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Variable structure robust controller for linear time-varying

systems with disturbances
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Abstract: A variable structure robust controller is given for single-input and single-output linear time-varying
systems with disturbances. Time-varying parameters are not restricted to be either slow time-varying or of known
structure. Here only the smooth condition and boundedness of system parameters are required. By introducing some
auxiliary signals and normalized signals with memory functions and appropriate choice of controller parameters, the
proposed variable structure robust control scheme guarantees the uniform boundedness of all signals in the closed-loop
system and the convergence of the tracking error to stay in an arbitrarily small compact set.
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TR F()R(t)  F(1) KK, KT(t) ...
A,(s, O0y()] =k (B, (s, D[ult) + B 7 VAR L iy e

d(y, u, t)]. (1)

Hr:A,(s, 1) = 5" + a, (£)s"™ + -+ a,(t),
B,(s,t) =s"+b,(t)s" "+ +b,,.(1), d(y, u, t)
T AR EE EMETIRT. REREQ) %
AT %A

)m=n-1,A4,(s,t) MB,(s, t) HFHJE;

i) WP k() BREBAER, HEEER
Fin s Frmax 815 kpin < k,,(t) < K s

i) B4 S5 a,(t), b()(1 sisn, 1<
J<m) RAEBER  AIEEH SRBER;

iv) ZHAMHTEF(PDO)B, (s, t) BRI
RE 5

v) T d(y, u, 1) WR |d(y, u, )| <
k(sup|y(7) |[+pmsuplu(r)[+1), XH k> 07K
EEEH, n B1ELS/DNHIES

A HBRE X RE() B~
%, 5 v (o) RREENERES S v, (1), BF
MR RGN EES AR SHEEBMAR R 7, (1) =
G, (s)[r(e) ], Hr

s™ 4 bs™ T 4o 4 b,
6.(5) =k,

I A
QST e

B, (s)

kn A (s)’ (2)

XHE:r(1) BABERWSER ARG T.A4.0G5),

B, (s) R ERMETRECH—K Hurwitz I, B

n, —m, =n" . NR—BHIXB,(s) =1,A4,(s) =
(s+a)"”, a >0.

TEA(1) B SEBREEHE X S AN I B VLAY LR A
L+R()i+Kw =u, Jo+ F()w + T(t) = Ki ,
Hep: REKEN,u BEE,0 BAEE,T() 2
AROARBAE J(HEFHE)  L(BWXEHW B
) LK, (RLBH) KK (FREBISE) HRRME
S50 R(t) A F () 4500 sa BELANBE R 5K, Bl B[]

: K
A S xy =0, % = bw"‘F(Tt)i,m'J

+a,,

1
% a;(t) 1 x; 1 1 0
] [azm 0][x2]+f[b2(t)]u+ Lo,
y=01 0["].

Hoia (= -8 By () D o) -

Hb,(1) >0. % y(t) = x,(¢), 155 PDO £RIY
A
[s* +a,(t)s +a,(t) ]y(z) =
L_l[s+62(t)][u(t) +d(t)] . (3)
X B:a, (1) =- a, (1), a,(t) =- (4,(1) +
a, ()b, (1) +a,(t)), b,(t) =b,(t), d(t) = L(s+
b, (1)) 'd,(t) .
3 VSC #= %l 8% 1% 1+ ( Design of VSC
controller)
EXFHUES
{a}, = Ayw, + 6, (t)u(t) ,
w, = Ayw, + 6,(2)y(t) .
XH o, (t), w,(t) e B"Y, A, e R0 Bgs
EREES, BX[4] TH, SR15 (1) LHFIRIFH
RERED ~v) B FEERSEe (1), (i=0,1,
2), k(o) HEERIER
U (6" (1), o™ (1)) =k™()r(t) + 65 ()y(2) +
bow, + biw, , (5)
M RENTEE, B r@t) Bly(t) WIVOBTH
G,(s). M b, e B {# (4, by) £ AT WM K,
0" (1) &2[k"(¢), 6 (), [67()]", [6;()]']",
w () & [r(t), y(1), [o] ()], [0, ()]']", @/,
w, FXH6,(t) =6 (1), (i =1,2) BHH(4) FEM,
E*(t) = k,/k,(1).
HARGE() FFETI, KB UG) =u(t) +d(y,
u, ) fERERGEHSEA HETE ST S
U(t) =u(t) +d(y, u, t) =
U' (67 (1), " (1)) =
E*()r(t) +6; ()y(t) + by, + biew,
(6)

