windup@iolatil Btk mhah & =i
A ole windup@S A7) AZ Aol Aol
EEaE

3. Anti-Windup H|0{7]|2] &A|

3.1 Anti-Windup H|0i7] dAjoil

oM B =Rl Alkshe Aol AW vlm FE
Sate] 1Al Aol Tt AoiAE AAF 04]%— &7
$ItH(Tan et al, 1999).

F3EF(Tan et al, 199904 Hute] rudder %3] o]E]
=3 4T Fig 39 2ol Qedse) 270l oje} xsess
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dezel FHAB AAgre] WeE Ao Aztelel
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Fig. 3 Saturation in terms of gain variation
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A Hgthd = Ajlgko] 19X g 7HA] W= 33 22
 ohg 47} o] Ll 4 902 omla,
k= 1.0 A, < a R (5)
k= fllzr A, > a

Rhek AR k7F 10 ~ k(b <1, k= al A ) AP0 TS 2
S oA vt o] vk & sl

k= Ik + ad, ©6)
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o}, of 2A1gle] FE3TE AoAE dAsE Aotk o|HE #
Y 1.0+ % QM H EA|(robust servo problem)e}ir oy Z¥H YwbEo
0 | 02—k 2 7913 XHA(robust servosystem)Elx & u] 714
a = — 5 s (robustness)2 -3 Hl (steady-state) | A 2] 71/43-& oln|8H
8, e [—1, 1] 7¥ol ot Aot HEeFAd s st FAgL ouisle A
= 2az o & T Clsh ve wasg wﬂxwo At A9 3
= 0] 2 s = HEEE e o n 40}71 oﬁgyﬂ o}L £910] Elc} w}ﬂw % é dxe 4
9 olsh B R Fig 49k Lol ekl 4 som 221 el B w oheh sk gdlel olME Zele] g
Aol HAWM(Hy A7 H) oM mFahd F3ke4e] HEgel  wHe MEA AAHS ARsch
g 5, & 7PHA 23-4A(additive uncertainty) 0.2 Azt A A ()3} Zo] HdEH Aol sl 2EAde] 23X
%= gltk ol@jdt AAole] EH(Tan et al, 199)o) M= Fig. 5 AIERA
1o] % =2 1AET by oA =8 5.(; =
9} Zo] AAAE FAsta, AT w, oA EH 2(i=1,2,3) r(t):{;igif(?)) ®)

7HA 9] AEda T, 7F THeef norm 23

1Tl < 1 @) = AZEL 2R3 e A =004 FolXdar Ftk
& wEse Ao C()F THAS. AL Eass L HEAT - AEEel FFHEE G AoAE
Fig 3% o] mulysle] 1, RFEAZ F2dhe ez, A A8l (A B 7Y, (€ A 7HEE R

]

AA7He] 43 s 53] HFZAY FHEAE
4% 5 Qe
Oﬂ E}a} A= 9_311’7—-‘5_7} %‘3% B¢ ole ¥ f;ﬂ_’b]“'% ER Zal @tk ol@a sPgEelA Fig 67 B-L 2AFEA A )
22 A mua guAZ AAEold ckFujisaki and Ikeda, 1991,

”ﬂH W“é A ‘q*%‘)“ Selg ARERR ‘M = 1992). 72l ols} BE AFAAE BuE v 9
A B Agexe
47 **74*#." *7H Bt

det[A B]ﬂ )

ol9} B2 #AIE HEE F U= Al

x = Ax+ Bu y
y =Cx

\

Fy

A

Fig. 6 2 DOF(two-degree-of-freedom) servosystem

Fig. 60lA Fy = A+ BF, & <H48H k= d-olal F, H,
T ot 2 gEotk
=C(A+BF,)™! (10)

C | Hy=[-C(A+BF,) 'B]"! (11)

A G AzH SRS wel AERAEAE 2s]
Sl S48 Aol ol AFZATF oY
oF s}m, olE o] LQAolol&el me} Aol

G=-RYFB™W (12)

Fig. 5 H., control system (Tan et al.,, 1999)

3.2 2XFR= MEAH MAO 71=8t Anti-Windup RIO{H|

3.2.1 2XI7E MEH(2DOF Servosystem)

