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Abstract This paper presents a design scheme to robust adaptive controller, es-
pecially for nonlinear systems with unknown bounded disturbances and unmodeled
dynamics, such as Antarctic large telescope. Based on Lyapunov function method, a
dynamic signal is used to restrain the unmodeled dynamics and adaptive damping is
presented to inhibit the effects of the uncertainties. It is proved theoretically that the
proposed robust adaptive control scheme guarantees the stability of tracking system.
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Furthermore, the tracking error can be made arbitrarily small by choosing some de-
sign constants appropriately. Simulation results show that the controllers presented
in this paper can improve the control performance greatly.

Keywords Antarctic large telescope, LAMOST, tracking control, robust adaptive,

nonlinear system.

1 5]

AR SR, B N AMER &M R G 1 38 R ) BF 75 07 TR T4 U H A RUR [0, AR
TERZHBRF, ENHEBFERL, FMAEMNARERREFFLERREHEERESAH
SEERE 3 1OSL T, B ST A A E AR R R g A ) R R E AR L Sk (7]
R BT 2% B G N X IR R BT R, HBE RIS MR E R S
Y. SCHR (8] JFAR 3 & A REM BB IELRIE R SR A 8 B 7] 89 Bt 7 k. 3Tk [9)
FRXRAT AR AR AR TR R A, R B T 2R R E A B8 B & A BT SCEk [10-12] £
XEARER D) S A AR R G, 8 B & UL A Y P 7 R

7 A R 7 B B v E Tl B R Y X R 4 A 4 AR S (H R R B B BB A R B
EMEH EEMEE T LAMOST Fimgr, Br LAA SCB 9 & 1 B & Y 72 1l 2 19 Bt Jr R X
LAMOST F= %l #2105 AR SCAR % SO [13-15] #8838t S B8 9 1831 O 3k,
— Tl 5 R L R R BT R A B 7 Y e A R T O R R R 1AL (0 R SR
TR T LR IR RS 55T, RRERE THEER. i TRZ LR EH R
IR, A EERE T R AR T AR RS, WA SCHY B 7 15 BA T i 89 I i
?\. [16]_

anp

2 EEEESERRIX

PR B BT T, KRS EEAET LAMOST 2Lm g, fr DLA SCH ) iy &
H 3F B 7 ) 4 9 B 7 R AL L LAMOST F2 4l b #E i X 8. 7 im Bl Ik R L 2 A7 /2
o, BRI, AR A A A AR AR R T ey, U R Hm B AL TREETHORE, X
I, BEHE 7 A AR RR A 2 T LB R BE O, S Rl R 5 5% v ] IR 2R 490 AE IR
TE 1BR. B o, REREASES, B 5MEIH L 0, 2 2P0 BB, Bk B
oz SRR B & MR SR o AU, 25 E 2ROk, B AL LA A BR T 2
o th S, 3B HESE 1 . R £(0,) BRI, B 0, LRV RI IRk
H S B 7 L AR R ERE T, AT R EX R AR LSRR, al (2.1) AW TR

6, + 0.50, = 100z + f(8,) + 100x, (2.1)
-1,  6,<0,
H, £(6,) = —asgnb,, HH o >0, sgné, = { 0, 6, =0,

1, 0, > 0.



1406 2 & B % 5 % ¥ 3%

Ra

ATEAR

1+2s

Bl 1 B g pY 77 o il ] Al AR S AE P

(Figure 1 The orientation axis servo system block diagram of telescope)

TE 2 br g R o, % BN P X R i B AL AT B A AR . B, B T
FZEEGTHERERDE . AT REHDSHFE BHALHHRSAKREGL, £EZLG
BHABEMERRENATRE. AXHTHREERMNER TRMAREL S HRAEE
MR R G, Wit B BBV RS & EAR RGNS ERAE P IR S
AR FE A R 3, R X R 7 B IRE W

0, +0.50, = 100z + f(8,) + 100u + A(6,,w) + d(t), (2.2)

Hep, A(fp,w) BRAHEIEREU LM ARBBEENE w BRUATEM, dit) IRIME R
3.

EN 210 BgE—AEHERS = f(z,u), ME—DEERHV HE

1) FTE Koo BEEL V4, o, TS

(2] < V(z) < w(]a]). (2:3)
2) B AE Ko KEH p LTI 58 10 > 0,do > 0, (178
WIE) (2 ) < =m0V () + plllul) + do. (2.4)

or
NFHILEE V BB HANFRE LA E (exponentially input-to-state practically stable,
exp-ISpS) H Lyapunov R . [F] #E, TEFEFRTE I do = 0 B, FR V A exp-ISpS Lyapunov B .
RRIT—PHENEG S ERERAERE, AW TRIE
Bi% 2.1 REFLEDHELD Ay, w) WL
A0, w)| < e, + ea (), (2.5)

e, () RARHAEN A ZES R EL, o) &R H AR 509 2 22 HL R 28 1 s %L ||| /R 2 A K
Bix 2.2 REEGITHEUAT TR
W =q(w,6,), (2.6)

