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Stability analysis of characteristic model-based adaptive method for

a class of minimum-phase nonlinear system
WANG Yong

(Science and Technology on Space Intelligent Control Laboratory, Beijing Institute of Control Engineering, Beijing 100190, China)

Abstract: In the characteristic modeling theory, the closed-loop system composed of all-coefficient adaptive controller
is a complex hybrid system that can not be analyzed in the framework of traditional adaptive control theory, leaving the
stability analysis a long-time difficult problem to be solved. This paper investigates a class of minimum phase, single input
single output (SISO) nth-order nonlinear system with second relative degree, and proposes a systematic stability analysis
framework which transforms the higher order hybrid system to an indirect adaptive control problem with unmodeled dy-
namics and bounded, slowly varying parameters. Furthermore, this framework can be extended to more complex systems
such as the SISO, multi-input multi-output (MIMO), and infinite-dimensional minimum phase systems with higher relative

degree.
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WAt 2D s 204
BRiZ 6 RGNS NIREASSHI, MIO(E, 2)X

T(&, 2) & 3% 42 v 1 H & 4> JRiLipschitz ¥, %ft— %K.
BENAE = 0(€,0) 105 £E = 04 2 RIEHFE )
AT R

WA R G ke ME AN E T RS ue, 1
THER:

IR 1 e B2 S OT, I8 AR AR B,

3—6AL AT T R G (DA B P RG24
JRITREREE ).

6 1 BLE B (Example)

ZREUWT RE:
1 = —2xysinxy — 5xy + (1 4+ 4cosxy)ay,
9 = —T9 + sina T4 2
1oz
T3 = Ty,
&y = 13 — 2@y — i cos(xy + x4) + (1 + 23)u,
\ Y = T3.

M LT UG H, RGEHXTE A2, HNEha&EdR
HUASSHY, i L UL ARG, J& T ARSI FERT 4.

B IFEASIAIRSA .

& X Lyapunov B #(V, = %(xf +ag) k& =
[z1 xo]T.

WHE:

V, = x,(—2xy sinzy — 5y +
(1+4cosxy)zy) + xo +
. 4z,
(—1'2 4+ sin mlmlf%) <
—(@] + x3) + 5|21 ||wa| + 23 |2 ].
P4 T 2P BT N s i Ab 21 ) 15
_ et s
¢l < e llgoll + 5 [ e (Bla] + 203)ds.
W]

: 5 5
Vi < =327 + 5:5% + 5:53
—0.522 — (1 — 0*)3 + 2.525 + 0225

—aV + 2525 + 0%z
HA e = min(0.5,1 —62%), 0 < 0 < 17/ 14
t
€I < e flgol> + | =) (57 + 202w ds.
F2 A
31 1€ |1 1€ |PAR A SR Bh A T 43

i’4:

2 2, o
— x5 + 2x53,8In T <

— a3 cos(zy + 24) + (1 + 23)u <
s+ 2[E[ + €17 + (1 + a3)u =
2y 207 + [ ) (Bl + 203)ds +
el + [ e
(1 + 23)u.
B3I, TSR A 1) [R5 [ o)
\m@wsmiﬁ@ﬁmg4wmf-ﬁwﬁ(m&
X7 e B — x4+l {t*kf ~alt=9) (522 () +

Tr3 — 21’2

ot=9)(502 4 20~ 223)ds +
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F5: FE TR BN TR I R ML AR R SR E A

1103

2072x3)(s)ds.
B3P RHEEL
2e™"||&o|| Fle™||& |7,

A .
B3 = x4,
{m:ﬁ@%+hMM+ﬂma
o )
)] < 14 2+ o]
o) <5+ ],
g(z) =1+ 3.
WKL B U I AR I AR ] 1
Yiie = fieYerr + fouYe + Grtes,
Horp:

ik =2+ hfs(@ria) + B2 fi(@ne),
f2,k =-1- hf2($k+1)a
gk = h2d($k+1a5k+1)-

$4ar iH.

H T PR R GE I 5| X5 R AR I )L RRAE S &
ER AR NEIME, I H R A RS, o5
Wik AR H TR A, 5 R LR FH SRR (10 07 7248
W 51 X 5 RAE I KBOCR. TR GIX D2
AN DA A O (R IBEOE X Sk, ML FHE T DL
T g, w3, 2 W8, L, WA H3NEE
TE R DU A5 R BRCh (R BR AR, 4 FL A2 AR IR AR A3
Bl KA AR 51 X KNSR R, i+
g —2h, Ds, M3 BEARF I— DRG] X, % 83
W DX K /N 2 B2 R R, 2200 AN [F] R R 2 5
R R, SR AR AR 0 T VR R B S R R
FOCR. U 3N B RBAMEEERAL R R T A5 N

Ty = 1rsinf cos p,

20 T T

t/s

x3 = rsinfsinp, x4 = rcosb,

AT W5 X L1, T B 7 5L, R R A 2t
1T Bk, 2rLlo.5A 20 EE, IOFI201){E, 4-0F1pLL
7 /4N R, S HINOB m A2 B, £33 R 5148
TEWTAR K ) B HBOR A, FFAA L RS B2 L B8, A
r = 0.5JF4A vh S T 3R L A3 2 &, JHAE R
xy = 20, 7593 —H B HUSAE b RGEYHEEAT I,
R Kr BRI —MME SRRSO BN 1L, T
TERIAN N eI, 43 5l7ER = 0.1s, h = 0.01 s
h = 0.001 i %} R G5 5, X4 EUR SR HUN
e AAME RO U R, LN g AR E PIME
FERGR AT T 2.

