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Abstract In this paper, A new Pl-type reaching law for variable structure control is proposed to alleviate the
chattering and improve the robustness properties in the presence of matched uncertainty. The proposed reaching
law consists of a proportional term and an integral term. And the dynamics of switching function can easily be
specified by using the second-order system analysis method. And also the proposed scheme has the advantages
of alleviating the chattering than Gao’s one and reducing the influence of uncertainties by band pass filter
characteristic. The efficiency of the proposed method has been demonstrated by simulations for Dutch Roll

damping in a light aircraft.
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1. &

7ARFZ A ol(variable structure controlE 2% Hw A
M Alzde FxEg JY4=2 HsAA &Fdeld EF(sliding
motion)°]FH & Eol® FEAE dv Ao Heln olEE &
glolgd X = (sliding mode)Etele AMAd oi/R4 HEe o
H AL T B84 AUE E4L Ao ME $H 24
7 EalFH d¥e]l folstvhs FAHL AAd [11-[2] 2y
ggtolyd R FUgoE Ao Y WE 29 Ao AFHEY
2903 Fo5e FHAHLZ Astd A9y HE 2HAM AH
Pgol wAEHA Ho old¥ MY AL Alxdy AF
(vibration) & €2 + oo =3 2dy AN FAHY
d M2y nFEg FEAQE 47AA Ao A A2dE §
AAREA HE F A ol T ey EAE A HE
AFE2E T /A B2 $ol o (31-[7)

A HAE 9 Aol HH(continuation control law)& ol &
g wyolr), Slotine F (3] 2d4 deo ¥y 293
AN 20 HHE FHe2 $ASE HAsY o 49
MNe d% Aol YEg Ngeed 2F0 Ay L B2 A7E
AFE A& F Adev 2dHgEA g2 FEAA ¥ AF
o ZED A4 AH LAE LD A AS HA
. ol& MA&7 $18 Chang & [4]€ a first-order plus
integral sliding condition& Al &3l g We B S JHA=
2903 ¥F FEAMHE dud #AF FAY 2xy AFzA
Ay "ely gYE e A XA A AdAdY 3F
L AE ANsEks

F A= =2 Y (reaching law)§ ol &3MH AL & %)
Aste Yo HIo ®o] dF=HAHA [B8]-[7). Gao F (6]
€ Fernandez % [5]ol Atd =9 HL d3d3d =g 7
Mo 29 59 FEAS dASE WHE v
Yoz AP xE LM Sdgold L2 HUss
ool vl AR gl o8 LD T HEHE ol &
o T2 FooMY FEAL AAToR ddHA HHHE A
¥ 4 A Ao FH HdAE asdd a8y Gao Fol
A g HAL MY E oA E BEdL ¥E E¥EE
797 R Eei

B =744 Pl &Y =2 ¥ 3 (proportional-integral type
reaching law)€ 71 & 7 T2 A7 & At} Agd =
Y HEL BEdS ¥& ¥R Fowwg JEY £EY YHE
o el YL ddHez AMAMNZE F UAn EY YA o] Chang

387

T [419 294 ¥ FEAT Zol dYEH E4E& /tAx
noeeg RdfEA g nFER FEAL FA A7 A8
HYEE 2 PH Y oiyf AFE 2ZPoM P U F A
o B2 £ REAY FEAE 3T 23A A 84y
WHE o83t 44 BAY F Uk 2 HE g FHA AW
¥ Ao}y g dvEn

2.PLE]] =& WAL 7HAE 7H8TZE A9

ARAFR AoEs oy BE A AlzY wAs Ay
98 ZA&o] ¢S HA ¥ #HE Y ZAY AQHE A
oo oy A2de g AHA HHoR Hol Al e EF
FHAME AMade A4S 23X FHuz =@ ALE
€07 &t Gao 5o =g FUANMY BEAL AAH F
t =¥ 343§ olfdsiod BdS ¥ T YoM A
g Z4AN 2 FoMes Aeydg A% PIL Y 22
YL AMtstn FH Al2¥dx Alxd oiEs s o
T BERAME X¥EE AMadd A Ao YL dAS)

21 FY Axdd di Ao yH

g3 o] RHEEE 9 Y AA9E ;e gk
t=Ax+Bu )
d71M xeR"E A48 HEH, AR "= XY FF ANad 9
g, BER™ & o5 #Foitt, yeR & 227 Ao ¢4, B
£ ful rank®& bAoA (A, BE €H Ao ¥
(completely controllable)dtttx 743 ghrt,
Aol 4 A2dg Qo] A o e MY 294 g4
£ a8l
s=Cx @
AAM CeERV & 2914 WY Roj},
dold BT ¢ A29 £34E deis $H4e og
3 o] Foizd [1].
x=[A-B(CB) 'CAlx )
4 (39M 2913 WY Y C= (A-B(CB!CAY =
FXFo] Hate &uloly Ex FEAHE 98 F USE HY
Li=%
Gao S osiM Aete =2 HHL & 2o (5)-[6].
s=—Ks— Qsgn(s) @