AL Al QeI A% 1AL BAFE e Aol b ol AdEs o71M FiBE A3 (nonsingular) ]
are] mdg 9zh} olde] EAFE Bdlm Euas R, We ZA Y H(positive definite matrix)o}Th
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11 s 7ﬂ°°ﬂ“ B (12)9Jr 2ol AQNE 2AsE 1 A0
TARl AlofAle] HPAEe BAdr 2y Rdyex)
o] EAL BFols AYES A1l wet AAATE B]
e 7ol An mets Rdy oA @] 9IS

ol7] HAE AYZ i/’ﬁf_’_ BT Ag9E 2L + A
A £ Holde Bt 9gto] Eajsitizie 4
S AEA &7@%‘ T UER sk AdbdEA
5 B3ty o}& s WA Fig 62] oAl aé}*a’*éﬂ
A 735 MEAE ool dAdes vekd 5= 3ok

[@(t)] _ [Ao+dA+(By+4B) Fy+ GF))
w(t) [ —(Cyt+40)

(B, -+ 4B) G][ x((z;))
w

aﬂ

0?~Llﬂﬂ>ir-.~—i

X
F

r~{|1

m o
(-'\1
o

(13)

+[<BU+fB>Ho] 7(t)+[€]d(t)
¥ = [Gac ol ¥]

7NN, Ay, By, Co & A, B, €9 &3 k(nominal value),
4A, 4B, ACE EFEEE vehdth a3 Jd(n) e AF
dHE Uehlie AL Fy, Fy, G, Hye SRFSZRE
Ahgdk 53 4 (129 Gol zg"E wE R Adel
s wE AFoEAN ARRAANE 1Y £ A H
ct. UJOE' woll sl ZHaA It xe] FoAAHE 1
t 27 slollAle ARES ANRAo] hssle] A&Ee) g
R AL IHSEE NIAE F A Bk weba o
%*é% A7 = AolAle] ARIMEERAS Aok
A AeRgEe] FARE Ay(w), EFAEE
AZO(W)E Xé/l'a}ﬂ ol R& the-d} 2ol yehdich

_ [Ao+ BoFy+ BoFyWE, ByGyW
A (W) 7[ 0 O—OCOO T Bl ] (14)
AA(W) = [4A+ABFy+ ABGWF, ABG, W]
—4C 0
a3 AlojAle] AL ZANELY] sl 22184 9) Lyapunov
e ool dad et 22 AYE S =9tk

10

F I (15)

ran = (¢ 15 5]

X,
=

Ha%
o714 PE ol A (16l Lyapunov ¥4l A
(positive definite solution)o]t}-

P(Ag+ BoFy) + (Ag+ ByFy) TP 0O (16)

weba) 4 (14~ (160258 theel Fej7t Folich

[49] (Kim et al,, 1996) #-5-2]

P(DA(D+ AL PUI) < 0 (17)

o] AYgTia Frh ol o] 54
P(DLAN(D) + AWM+ A (D) + 4AD]ITP(I) < 0 (18)

= 2Ryl tal 4 (13)2] AuAE dolel 23
el Qgster

[27] 4 (9% 4 (15298 gt gol 2N WE
$7h EPHA) g oz RelAd + Aok

A, (W) + AA(W) = [mz)mz{(zn[
P(W)=[é AFIT*V‘VFITW]P(U

7N we Tgeke w =
(W), *(D)E JERIT olg wAZYY e
SR R)0] APt

EERRCESIER
PO (W) + AA(W)] + [ Ay (W) +

"]

X{P(])[;‘fo(l)+A2I(])]+[A’0(1)+AK(1)]TP(])} (20)
—Fl+F]
<[ TF W] <0

4 (19)9) AolAlel NF PHe B
‘3‘1}4"1 Lyapunov ¥-g2lo| z}zte] #¥
WE E?‘é};h Atk 2y 2ol Lyapunov
T 23 39 2den 9X) g
@ & ok web A (20)°] F-540] FRsh=
WA g wEsle AP P()
Aele] A (18)3 2ok
weke Sy olth. wepA
o] skl BEsw 2

1 0
—F+wr, w19

I

3] Edwa
o wy (ol
AA(W]ITP(W)

:[I—FIT+FIT
0 w

°] 533 =] EE]E_(polytopm)
dA= ZI/LAAZ, A4B= ;A,AB, (21)
4C= ZIAI'ACZ‘, 21Ai=l
Aiz0, =1,2,...,p
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2 A¥Edgy el &l (WA, 4B;, 4C), i=1,2,3,

ool A

. 18 Al BEAlE 35 P77 EA)
FEAE HUske Aos AzYel FUAgHs dA Be
& 5 97 Bk

3.2.3 Ho{AHe F-}E%E.‘Eé‘é

Qo &
o eAe) O mawe

WA PPYY Web P 2% 4 F =ste] HRRA
W vk ge] maT.