(4)

B, BF AR Ged oA
y(£) =G, (s){r(e) + k7 () [u(t) +
d(y, u, t) =U" (8" (1), " (2)) ]} . (7)
B BRER IR €0 (1) = v, (8) - y(¢), FrAt
eg(t) =G, (s)[ - B (s)k 'k, ()u(t) +
d(y,u, )], (8)
Hop d(y, u, &) = B()ET()[UT (87 (1),
w (1)) —d(y,u, )], WP(s) =(s +a)"" ' BAF
G,(s) =G,(s)B(s) = 1/(s +a) JHIESL(SPR).
ARGk, (0) BEEA K, (1) KFPES AT



3

TR S04 A TR I R R G ZE A A B PR 411

VSC & it 54117
1) k,(1) B4, VSC i&it.
AR—HE, & E, (1) = 1. X(8) FRMIRES
EHREERFER
(1) =— ae(t) - B (s) [k, 'u(z)] +
d(y, u,t) , (9)
HU (6°(1), o (1)) Fk™(2) B9E L, 153
d(y, u, t) =7 (s)[r(e) +k,'6; ()y(2) +
E-'bo(sI — Ay)) 7'0) ()u(t) +
kb (sI - Ag) "0, (1)y(1) -
kE'd(y, u, t)]. (10)
513 3.1 a) #A(Gs) R—AENMRER
HRE, A 2(1) = A(s)u(e) XS TR B S
R u(t), FEEFE M, #1F |2()| <
M(suplu(r) [+ e(2)). (e(2) ZFEUHHHT)
b) X (10)E XM d(y, u, t) ,FFEELRL >0
15
|d(y, u, ) [SL(sup|y(r) [+psupfu(r) |+
1 +e(2)). (n 2EH/MIIEF)
(11)
BELEIRERSE(9) . IIATIHEBBEBEFES X
WBRERES
7(t) =—ay, (1) +0,(2) +B7(s) [k, u(t)] ,

(12)

e, (t) = e(t) +y,(t) , (13)
e, (t) == L,.,(s)H(s)v (1) -

L7 (s) [k 'u(e)] (14)

e(1) = ey(t) — L. (s)e (1) , (15)

FEXH(s) =a" /(s+a)", (e RFESRMIER),
L(s) = (s+a)', (a >0). ]
v, (2) =-sgn(e (2))K/ [i‘;}l)l}’('r) |+1] -
sgn(e, (¢))K; S:ilﬂu(f) | (16)
MK (i = 1, 2) BB SRR K, > L+ 1,
K, > Ly (L,p f0(11) RARIZ v) Fim)o, (1) K
G e, () EARBANETE. H(9)(12)18
é,(t) =—-oae (t) +v,(t) +d(y, u,t) ,(17)
XH(17) AR v, (1) = L (s)e, (1) —d(y, u, t) 4
A(14) 153 e, (1) BPREZMLH N
€,(1) =—ae,(t) =k u(t) —H(s)L,.(s)e, (1) +
H(s)L,._,(s)d(y, u,t) . (18)
SI38 3.217 4 sH) 41 - H(s), h(2) K

H, (s) Bk e 7 e, Ul
H}_l](t)u| A J:o ‘Tll(t) ldt = n;/a .