A71M K, Q £ %9 && 7Hdo

1, if >0

Ji=1,m

-1, if s<0

MY 294 g5 @ WM =2 4 @) Ao ¥y
AAE FH A29d A 4 QF u¥Esd 4 (D& BIH
o Fsd g gol Yebd + A [6].

u=(CB) " (~CAx— K s—Qsgn( ) (5)

4 (5)¢] Ao} AL MW Axge ¥Hr &Folyg =
Bl 29% HE Yo SJBEE 37 M A9y ¥ =
Aol g Aol go] o8 AP WAANIE vHE
Az old @ ML MMy Haa BdL ¥& A
e PLEN] E2 ¥3g Adsn AdE £F Y& wEg
£ Aol WHE YA

0e ge HEIE EWEs Pl HY % PHL AU
o}

sgn(s) =

s'=—Kps—K,fsdt ®)
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2 (B)olM Agd =2 UL v £x @ P2 F
A" et A7 HESE resetting”] 5 & AT & 29
A g5t 22 FAME HES sn 24 o =g
d HEINE resetTol,

Add = WL BEdS ¥ & TR gorzm y|Ed
=¥ HAEY ddHoz AHY S AL £ Jon gy
gy 544 Y8 NG F g z2Asd nFH FEAHL 4L
T Utk EX 234 #A ZIHE ol4EH g FAMY F
4% 4A 428 £ Ao

thEe AUdE PLEY & Wy oM A Aladel o
@ Aol HAL dAg.

A% 294 5 (el A AUE =€ Yy (6] UF
e =¢ Aol HYZ Ty HH A29A 5 @)F uEF
o 4 (1)& diystd

s=Cx
=CAx+CBu )

Z‘KPS—K]det
st o] B}, wek [CBIAD ola ARSE 4 (NE wel B
A o3 2ol Ay ¥ & Atk
u=(CB) ™~ CAx—K,s—K; [ sdi) ®)
Aol WA @) =Y YN $dL Y& THeA gomz
Fololy mE oo AHPE AUeT,

22 BR4YE Ege A2ddA i Ao ¥y

Al wiZids A5y o FTo BHAAMLE ¥ AlA
ol N 7AAF 2 Aojoll thair Lol
gt 22 BY 2H& wEEe ddo] EAY ASo o
A =g TUE UEFE Alo] HF A a4 Yot}
x=Ax+Bu+f (9
A7l A,B & 4 (DM 23 2844 He f&= e
o 22 B UG ¢=en EEAYY AY AAXNE oF
A Aot A g,
J= B4f, |4fI< frmax (10)

844 Mad @ A s Zol HYAHE M2
Aol L AL

u=(CB) ™ (~CA x—Kps—K; [ 580) ~ fru sEn(CB) (11)

A=
(10)& el 844 ddd AAFE A 4 (1D
€ 284 g5 QF MAE A2y 9F A4 GAZYA G
+49)
&% 22 Lyapunov ¥+8& Aouch
V=%sz 12
(12)8 Aol el ol&an o7le] 4 (HE dAYsd ot
&3z,
V =ss

(13)
= s(CA x+ CBu+ CBA4f)

(13l (11)& AYs=
V = S(—Kps—K; [ 5 dt— CBf nu san(CBs) + CBAS))

=o(~Kps—K; f sdi) +sCB(Af~ froa sgn(CBs))  (14)
4!

oltt, aER FHAFE Ao ¢¥ (e EFEY Al=d 9)
¥ 24 A |

A (1O Fo4R BAY 2P & wF3Es @] EAse
el dsiA A DY =g YL AMSEd A 19 o
Aol HAE Fad g1 Zo] Folxr},

u=(CB) (-~ CA x— Ks — Qsgn(s)) — frax sgn( CBs) (15)
GEe AY 2UE UFHIE AT EAsE BHY A2EE
8.

x=(A+4A)x+Bu (16)
A7 dAE Y& Lol AY 21& ¥=dn 4 f4E o
S5 Zo] A4Y AAXNE &2A stz A AL

JA=B4A a7
AN dA=[4 a2, 4 a,] , 14 ;| Gpux ., i=
olt}.