W= (1/x)W

2 34 gwo] AojAle] HZ(behavior)S Soly
%b,j(singular perturbation approach)& o}-8&te] #<lslr] 9
sAlo]cHKokotovic et al., 1976).

aa ZYe 230 ARTPde gkl ofite] Aqts
e AL 2ZAJA wWE 2A WS o 2 (13)9] AEAY
A5 e o] HErHKim et al, 199).

oj A&

+{I—(By+ 4B) F\(By +4B)17'F}}
x[(JA+ ABF)x(t) + ABH, v(t) + Dd(+)] (23)

+(By+ AB) F,(By + 4B)] 7 14Cx (1)

y(t) = (Cy+4C)x(t)
aHd Aol x3he BEEAAS vehie #4844,
4B 9} QJ@re] JEYeE Jehys dE DI} ohge] vlHE

Z(matching condition)

Range4A < RangeB,,
Range D C RangeB,

Range 4B C Range By (24)

& WEHTAC = 0 olF 4 )L thEat o] Arkdr

(A() +BOF0)X(t)+BoH07’(t)

v(t) = Cox(t) ®)
[Remark 2] 21 (25)9] Atz HERAAARNE 74 o2
N OEFSAAAS X A (13)9] AlolAZE HERALS EF)
2 @ FEA(racking system)2] AFol] LAAZL F USS
oulgit}, agla ) (25) Aojoide] BFAATE 23]
EYZol7] WEe| o] AgoE FHELIHAT B4
FEE gAY 5 ‘»’Jﬂ-i 740 gttt & HEEHEAE

Z14d0] l‘izc}%% o] g}
2 (24)9F 2ol HoAg wiREZ

o= °“"°ﬂ°]‘3-4 ARNgko] Wl 757t

Z8d 3180 AM3E%0] FEEH(Tan et al, 1999)oX&
¥} rudder AFololEle) E8LQ 4 Z Fig 33 #o] YEHAE
o] zZ7)e wet X AEHE L ¥ 77} wiEgske 3
oz 2aysiu Qo & XIeLE dFdor Agke]
HEox Aztetm o]d Aldgel WEol A% AAAE
AABIAY. T o1& JPE T ol R A (24)9

dg BhSshe

223 Anti-Windup Ao} Al 2] A A 65
fAZAE 5= H9- (RangedB C Range By) ol ddgh
ok meb B Aol 2AEhe Aol AAMeR Ao7is
AP A%l weol HEg 2o 2 (25)9] Axrdre 2

HAAe] S drieA A 5 Udvke AEES ¢

[Remark 3] 20w Qubfow HERAAQE = shw
ARl A Fo8 g Ae] ATk ol A4 |
2ol IAFEA A AN Af2e TAL A4 ofd
G oo B eReln A 24 Aol e
2 AoAE AAF B, Al Zleh AejRezIolE o)
F ARWATL QeAE olrok AT ANHAE s}
B WE 27 @ o AojsiHe geg 2o] ANHTHKIm et
al., 1996).

u(t) = (Fy—[F (B, +4B)]'
X F(4A+ ABF,)— ACx(¢t)
+{Hy~[Fy(By+ 4B)1" ' F\4BH,} »(¢)
—[F,(By+4B)] 'F\Dd(t)

(26)

A (26)901 4 o]2le] ol ol AR Wit EFE A &
th. &, o] AtEze FERAAANS ZA Fozw Aoy
Gol sheab) S71E ABAL Hom 7 asle vl e
AAe] A7l &S ofulgicth

210151
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4. Rudder dFOO[E{S] =SS MO
HI0{7]19] MAH U AJEYo|M

ooz NE 23HE AMEA EANHE o8-8k xﬂow
AAE 7Bf, Aojchde] RaP L AlojAle Hgx
HFA71s HWolME HERAGADE AEA
Atks A Utk ol & AQNY AHHER 24
Wk o} ASHEHE NG £ A
Frololel AQkel Wt} o) wiAxDE W
of dEiMe 1 JFS drieA A F U
- EhA] B ZoXE rudder AFdolEle] EIE
Aol WEoz 7143t E#(Tan et al, 1999)0lA
gt AlojA AAH vl HESCL ojg) AlEd ol 27
F(Tan et al, 1999)e] 213 LA A T3 AE
gt
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4.1 Hojchat 29 (Koyama et al.. 1977)