Hor, A6y, w) Flq(w, 0,) 4 AR5 JE 24 Lipschitz 42 58 $1.
Ri% 2.3 REBISEHBMATRBLAFEER (exp-I1SpS) #, BIRL w = q(w,6,)
FFE—> Lyapunov i # V,(w), HWH R U TR R
i ((Jwl)) < Vo (w) < Ta(l|lwl]), (2.7)
OV, (w)
ow

4(w,6p) < =1Vio(w) + p(|l6,]]) + do, (2.8)



654 VFPHPR S AR O 2 B B B B AR Y M B AR BT 1407

He, v, 0 Ko REH, 70 > 0,do > 0 HEHEEH RE—BH Bk o) BEER
p(h) = h2po(h2), po H—AKT ET 06 BB BB T p BRH 10,01200(16,]12) + <0,
g0 > 0 Fg—AFEA43 /N i S 200,

3 f=mlsgigit
B SINIF 355 0 R R B3 52 R 50 5
0 =—cod + 0 (6y), (3.1)
Heft, co € (0,70), 0m = 10p170(1161%) + do, H 6(0) = &° > 0.
ST AR BB F A Lyapunov B %L, A DL T #E R 19)
Vo(w(®)) <6(t) + D(t), (3.2)

ARt >0, LR, HFHFEEADTOXMFAERt>T°>0,%F D(t) =0.
EXiRE e=0,—0,, d1 (2.1) X LAHF]

é = f(6,) — 0.50, — 100e 4+ 100u — 6, + A(6,,w) + d(t). (3.3)
B (3.3) R#FE— LA F AT UEE M T F
¢ = f1(6,) — 100e + 100u — 6, + A(f,,w) + d(t). (3.4)

A fl (6,) = f(6,) — p.59’,, = —asgn(f,) — 0.50,, BIR, |f1(6,)] < O-F1(6,), 0 > 0 KR HIH ¥,

ﬁ(op) = [042 + 0-52(910)2]5-
TESCHR [13] ZEAE L, 8 d ™ 3 & 5 % i 4%

u = —Pe{a® +0.5%(0,)% + (e + 0,)* + [, *(20)]* +1}. (3.5)
AR GRS B EN S8 S, WR LT &N
B = Bm — Iop, (3.6)
Hep, (3.6) XHHI ' > 0,0 >0 HRITHEL, G 10T FFR
Bm = Te*{a? +0.5%(0,) + (e + 0,)% + ¥, 71(20)] + 1}. (3.7)

AT ER S R SHE - A EN SR HE Y E R . Y 2
W, ST R A R RS BR R AR A B SE B, B4 N T 8 BE e FE H
EE 3.1 HREMWE AR, B R 2.1, 22,23, M=K (3.5), (3.6) Ml (3.7) &
H A B & YA ] A RE PR IEBR B IR 2 —BCR WY, SR H R BEIRBUR U S8 o M I, BERE
BRER R EAR E D
ik % &L T #Y Lyapunov bR $(
V =e2 4100013 — 5%)2, (3.8)
Horr, 0% > 1 FW % B g iy BRARMH, 24 p=0" W, R R A B HERE.
XtV RS, BEIM TR R RERX
V =2e-é+ 200018 — B%)8. (3.9)
B (3.4) KN (3.9) XA
V = 2¢e[f(0,) — 100e + 100u — 0, + A(6,,w) + d(t)] + 200 (8 — 5*)B. (3.10)



1408 2 & B % 5 % ¥ 3%

$ (2.5) AU (3.10) XA
. .12 .12 9
V < — 200e2 — 200(5* — 1)¢? { {fl(op)} + He +6,|| + [ 20) + 1}
+2lel [0 f1(8,) + e ||e+0n || + 2 llw]| — (6] + ()]
— 100032 + 1000 3" — 1000 (8 — 3*)2. (3.11)

i (2.7) A (3.2) XA

2¢z le] [lw]| < 2¢2 |e] &17H(3(1) + D(t)) (3.12)
< 2cy e U1 (26(t)) + 2¢2 |e| ¥y (2D(2)). '
B4Vt > T D(t) = 0. F VYt > T° 2c,0,71(2D(t)) = 0, & ¢3 = sup{|6,| + |d(t)| +
202 W1_1(2D(7§))}.
H1 (3.12) A 5 AT 73
0 2 62
©200(8* — 1)) + 200(3* — 1)
C1 2 012
©200(8* — 1)) + 200(3* — 1)

co co?

