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Adaptive H. control of a class of uncertain nonlinear systems

based on RBF neural networks
CHEN Mou, JTJANG Chang-sheng, WU Qing-xian, CAO Bang-wu
( Automation College, Nanjing University of Aeronautics and Astronautics, Jiangsu Nanjing 210016, China)

Abstract: An adaptive H,, control method based on RBF neural network is proposed for uncertain nonlinear systems. The
controller consists of an equivalent controller and an H,, controller. The RBF neural networks are used to approximate the non-~
linear functions, and the approximation errors of the neural networks are introduced to the adaptive law in order to improve the
quality of the systems. H, controller is designed to attenuate external disturbance and approximation errors of the neural net-
works. The controller can guarantee stability of the overall system and attenuate the effect of the external disturbance and ap-
proximation errors of the neural networks to a prescribed level. Finally, an example is given to illustrate the availability of this

method .
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1 5] = (Introduction)

B, ERBEAAERANAREC A RSB
BRI SR E ) 17 R FE R TFEH
ELURLE, HORU T SRHEH RIS AX
AP RREE TR ARBEBERERSE, XWX
RABFENSHASHLIERERERARD.
HiLx B A S A HEERERENER F &
KPRV AEEERX.

X[TARTEHALZHEERERAEETHE
BEEMAEN H.EH . EAENEAREK, R43)
EHRERE.X(IARTETIRMNENZHASL
BHIELHERZERET —FREMNERFE,BX
ERARFEMIAARBAEEURBEIRE, B EE
AHTRAMEENEEEREZNGES . X[6]HFTT
ETRBFHANENEH ARBHIEREREN
&N H, EH . A4 4 RBFHENEEL T E.

WO RS H 31 22001 - 09 - 03; W48 sl H 3 12002 - 03 ~ 28.
EETMB ERERPIEEL (60174045)FKBIEE .

BEMEBHUE H, BH, 4 XN EHAZHERH
EEEUERGERE T —MFOER TS 2T E%E
BTXMEBEREMIRATRELANES TSN
B, FRENEETRREFIAIMNENHEN HE
MEBEPUBRBRZNESERE. FZITHERSER
WNAIRIEAFEM A SR e, M A#ET5 A He
HEREREMES EWHEEER ASIHEHAR
KA T AT LA
2 o} 3 #948 3% (Problem statement)
ZRMTFTERANGTHAHEERERS
% = a{x) + B{x)u + ¥(x),

_ h(x). (1)
Hp, x = (5,7, 5)" € R, a(x) = [a)(x),,
a.(2)]"€ R" AW ERERBERE,B(x) =
[Bi(x)] E R HEHIHBEELF ,u € R™,7(x) =
[)’1(.:\7),"‘,)’..(x)]'r € R FBREAGHZ T
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BABEE. v = (y1,,ya)" € R™,h(x) =
(hi(x), -, ha(x)]" € R™.
MARFE(DEMTREK:
Al) BBEMHXMB i, sl B+ 41, = n;
A2) LL*h,(z) = 0,L LR (x) = 0, HF &k
T — 1’,: = 1,"',m.
A3) REAFEERRA—EER v (x) RiX.
BEFEL ERBEGTEFELIETR Z = 0(x)
B REFMIUFLIRR Z RBWRER,
P1L = P2

¢r'—l = ?rl!

ﬁ;’rl = f1<x) + gll(x)u’l + 0+
gim(x)un + d(x),

Y1 = @1
¢1 = ¢21
;ﬁm-l = ¢m’

Br = ful2) + Em (2 + 0 4
gm.m(x)um + d,,,(x),

\Ym = ¢1-
X+
filx) = L2h(x), i = 1, ,m,
x = ¢7'(2),
g5(x) = LyLi"'hi(2), i,j = 1, m,
di(x) = Lih(x), i =1, ,m,
Y = [¢1""1¢1]Ty
W= (2) AT B8 g T IR

[ﬂ")
y&=

uy
= f(x) + c(x)[ : ]+ d(z). (3)

K
gulx) gim(x)
G(x) = [ : : ]
gm (%) Emm (%)
fil=x) d(x)
f(=) = : :l,d(x)=[ : }
f,,.(x) d,,.(x)
MHGEMTRIE:

Bl) BE Sc R L, 6(x) EHFRABEER,

EETA LU R F AL
ac(G(x)) = b >0, VyxE S. (4)

HYF o RERHF G(x) WBR/PHFRME. b AETIER

.