1) Hlh =0.1s. FIMEE: fig € [1.5,2.5], far €
[—-1.5,—0.5], g, €[0.008,0.012], 7/EERAFR R N RS
HIE I r =0 ~ LM I R GEHR 2 ASE 1, T2 r =
20, f77Exe = [20.0000 1.4142 1.4142 0.0000]TF
ARG, B X Hr = 205 107 Fh 2k

2) Bth=0.01s. M4 fi,€[1.95,2.05], fox
€ [-1.05,-0.95], g € [0.0008,0.0012], 7t 3KAL bR
AR FRGEWENr = 0 ~ 5.5HUEHI REHLEF e
(41, 17 247 = 6, £7-4Ez = [20.0000 4.2426 4.2426
0.0000]" FHR G AR, B2 2z e = 6IN 1) 07 2 it
2,

3) Hth = 0.001s, H™MEE: fi4 € [1.995,2.005],
fox € [-1.005,—0.995], g, € [0.00008,0.00012],
TEERAFR R N REVIMEMNr = 0 ~ 17 BUER RS
LT E 1, M r = 17.5 0, £27E 2o = [20.0000
17.5000 0 O] FEARG KA, B3N L thr = 17.51)
{OEITEENEES

=3 ] W, B RAE F ks, R Gen]
FEE H BRI DX AN W 8K, o T L ER T X0 S O
PRSI, DAL, BAU A b T P LAAACEI R A )
B REAR.

5 ' 20
10
0
<0 2
_5 |
0 2 4 6
t/s
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o 2
=
-5 | | i |
2 4 5 4
t/s t/s
K1 h=0.1si5I0hk
Fig. 1 System output when h = 0.1s
10 T
30 20 : 20 T
10F b
20 L i
0 5P
0 L
_ i . o 0.0 01 02
L 0.0 01 02
0
0
-10 1 1 -5 1
0 2 4 0 4
t/s t/s
X104
50 : x10° "
1 T
l -
0 i
-1 L 0
- 7
L0 0.0 0.1 0.2 3 5 X10
-1r
o— |
2 F
5 1
00 01 02
-50 1 I -3 1
0 2 4 0 4
t/s t/s
K2 h=0.01 s E
Fig. 2 System output when » = 0.01s
30 T T 20 18 — T
50 T T
20 -ﬂ 10
0 b - |
<10 <0
0 | I
0.00 0.05 0.10
0 -10
-10 L L I I
0 2 4 ‘200 4
t/s t/s
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200 ' 1X‘04 I. .
100 0 1
o O —1 1 1 i

= 0.00 005 0.10
-100 .

-200 ' s
0 2 4 6
t/s

1105
X 10*
7
2 X10 :
0.5 0 1
0 =2 1 1 |
0.00 0.05 0.10
-0.5 7
-1 1 1
0 4 6

Bl 3 h = 0.001 s 22 i 2%
Fig. 3 System output when h = 0.001 s

7 R 45(Conclusions)

ASCVEAN o3 B T2k TR IR AL 4> R 8 A 0
N5 VRN T i /N R G AR e v, JEACD BT
SEAWTR LA 1) AR A B2 iR 4 S B R 4
o —ANHBERS, T SR BN 3
A NISSHI AR FLE) 15 2) R — Pl ik A 4,
Iz BB R R AN — D REERS, LA
T RGEHA AN AEIRT; 3) b T %5 A0 i 4k
WA N &S E B, 4t T — 51,
AR Z G B0 LU R B R G A s &+ R4
RFIEALY, 4) R SRR SR T, AR
28 R T LA A R A B3 1 R GRS e 1 )
L, DR, R R G A M I L A R IR R
20 1) [R) F2 R A B 36 0 4 ol [ 8, 5) ) KRy 25
TS 28 G BEAT R AE A, A6k — AN B HE . 18]
e ZHURARAT S A TS N e, e T AR e
PES3 A5 6) e S AL < 5 T 20 4Bk g HC I TR) 455 78 1)
KRR AT HESE” 73 B 3 4 R G A g Pk 1)