20005 — 1)) 00— 1)

V < —200e? — 200(5* — 1) <|e|ﬁ(9p)

e—l—ér

008" — 1) <|e|

~200(5° 1>(|e| 7 (25) -

. c3 c3®
-2 =0 (- =) *
—10003% — 1000 (8 — 5*)% + 1005 3*>. (3.13)
k)
V < —200e% — 1000(3 — 5%)% 4+ M. (3.14)

Hop My iRIBEXTTURBAMT My = (ool (@ +e2® + e3> +6%) + 10003*2, My K
—AHEL BT, A RS Lyapunov BREE

V < —pV + M, (3.15)

Horp, p=min {400,071}, FTLAREL V (e, 8) 2 HIHE L EE (e, 8) BlIE—KEE Cs = {(e,0) €
RxR:V(e,p) <p "M}, XERH (e, 0) R—EAFM. HIEFESEHSE o M I, 7T
R ER IR 2 e (R /D

4 {FREB

i2 il Matlab % LAMOST H78 85 77 0 i i i R S HALE AT (T B L, B %55 0, =
sin(400-t), a = 2, FE ¢(0) =1, 3 =10, 6,(0) = 1. REBHNBRRHI 0= —w+ (0,)2+0.5,
co=1.2,do=0.625 I NI BESERH 6= —1.20 + 2.56,|* + 0.625.

YRR AR ERE S d(t) = 1) B, S8 0 =107, I' = 10°, BEREFIRE e
HEWME 2 iR WS o =103 I =10° B REFIRE e; MEABENSH 6 HHELSR
Sy A 3, B 4 B R



654

VFPHPR S AR O 2 B B B B AR Y M B AR BT

1409

0.8

0.7

0.6

0.4

03

02

0 0.005 0.01 0.015 0.02
s

2 BEEiR#Ee (0 =107° I =10%)
(Figure 2 Tracking error e; (o = 107°, I' = 10%))

0.9
0.8
0.7

0.6

04
03

0.2

0 0.005 0.01 0.015 0.02
ils

B 3 RERRE e (0 = 1078, ' = 10°)
(Figure 3 Tracking error ez (o = 1078, I' = 10%))

45

40

35

30

25

L L L
0 0.005 0.01 0.015 0.02
ts

B4 HENZHE B (=108 I =10°)
(Figure 4 Adaptive parameter 3 (o = 1075, I' = 10%))



1410 2 & B ¥ 5 W ¥ 37

LEF PN FABE S d(t) = sin(t) B, MEBH 0 =107, ' = 10° B, [HEIBRERIRZE es
T E A 5 iR B o =107°, ' = 10° i, BRI ERIR 2 es {5 EANE 6 FIR, I HAT
WIS F 5 WM 0 EE W E 7 BrR.

0.9

08

0.7

0.6

0 0.005 0.01 0.015 0.02
ils

B 5 BEERZE es (0 =107, ' =10°)
(Figure 5 Tracking error e3 (o = 107°, I' = 10%))

1

09
08
0.7
0.6

705
04
03
02

1

0
0 0.005 0.01 0.015 0.02
s

6 BREERZ es (0 =105, ' =10°)
(Figure 6 Tracking error e4 (0 = 1078, I' = 10°))

08

0.6

04

0.2

0

02t

outputé-reference

—04

0.6 -

0.8 |-

-1

0 0.005 0.01

B 7 S - FRMBHES 0,- HUR

(Figure 7 Output signal ép—solid line and reference signal ,-dottede line)



654 VFPHPR S AR O 2 B B B B AR Y M B AR BT 1411

B 2 FE 3 TR RTTUE N, YEFGENS T o M I, TURREIRE ¢ £8
N VB2 A0 5, B 3 AR 6 BRS B SR AT DUE Y, AN AL B BR AR TR R (S T, IR
BRIREZMAE BB ER, B 7T (F H G RATLUR ), G A& N R RS RERES %
{55, 7£ 0.02s PYA] LA &2 BR B2 BE 9 BEoR, ELAE 0.02s P R B8 3R 22 245 X (W s/ 21 0.00017.

5 4 i

A% LAMOST B8 Ga A $7 618 1 o B 72 ) 07 3, JUHGE T il R i 82
FHRER WAL RS, R O &R M & AT TR A BRI RS
FHIRA SR, RRIEM SR R E AR, HEA RFHSBE N EdEmFEGENS
B T DA B R IR 2 AR BB, D5 A5 R AR WI BT IR t O7 1k e A .

2 £ X ™

[1] Lin W, Qin C J. Adaptive control of nonlinearly parameterized systems: A nonsmooth feedback
framwork. IEEE Trans. Automat. Contr., 2002, 47(5): 757-774.

(2]  digE. LRV RS S B E M AR AR MR bR Bk, 2014
(Liu D X. Research of multiple models adaptive control of nonlinear system. Doctoral Disserta-
tion, University of Science and Technology, 2014.)