B =FoME rudder dynamics R(s) & X3 Mulnd
P(s) 7} &3 Zo] H¥EE AladS Aojuidez
(3.0s+ 1) (27)
s(—51.9s+1)3.2s+1)
2231 rudder d)Fd|olE ] T3EAL L FSh= auto-pilot

n=N =

Ao} A 2]

243, re Aojesds

Fig. 70 Yepdtt. 714 ¥, A4
Ueh® K(s) = Aof7ielch
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K(s) o (s P(s) W=

Y

saturation
limiter

Fig. 7 Control system with rudder saturation

2]3L rudder?] &A= (saturation limit)= 10[deg] =
7} gk
4.2 2RIHINAEATHE 0I1&S Anti-Windup H|07|
(Tan et al., 1999)
FE¥(Tan et al, 19990 3.140A A3 A} o),
rudder dFolo)e]e] Z3EAS Fig 39 ez U sl
AR EA Y o2 ofef) 27} o] Ho]r1g HAFAT

4.08(50.0s+1)(0.01s+1)(9.625* + 6. 215+ 1)

(S )= 805+ 1)(0.068s+ 1)(0.0125+ (0. 0060257+ 00655+ 1)
(28)
4.3 2XFE RIOAH YAME OIE Anti-Windup H0{7|

AYAT(Tan et al, 1999)2] Ao} H@AES7] As) )
@77} o] Fo17 AoldiAtl thet anti-windupo17]E 27}
G AolA AATIEE olgate] AT

B Aol THEHe Aad R¥Agom s

AAE HAsle FAol7] Wi Al=gyE A, B, CF B
dut BalaAdo] &Rt Azsic) o]#3 ML ¥3E
32 AfololEle) Adgke] Wehe A5 WMtk Ao
ojuf Al2=®laH-L thga 2o| vpebd £ Tk
—0.6266 —0.0917 0.0020 0
4 — 1 0 0 0
0 1 0 0
0 0 1 0
0.01+5b
_ 0
B 0 (29)
0
C = [0 0 0.0035 0.0004 ]

A7 b RS ERE] Thew) o] Aol
1.0 4,

Z2]al Fig. 60 gejd Zzke] ARIGES 3278 28
8- AA 23 2o] AdHAAT

0<i<l (30)

Fy = [—0.8603 —0.9091 —0.3399 —0.0071]

Fy = [f 0624 —0.0929 —0.0625 —0.0176]

G = 0.0624 (31)
Hy = 0.1602

2 (25)914 g FEZF )] o
dHhAA

4 (30)9] ey
ol A=0,19 F 7He @l dsf 4 (18)&
Matlab LMI Tool-& o]-8&3}] H-529] & L3P

0.1887x107° 0.0226x10~° 0.0057x107°  0.0001x107>

— [0.0226x10"7 0.0335x10_% 0.0005x1077  0.0003x10"* |32
0.0057x10 7% 0.0005% 10" 0.0006x10™° —0.0001x10~°
0.0001 <107 0.0003x10 "> —0.0001x10™° 0.0001x10*

o} Zol 2 (16)9] A7t FHAY Ax o] AR %
Aol AHEE ¢ F Aok 2Ea AojAlY SHEAE A
371 A8l =YgE 2FARMNLS AlEH oS Tl AlaHe
SEAS BFs 7PEA W= 0.0055x10° 9} 7o) At

¢

oo

4.4 A=oIM
A9 5 744 AoiA
st o471 ek

g vluHrE AlEdelde S8l
4] =717y P &

of 1=1% Fa AEdelde 233k
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10
— 8|
o
z
@
D 8
§
&
> 4L 4
2k
0 L £ It '
0 200 400 600 800 1000
time{sec]

(a) Controlled output(yaw angle)

[ T T T T B

controi signal to the limiter

ANDdbbdons oo 3R R
‘,.,.._? T

o
g
&
@
8
IS
8
gl

time[sec]

(b) Control input to the limiter

RS
Tt

control signal from the limiter
Sd e bhbonsoae
T 7 —

I
T

o
8
8
8
"
g
5
8
§JAIIIII

time[sec]
(c) Control signal from the limiter

Fig. 8 Step responses to the 10[deg] of reference signal

(2DOF servosystem)
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Fig. 12 Step responses to the 130[deg] of reference signal
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