B2) f(x) Fl d(x) ANIBRE, B d(x) BR.

BEH BIRRETTBENMENKERSERE
HMENEE y, REEL - 1SRy, -,y D BE
AAMESERES vy BHHEEHHER. EX ¢ =
Yi = Yiast = 1,0, m.

3 ETHERKAMWAEN H, =28 HFigit
(Design of adaptive H,, controller for nonlin-
ear system based on neural networks)

AR EHBHBRE: C) MEEi=1,-,m
Mj=1,",mBFE w, *ﬂwgl_l_,fif% Filz \ wg)
gz \ w, ) BEAEEEIL fi(2) M g;(2). MER
E£SCcCR"LHE:, &E8

max | fi(x,w;,) - f(2) I< e

!

max | é,-j(x,wgi) -gi(x)Ii<se, VxS

BRSL, B sy 0 g, 5 S AT
AR 3% B0 T B9 R B T B SR R ) 28
u = u, + uy. (5)
He
ue = G2\ w)[- flx\ w) + 2],
up = - G (% \ W) u,.
u, HERIER A, u, AAMES BB ARB/NEST
WX RABREREFF RGP, BEEEEHER,
HAE
u = [ulv"'vum]T) z = [Tl!'“1rm]T1

G(x\ wg) =

(6)

én(x \ wg") él,,.(x \ wGl..)

é,,,,,,(x\wgu)
FaNw) = [FA(x N wpy), o Fulx \ wpn) 1T,

Ula
u, = |
Usna

EEE F(x\ w,) B C(x\ w,) A RBF M 2 & %3t

éml(x \ wg-l)

(u, EEWEEX).

f(x) 7 G(x) BYBIME.E X
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r (r -1 (r -1
{TI =yfd‘)+;{1rl(3’1azl -7t ))+”'+/\11()’1d - ¥1),

e L W Gl R C A FULRS W C o
(7)
Hep 2, = 1,,r) BEZEWMR h(s) = 5" +
Alr'_s"‘l + o+ Ay WEATARALFAEXFFFE L R
GYRAK ()BT 48
i filx)=Filx \ wp)
: 1— : +
)’Sur) fm(x)—f,,.(x\ Wi
Uy
(G(x)-G(x\ wg)){ : :|+
u’m
T Ula d(x)
- [ : }+[ : } (8)
T Unma d,(x)
BHRN(DHDARARB)THE
e%") + Ay, e(r R T Aeg
l_e + AL el 4 X e

fl(x \ wf1)—f1(x)

: :|+(C(x \ wg)—G(x))[ : :|+
L2\ wp) = frn( ) U

-u’la dl(x)

(9)

| u,, d,(x)
ERHEFREMNETHEMEMNWAERN G

EHR AEESERGEERBE.

g i NFRE

eEr) (r 1)

+AC "+Ailei=

Filx\ wr;) - filx) + AGu + vy, - di(x).
(10)
AH AG = [gulx\ we )-8 (x) ., &im(x \ wg )-
gim(2) ). EX ey = Loy, el V1", M ERAT AR
éyp = Ay + Bu,, + Bfi(x) - f;(x \wp) +

AGu - d,(x)]. (11)
A F
1 0 0
0 1 0
A = . . , B, =
-y —4dp —Ai; 1y —Ay 1

REHEFRWEEMEF w, RAENRw,, Mo

g ’

J= 1, m LAE N T RENER BIF. X
wy; = argwmexg {,Sé‘P |fi(x\wf,-) - filx) 1],
7€ B .
{w;-'i = arg min [fg? | éij(x\wg-'f) - gylx) 1]
(12)
AP O = fwe:llwll < Myt 0, = tw,
I I <

M, | SIS BB TR, B My, A
M, %ﬁﬁéﬂ.