EFH4Y N2d (169 A & 2ol e Az
Ao HA-Z Ak
u= (CB)™(~CAx—Kps—K; [ 5d)~ g 3, |x:|580(CBO) (18)

A4 2

(A& W& FHAAN dstd AT Ao g8 (18)
€ 283 ¥5 QF HMAe AN2d (16)€ 24 30,
)

&3 22 Lyapunov ¥+8& Al

V= % § 19

(19)& Aigtel oiste] vjEsin orlel 4 (16)F dYsia
& 2o

1’---’ n

V =ss
| (20)
= s(CA x+CBA4A x+ CBu)

(20)e] (18)& oAy ated
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V = S((CBAA 5~ Kps—K; [ )~ CB iom 3 x:isn(CES)

= S(~Kps—K; [ 580 +sCBAA X~ G 3 x:lsan(CBS)  (21)

<D
ojth, aE=R JMRFZ Ao YUY (18)= B{AY A€
16)& A4 <A} ]

B FAME Jiey 9 HHo JHxe AEHFY EAE A
37 #gtd Pl B =¥ Uy E AdHAn E¢44E 29
e AlAde disid AgE =¥ PAE UEFHS Ao Y
& A% H AN A Yo 2 gt

3. 29 4¥ 4 2%

Agd =% HIo EHIAHE Holrl s Ay WreM
Dutch Roll damping§& H¥# 7P 72 Aloj7] AA) Ay =
2l ¥tk 3Bm/se £x oM Zul e MYy 2yge o
Zo] Foizr} (8]

x=Ax+Bu+f (22)

o714 vi= sideslip velocity(my/s), & yaw rate(rad/s), r &
rudder angle(rad)elaz x, A, B= &3 2o,
v —0.277 —32.98 —5.432 0

x=|r|, A=]0.365 -0.319 -9.49|,B=]|0

r 0 0 ~5 10

Ao YR ¥ A=2 gy 2o
uU=rt,

MEZ XA A Dutch roll mode?] ZHu|S 0.0856% o
&dtolyd R oA Dutch roll modeol ¥ ZHvlE 0.70602
AR A &doly Pue nsXE oy go] ok,

A A=-1.5x1.5¢ (23)

gotold REolMe BEACl 4 (W)Y LEAEF NMNES

#e gvtold B L 4 o A TEA geH 7
o}.

C=[-0.0028 —0.0237 0.1] (24)

2ol Age x7) WAE x=[2.0 0.05 0179 o] F
i Gao B9 HAYE XPE ¢ 4 Pl &Y £ YN
A TA A2EF JY 2UE VZaE dde] EAsE
Nage] oaf) 2o 4¥& woh MoigAL 4 (5), 8), (1D),
(158 A8l 2o 4¥8 o wES: e ¥ 1% go

o 5 e vaE Y g 7o) FUIZR K, Q%
Kp, K& dA#Y.
Rl 2o A¥EE 9 vivl v
Table 1. Parameters for simulations.
Gaod] =4 H3H[6] Agdd T2 WY
K =2 Kp = 2
Q = 0.014 K, = 2
4f = 0001 sin 12t | 4f = 0.001 sin 12t

o dYe F AL EF TUY =29 AH ¢gelyd =
FEAL M E dARgong 4k ey A¥L AY F
dee 294 ¥4 Ao YHLE dEhych

29 159 2% 294 FA Al2dd B4 Ao ¥4¥E nd
283 BE ZHAA A AgFo] BAUTE AE & F
Aoy Agd YL =2 3o EdS #& XA go
22 39 -l 2E ANY Mejdol dAH FAIUL
& &+ Uk

¥ 3% 38 4 AW A& BEHE 4TS EYPW A2
ol gk 2o dYojry. ANt LAo] 71&ef WAR g
Fe 2715 3 g wE B M nFu JRol ¥H
HEol 4Heoz Mol FAHALE & & Ut

4. dg

2 vfdAs 94 & TYIA @& PL-EY =¥ ¥
& e SR TE A Y1E AASHATS. Gao F6lo] At
Ed HE L AL & EHEA Hol HEHAYE dovle B
ARl vk AYE T HHL V& =¢ w3 @l A
P& LA BdS ¥ TR gosz VEY k€
HARD Ao /& FAAIL =9 P 9E ¥H
2o osiq 2d3 HA g 1FH FEAHL T4 At
B e 24A Y AP o8] =E RE FR4YE
44 &% F A2 F¥ £ AEE S ¢ F A AS
& A7y EBEAd& Holrl ¥ Zvu|YridlM Dutch Roll
damping& ## AT Aojrlel oidte 2o HAY G FYs
At
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Fig. 3. VSC for system with uncertainties
(Gao's method).

(b) control input.
a9 1. FH AAadgel di@ shAF Ao (Gao W)
Fig. 1. VSC for nominal system (Gao's method).
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Fig. 4. VSC for system with uncertainties
(Proposed method).

39 2. T Aladd i Az Aoj(AtE )
Fig. 2. VSC for nominal system (Proposed method).
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