FEXTBRERIRZE RGE(9) L MRl as Bt T

u(t) =-2sgn(e;(1))k, K" [sup|y(r) |+

suple,(7) [+ 1] . (19)
Hep K™ B REFMRERS (K° SHEFIR
TR WA R)

EE 3.1 MR HREEEMAD ~v),
HMBMESM(12) ~ (15) BrE X, e B—A R
B BEMERE(19) REARREPRHAES
HWREARB, T KA, RERIREWE 6 (¢) =
0(1/a). BPUNREL a B —AFE50 REIESL, B4R
BRIRZE e (1) BB FH/D. 3 o RIS KA, BREE
RE e (1) BTEF. (IR =)

EOD EHEO9) BEMBHRERK1S) &it,
WA R SRR HH M SSRRBER IR 2 R G (9) it 2) K
P ESRAOIE AR 1, R e K, E(12) ~ (15)
SIAMMBRER SURA R, LA T o, Bl o MBHR
WM RS L5

2) k(1) R, VSC it

RAA) BREF RS (9) —F, FHik
BRI
u(t) == 2sgn(ey(1)) (kK /k (1)) [sup|y(r) |+

S«—lilz)lez(q-)|+1] . (20)
BT k() KA, BHEBESELH SXHET c
(K™ ks K™/ ki 1. FE(20) B T EEEFE R
F XA THTER, EREE K" /k, (1), FTLAEHE3. 1 3¢
k,(t) RFEIE AL
4 {FEHF(Simulation example)
ZEREMRARBIERER ), KPS H

P R(t) =1.5+sint, L =0.08, K, = 2%,
J=0.19, K, =30, T(t) = 10 +2cost, F(1) =
0.02 +0.01sin #, y, (t) = 0.5sin . ZiTHEHEHK
u(t)=-0. Ssgn(e(t))[iléP|e(T) [+sup e, (7) |+1],
X e(t) FRBEIRE e,(t) HHEEFES B
BiREMER RS ZNE 1K 2 B, ANE
R AR IRZ T DIAR IR/ MTEEA,
HIHEEBIES A R AW ERERETERY,
B ATE SERRh B 2 v, il S SR B, A 5 bR
¥ osgn(e(e)) Fe(t)/(|e(r) |+ 8) A, (&6 BIFTR
/N XEBELS = 0.05.
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F i (Conclusion)
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iR 7EHE 3.1 HJIERA( Appendix Proof of theorem
3.1)

o) W 0, (1) e, (1) EHMIFIAEETE R
V(e (1)) = 5o FEEET, %0 > THE,V, ¥5(17) RIS

BOER V(1) <-aef(t) - |e, (¢) |, W e (¢) ZEHBREHEIA
BEITHRIFRNE.

b) IEH] VSC & u(r) i e, (1) ZEH RATE FERE. 43
Hr(18) WM&, A — ML T a W ERMGIH. BEE
L,..(s)d(y, u, t) FFEEEM >0,F TR

|L,. . ($)d(y, u, 1) |S
M (sup|y(7) |+ suplu(r) [+1 +&(0)) .
(A.1)
KR (10) BRBBd(y, v, ) =B () [fi(0) +£()] +
TGO L
L(8) = 1(e) +k,'85 (0)y(e) +
klbo (sl - Ay) '8, ()y(r)
= - [k'd(y, u, t) +k;'b)(sI -
A) e (Dd(y, u, )],
L) = kBT (s)bo (sl - Ay) "6 (1) -
B (s, k' (DA, (s, )[y()] &
G.(s, )[y()] .
KB G, (s, 0) = k;'B()bg (sl - A) 767 (1)B;' (s.0)k;" (1)
A, (s, ¢) TENIRRE. FTLA
H(s)L,. (s)d(y, u,t) =
H(s)L,. ,()B7' () [fu(t) +£,(D)] +
H(s)L,. ,(s)f.(2) . (A.2)
THEEEMT H(s)L,. ., ()f, (1) ,B1K(9),(15) KK (18)
B3|

fi(t)