EXPBYBR/NBIRIREN
= (filx\w}) - fi(x)) + AGu. (13)

A
AG:‘* = [éil(x \ w;ﬂ) - gu(x),“-,
Bim(x \ wg ) — gin(2)].
¥ROADMRAR1) TTE
ép =

Ay + Bug + BL(fi(x\ w,) -
Flx\ wf)) + (AG, - AG! Yul +
Bi[wm' - d;(x)]. (14)
Z48 () f1 z,(-) YN RBF HEM%, WA
Filx\wp) = wld(x),

éij(x \ wg'_j) = w;i@;j(x). (15)
T RBF M 4% A& i FIE X
yi = Dw(e) = WTB(E).  (16)
itq]’ w = [wly'”’wm]T %m%ﬂﬁ:é(e) =
[#:(8),,98,(&)]1T,8(6) AEBH, MRN(14)TE
EX
é,'p = Aieip + B,;u-,;a + B,[J;},@L(x) +
w;]@u(x)u] + Biw,-. (17)
X4
w; = Wy — di’ u_lfl = w_,—i nd w;,-,
Wy = [(wg, - wg ), (we - wg )]
F#H o IEA TR RBBER BLAH
P 1
I & 1(x\ws,) ”2$b_(-1——$)' (18)

KPS e wMEARN(B)WAEKIEHRTS
Rx[2] SAREMERE CL) MR (7) TR’ T
MERBZGHFR WXHE dx AR, BikA
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KW MEATH o, WEXLFHHEF LR, AT
A @;.

1
Ujfg = — 7BTP,elp. (19)

Hery > 028 BR2HAENEN

B H, =EH K
—petpBD () +e,Cllwei | =M ), 1wy | < My, eppBwf P:(x) >0, wf; - ws; >0,
wri = {Pn[']’ | wi | = My, eL,PBw;@:(x) <0, w}; - wfi<0,
(20)
pieppB @y () uy+ oy (| wg | M), I wg | <M, ehpiBiw @5(x) >0, wy - w, >0,
5 {Prz['], I wg Il =M, , el P:Bw’ 2i(2) <0, w, * wg <0,
(21)

BYET P, ELR
:ppiBiwf iw}.itp( %)

P, [ ]—_luezpptB¢( )+:u:

" Wr; ” 2
(22)
eLplBlwgywzy¢( x)

I w,, 112

Prz[.] =—P,',i iB,'¢ij( )+p,—,~

(23)

Hop Mo, A EMEEI R K (20) 5RQ21) #
BIHEH e, Mo; EXH

& = angn(wfi)9 oy = ,B;‘jsgn( wgi). (24)

ERXP o > 0,8, > OAFER, HIEARANR

GRS SRR, TR EERAE.p, = pl >0
R UF Riccati & BiF

lpiBiB’{Pi +

pA; + ATP;‘ + Q- y

Q,‘>O.

1
PP.‘BiBTPi =0,

(25)
4 ¥ 6E 9 #7 (Performance analysis)

EE1 FRALKLQ),HEREBHIKX(G), . ]
mR()WER, MRXQOMQDAZHMENHE
R, WA

1) ZEBEN S RFRARERRE

Cwdl $2Mfi’ Il w, ll < Z.ZIM
ok ) '
Wr = Lwsswml’s
W, = [wg"""wgl_""’wgml"'9ng]T-

2) X FHEMTHRBEAKF k(k > 0) ,FEEH
#0) HERATHHRERE c WEMTH H B
B PR BEFE AR

1 T
—é-j eTQedt <
0

—eT(O)pe(O) + Z —w,,(o)wf.-(o) +

i i 0 ¢ (0)w (0) + —~x J‘:wTa)dt. (26)

ﬁq:ﬁ = [elp’ ..’e’]):lp]’o = dlag(Ql,“',Qm),
w =[w1"“’wm]T’P = diag(Pn""Pn)-
EOO B =y w2 el < My

Bt, BIER(20) M (24) P —A 50
Vy == 3 wepiBls @) +
Tl - M) <0, (2D
Bt ST E7F | w1l < ZMf.
Yl w, ll = M, 0, mﬁ(zo)ﬁﬁ% R ArA
V=080 |l wll < 2Mﬁ.ﬂfu'ﬂﬁ:% t =0,

BA W< 20 My RETE, SHERE 1 > 0,
e R AR Z)EM
2) X
1 1 ~
Vi = Lppl Lp+mflwfl+ Zzpy :wgy’
(28)
M#93%& Lyapunov BREHA V = Vi + Vo + - + V,,, ]
Ve BB
V= Vl + Vz + "+ V,,,. (29)
XA
1
Vl- =Ee;pP;€ip + 2 e;ppzeip +
Lita+ > Lata (30)
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(24)®=X(25) 15
v, =
1 ¢ T 1 TRT
- ?eipoieip - 2k2€;pP;BB;P€ 7(wiBiPieip+