& X

AR ZAE T ERAE S g T fR B 1k
(K46 v, (R T 52 by i BRI 5 | X 548 AR
i VR A, T EL R A S 18 TR B R R SR
5E 0 A HE 2R AN PR T i AR e M A PR AR, AR Mt
BT R A BT MRS 2 AR AR, R L.
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B} % (Appendix)
SIFIPUE B B A F B = wo i3 R ie =
z) + g(t, x)uft BEX N IR O €, W AEX N A 1

Lyapunov B 0V (¢, =) FIE W $e1, &0, &3, el 2

allz|? < V) < &z,
ov. oV

gr L vv < _¢ 2
8t + oz (f(t7x)+g(t7x)u0) X C3H£H )

H H Callz]-

TEXW (t,0) =V (t,v), LA EZEFRNT0 = f(¢,0)+g(t, v)ulF:
W, H—PRIAEHIRu=uo + wRIFERZG(6)WEE,

V= %/ + %V(f(t, ) + g(t, x)uo) +

ov

4ﬂw%mmwkm€t*WWM®+
P glt,pw <
23v+c4ff me M)V Vds +

g—‘;g(t, z)w. (A1)

AT [ me NIV Tas, 1

jt me A9V ds =

j me M=) ( [ 2\‘} ds+j me %) /Y (0)ds =
f jm —A=9) ) dr+j me M)/ (0)ds =

m (t 1% m ot _\(t—r) Vv
—— | e ——dr+
Ozxf X Jo 2V

% 1-e M)V (0) =
m _m xt Cmot - Vg
VY- MV 0)- 5 jo e S s

m m (t o~ A7) 14

V(t) — 3 Jo 2\/Vdr

FRUART LS [ me 0 la(s) | dshiy— 4 12

ft"w‘A“‘”Hx@>nds<

A(t—r) v )
(V f 27 ) S
\F mot a-r) V_
Ve Il = oad
RS R R R U, R R BRI 1

VLT ) . ER R AT

V< - g—?’v+ ?W%(\/V(t)—
2 1

jte‘*(t‘” V_ary+ Yyt 2w <

0 2V Ox

By, Vadam, OV _
62V+ % )\V—i— o g(t, z)w

c4\ﬁ f —A(t—r) \VF

WURAFAEw IR UE B GE(T)AE B T2 X 8 800 Fi B ds e, RIAF
fres > 0ffif3
_ _573 NEX-
W = A W + N
—sW(t,v).

Cam ow
EXW + Wg(t,v)w <

AW (¢, 0) 5V (¢, o) FIAEHE, AT N

. - Cq m ot _X\(t—r) v
V<—cV——=VV— e ——dr.
5 C1 J‘0 20V
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FHAEMV <
LU = —eUii i

—&v, Htpé > 0. HLIEHAAE— 45

U:—C5U——f f —A(t=r) \l/]ﬁdr. (A2)

A5 B RMAE B RN — BB AN

U= a0 — AVTTe NV - A [ V).
C1 A 0

U = —eURU = e 2 U RN R T15

Cam —(r+E/2)t,

c1 /\

- Aj A= 4y, =

[ —(>\+c/2)t( (A—&/2)t _
C1 A
_ A -y A _
I=3=%p° el
Cam —(x+e/2)t,
c1
A (A—&/2)t
(1-5—3 /2)(6
—&t , CCam oct 1
2% AT A—¢/2
_(/\+(,/2)t)UO —

U=—ée Uy, —
(A=t _

— 55e_CtU0

— 55eictU0 —

— l)U() =

(7556
CC4 m 1
261 A A—¢/2

- cCym 1

S Sy

égm 1 —(A—=¢&/2)t
261 A /\—(:/2e U

AL —é/2 > 01

) 1

- _654771 1 cCy m
261 A A—2¢/2

261 A A —¢/2

o(E/2=0t _ 2
(A3)
I, U = e~ Uy I (A HI— M

1R S N AR IR % R A S g B 6 AR AU I
oy IR

o fam 1
281 AA—¢/2 7

(A4)

W R AT (65). N Bl LB BT TAE e > 0,
He € (0,20 I DA 2 (A2 . MR YR 7 FE At 1 e
— PR U (&5) R LIRS T FR IR
MR A 43 5 B2 9% T S 40 0 22 1 e O SCHR[19] 78
#3.5), jﬁg%m%%#ifﬂﬂm T (A3) 5 (ADH %

gy m o(E/2=Nt gy _ o N
26, ,\,\_C/g HXx —¢/2 > oS R Bl 8L,

JTLAU (&5 ) ¥ B 8rig 1 U (65), Hothés Mes Rl fnu’ (&)
> U(s). MRS, H V(és) < U(Es), BV (és) A
—ANBBORST R U = e %Uy. FTLL RS (6) Fa 5 Ha
5, BE RO A B i, R R % bR 134

ﬁ?n @)RIFT. R

e R A
£ B (1978, H, WAL, HATeos o iR ik
N5, B-mail: wyongzju@163.com.
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