é(t) =-ae(t) + H(s)L,(s)d(y, u, t) -
aH, ($)d(y, u, t) + L, (s)H(s)e, (1) ,(A.3)
MG
y(t) =H (s)d(y, u, 1) —aH, ()L (s)d(y, u, 1) +
H(s)e (1) + L\ (s)e,(2) +y,(2) , (A.4)
BrLA
H(s)L,. . (s)f, () =H(s)L,._(s)G, (s, )H,(s) *
d(y, u, t) +f,(¢) ~aH(s)L,._;(s) *
G, (s, VH (L' ()d(y, u, t) +
H(s)L,. ,(s)G, (s, )L\, (s)e, () .
(A.5)
KBS (¢) = H($)L,. ()6, (s, ) [H(s)e, (1) +y,(t)],
WRIf()ISK +e(n), KGRMI T o WIER MT
(A.5) s 1 0, (A 1) DIRSIES. | FEMT Taly
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EX K, 518
|H($)L,. ()G, (s, ) H (s)d(y, u, 1) | =
|H($)L, . ()G, (s, LT () H () Lyu 1 (s) -
d(y, u, t) |<
(n*/a)K;(sup | y(r) [+ sup|u(r) [+ 1 + (1)) ,
MT(AS) RIS 2,3 TBRMUTHE | T a0 54
W ML T a IERM, , H L o RBRE,FE—EY
NOESp (n" > p) MEE T, 2 > T, B
|H(s)L,. ., (s)d(y, u, 1) | S
M, (sup e, (7) [+
sup|y(7) |+ " suplu(r) [+ 1 +8(2)) , (A.6)
AR T o« WIEFEE M, MEtET,, ¢ > T, B
|H(s)L,. (s)e, (¢) | <M, EHEEHB(19) HBSEK HE
K* > 2(M, + My) 3R Myn” < o A8 )
lu(e) [=suplu(r) [=
knCIH(s)L, ., ($)d(y, u, 1) |+
|H(s)L,. (s)e, (2) [+ 1) (A.7)
XHHBNIRZE RS (18) MYJRE S = e,, W) Lyapunov pR¥
V(e (t)) = %ei(t) H(18) MBI REH V(e (1)) <
- ae’, (1) = |e,(2) |, BP e, (¢) TEH FRE 8] 4 s 6] B 3k i
c) EEM e(r) = O(l/a). EH A [H(s)e (1) |+
Ly (8)e(2) [+ |y, (0) [ K, +&(2) ,XE K RFEM
F H(s) WIERL 513 3. 1M3.2 1%
|H,(s)d(y, u, 1) |<(n"/a)L'[sup|y(r) [+

sup [u(r) [+ 1 +e()],

|H,(s)aL' (s)d(y, u, t) |<
(n'/a)L”[sflé['ﬂy(T) |+ sflgﬂu(f) [+1 +e&()],
AWK, = max{L', L'} ,fRAR(A. ) , BEABHAEKX
[@[o, ] FBEKHE, B
LI
-n'K, 7
(A.8)
He K, R5PHREEXRHEE (A )RAN9) F155]

n*K
sup | y(7) |S —— [sup|u(s) [+1] +
r<t a-n Ky <t a

., n'K
sup | u(7) | <2k,K" { S[sup|u(r) |+1] +
<t a-n Ky r<t

a

'KK,’} +2k K" [Sflélp|e_2(1-) [+1].

a-—n y
RETIAERL -2k, K" [n K, /(a-n"K,)] > /2L,
u(t) BRAFH, BHF M T a. 4ol Kot LEA
FABBAL u(e) WA FERIER y(0) M6 R 80
EA, AR REFHEFESHER, BRBYT o K

V(e(t)) = 56" (o) ATBRAEE R MM , 20 #1035 Kot

le(e) | < M"/a, B2 ¢ 385y Kht,e(t) = O(1/a).

d) ZE(15) 5, L, (s)e, BIAE. FFRUAMF—4 T K
MT, Y4¢ > TH, le () | < M"/a + (1), B e, (2) =
O(1/a). XYL B3+ a % K, IR RLWREIRE
e (1) Wk B R s HHE R — AN B3N, & a IR LS
K BRERIRE e (1) BT
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