1 _
eupiB; ;) +( e'{pPzBi‘p'{( x) +;—_w_'fri) Wy +

1

IZ;((e,PpB@,J(x)u + ;—}wg Yivg ). (31)
AXEUEBI R (1) K G TR EIE R, RIAY B
(f - ’clze',-rpp,-B.-)(wl,-‘ - %eTpPiBi)T =0, (32)
g
Vi < - 5l + yrlwls <
- %efpoie,,, ok ey (33)

L Aua( ) AEE Q WE/RFEME, MY
eyl > 61w 1/ X0u(Q) BFH
Vi = 5 mm(o ) ” e;p ” 2

—x l@; 12 < 0,

(34)
B H
V=Va+Vs- 4V, <0.
FRUEREHNERSNERT . AFEZERAF2
REiEEE.
MRGBHOA: =08 ¢ = THHIHE
vi(r) - v(0) <

1 (7 1 T
- 7J‘ eTQie- dt + _KZJ. (D’{(l)idt. (35)

B (28) A V(T) = 0, BE& R (28) Fik
(35)H
%J‘:e'{poieipdt =
5 eh (O piey(0) + 5T (0 (0) +

> st 1~T T (0)3, (0) + +x jo’wrw,.dz. (36)

j=1

X‘JEA%%WT*%—

IJ’T T

> e Qedt <

—eT(O)pe(O) + Z ——w_,-,(O)ﬁ)ﬁ(O) +

E Z *ﬁT (O)w (0) + —IC I:medt. 37

i=1 j=1

F)fU.&TfB‘J%%'J%%XT?*A%E‘H:%DﬁEEKIF ©, B
—EHK H, BRERPERE .

L& RBF # 4 W 4% 838 , & F A | BP M 454X
FH ol IR FAE R HIRR .
5 A E® 3 (Simulation study)
WP B HENVSTFEKEAE LE3sh BT .
0 Hy Hyp 'r-hg, -hgi—hgr17 ¢
[92] =[H21 sz] hg, ][‘72]+

[ el (205

H), = a; + 2a3co0s(q;y) + 2aysin(q,y), Hy = a,,

(38)

Hyy = Hy = @y + ascos(q,) + agsin(q,),

h = assin(q,) — ascos( q,),

a, = I+ mll“:1 + 1+ m,lzce + mJl3,

a = I, + m,lie,

a; = m,lllcecos(B,), a; = m,lllcesin( 8.),
d, = 0.5sin(¢q,), d, = 0.5sin{q,),

Mg AUERE.BHA

L =1.0,1 =05, m=1.0,1 =0.12,
I, =0.6, 9, = %, m, = 2.0, I, = 0.25.

KGOV ARXG)WER, KA HEKN
IBIE fi.f2-810812(82n) g, RBF # & W4 1B
BEHEITE N = 15; R &4 Weq = Wpy = 0’w5n =

=0.51,4,(0) = ¢,(0) =0.2,M;, = M;,
=10,M, =M, =M, =150, = a3 =2I,p, =
Bu = Py = 1L.5I;% 5% 1= ¢ =0.1,01 = ppp

= om = 0.05, BHESEH 5 -

w = w

L1373 En

sin(t),yz =

ﬁsm(t)

Ai1,EH2AHTHEE=0.05,0.2,0.3 X
Y =0.004,0.1,0. 29185 , iR 2 e, Fl e, K922 {LHY
L ABEPRTLUES - FEREHHNEHSBERTRE
DESUERE,BME BN BESEERER/D.

0.3
—— k=03
0.2 — k=02 1
——— k=0.05
o 0.1 -
0
-0.1 " " "
0 5 10 15 20
tls
B BB N ¢
Fig. 1 The racking error curve ¢
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) 5 10 15 20
t/s

K2 BREZFRZEHLR ey

Fig. 2 The racking error curve e;
6 %51 (Conclusion)

AXHEIMN —-RERASE NG HELRERH
EHERGEHITRBEREAS T, REXTLELETD
ERERGERITT BEMN H, EH 8%, A EHE
FEBRIREIIABIAENED, MRTEBERE
B OATISRZET RENHSEEE . B/a@d — Pl
FHEKVME EASHEHBUE T B #6245 89
BR.
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