(3] ¥, EM. HEMIEREHRTE KRR LEIMEFE¥H, 2009, 39(5): 81-84.
(Guo T, Wang W. The research and development on adaptive control method. Journal of Anyang

Normal University, 2009, 39(5): 81-84.)

(4] =T, K, EAE, F RARBYIERRG RS B E N GHRER. KJkd, 2016, 42(9): 104-107.
(Yuan Y F, Zhang X, Zhang J J, et al. Nonlinear adaptive robust control of wind turbine for
pitch system. Water Power, 2016, 42(9): 104-107.)

(5] Wk, XIARL. R AT E R R R RRE RO B BN EH & B3R, 2014, 40(9): 24-32.
(Man Y C, Liu Y G. Adaptive control design via linear state-feedback for high-order uncertain
nonlinear systems. Acta Automatic Sinica, 2014, 40(9): 24-32.)

(6]  :4hoF, BHE HETIRRERGIEUEME I MESR. B3k, 2013, 39(9): 1389-1401.
(Jiang Z P, Huang J. Stabilization and output regulation by nonlinear feedback: A brief overview.
Acta Automatic Sinica, 2013, 39(9): 1389-1401.)

(7] EE30H, hFE, A, % —REEERS% Backstepping B BN H]. &l 5P, 2008, 23(9): 981-
986.

(Dong W H, Sun X X, Lin Y, et al. Direct model reference Backstepping adaptive control. Control
and Decision, 2008, 23(9): 981-986.)

(8] W HAREWIHB RGN HE MR, WL, 79r30#E K%, 2010.
(Peng X. Adaptive control of system with theory, design and application. Master Thesis, South-
west Jiaotong University, 2010.)

(O] T, wobT, FEUR, % ET SRR G B E MR RBIE. EHEIE SN, 2016, 33(7):
956-964.

(Na J, Yang G Y, Gao G B, et al. Parameter estimation error based robust adaptive law design
and experiments. Control Theory & Applications, 2016, 33(7): 956-964.)



1412

2 & B % 5 % ¥ 3%

(10]

(19]

20]

WY, GER BAISAHEN ARG R BN A HATY. FPEBZHEARAKREZR 2008,
38(7): 835-840.

(Ji H B, Chen Z X. Robust adaptive output regulation for nonlinear systems with dynamic
uncertainties. Journal of University of Science and Technology of China, 2008, 38(7): 835-840.)
WISk, X FAE. SRR SCIR RA R B0 E N LI #H% 0. 5 B 5 ], 2010, 39(6): T07-713.

(Hu X S, Liu Y S. Design of adaptive observe for nonlinear large-scale systems. Information and
Control, 2010, 39(6): 707-713.)

Chen T S, Huang J. A small gain approach to global stabilization of nonlinear feedforward systems
with input unmodeled dynamics. Automatica, 2010, 46(6): 1028-1034.

i, X EA AP E IR RGN 5 SR B BRI R R 5 R, 2015, 30(6): 993-999.
(Yang Q, Liu Y S. Robust adaptive output feedback control for uncertain nonlinear systems.
Control and Design, 2015, 30(6): 993-999.)

Liu Y S, Li X Y. Decentralized robust adaptive control of nonlinear systems with unmodeled
dynamics. IEEE Trans. Automat. Contr., 2002, 47(5): 848-856.

Liu Y S, Li X Y. Robust adaptive control of nonlinear systems represented by input-output
models. IEEE Trans. Automat. Contr., 2003, 48(6): 1041-1045.

XEA, BIL, FXE SRERGDSHEXESB RGN G8E EH ERER. Wk %2HE, 2005, 37(5):
148-153.

(Liu Y S, Chen J, Li X Y. Robust adaptive control of nonlinearly parameterized systems with
unmodeled dynamics. Journal of Science and University, 2005, 37(5): 148-153.)

ff gt &, MEE. LAMOST HEElREARAXMESE GV ERMGFERE. HEEHR S, 1996,
1269-1272.

(He J M, Sun D M, Simulation research of LAMOST tracking servo system on model reference
adaptive control. Chinese Control Conference, 1996, 1269-1272.)

BRI, X T, ¥ Bk WA REEINZAY 6% IR B ST 50 & 0 B & B H. )1k 22 4, 2004, 36(3):
89-92.

(Chen J, Liu Y S, Pan Y Z. Robust adaptive control for optical tracking telescope with unmodeled
dynamics. Journal of Science and University, 2004, 36(3): 89-92.)

Jiang Z P, Praly L. Design of robust adaptive controllers for nonlinear systems with dynamic
uncertainties. Automatica, 1998, 34(7): 825-840.

Lin W, Pongvuthithum R. Adaptive output tracking of in-herently nonlinear systems with non-
linear parameterization. IEEE Trans. Automat. Contr., 2003, 48(10): 1737-1749.



