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Neural network based adaptive output feedback control
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Abstract: An adaptive robust output feedback control scheme is proposed for a class of multi-input multi-output nonlinear
systems with plant uncertainties and external disturbances. The scheme employs a network of Gaussian radial basis functions to
adaptively compensate for the plant nonlinearities. A high-gain observer is used to estimate the derivatives of outputs which can
not be measured directly. Under mild assumptions, the closed-loop system is proven to be stable. The controller designed can
guarantee that all the states in the closed-loop system are bounded and all the tracking emors are uniformly ultimately bounded .
Simulation results demonstrate the effectiveness and feasibility of the proposed scheme.
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2 o) Hi2 (Problem formulation)
% BT AHE MIMO IER RS

y(i"') = fi(x) + Zgy(x)uj +w(t), i =1,-,p.

(1)
e, % Ky W 8L = [y, 90,0,
P ey T AR TR
Lup, ey u, )T € RP RISHIERA L £ (x) HRAH S
RS R, IR R MIERERNATE, g;(») HE

ﬁ]m%%ﬁ&ﬁ,h] = 11"'1P12'= [3’1,"‘,)’p]T€

RP S, w(¢) = [w(e),,w,(t)]" € R? AR
FHF, B N w ()| < e, REMBA w ML y

AT E R (B A AT B B R AT E T L
afiit. EXGERENBLSERES 5, = [y,

ey T RS y, MEMSHEREMN,IT y) =
[Z’ﬁ,fﬁ;"',y(ﬁ"‘_l)JT,)}, = [!flTv"'vZ;;T]Tv?R =
[)’rl"":)’5.{"),“':J’rpv"'ay,(.:‘”)]T:i = 1,,p.
AXBIRH B RETHERNERITBENE
B R AR, R R AL (1) Ak BRER A S
BiF5.
EX e = Y1—¥r1s" "9 €p = Yp — er,gf = [e;,

(n-1)7T *T *TT .
’ei. ] ,§= [gl "",Qp ] 11 s 1!l < P,

éi,---
ey =le,er, 61T, IMARBRREHEIEAR
S|

{g‘ = Age+ B[f(x) + 8 (x)u+ w(t) - Y,],

ye = CTe= &

(2)
Hep, v, = [ygf,),...,y;;p)]T,
Ao = diagi{Ag,**,Ag,}, B = diagi{By,**, B},

filx) gulx) - glp(x)
f =) i |, gl)= . b
e (%)

So(x) & (x)
) 1 0 - 07 T 0]
o 0 1 - 0 0
Ay = ¢ ¢ b . , B, =| ¢
o 0 o0 - 1 0
Lo 0 0 - 0, L1,

C;I = [1’0,.'. vO!O]lxnI.’

C' = diag{c]r,"‘,c;f,l <i<gp,i€Z,.

BRAKQ)TERFTEN, EHE—1EM K, 378

A = Ag - BK HFH% Hurwitz, 5540, B X F (e.5,) =
f(6).6e.5) = g (), ROTESH

¢ = Ae+B[Ke+F (e,7,)+C(e,7,)u+ w (1)-Y,],

ye = Cle=¢,.

(3)

Ko, 4 = diag{Al,"',AP},K = diag{Kl,"',Kp},
K; = [kmi:kini_l,'“:kil]:i =1,,p.

B RGO FHRAIE R R F(e.7,)

AR A RBEN & iE , R RS E HemE , BA

p
M = D) m MET S, ST
i=1

Ve€ 2, c R"(n = im)
H— B )

Fle,j) = W (e,5,) +e(e,5,). 4
Hep, W* RBEAEPUEERE, W = diag{ W7, -,
w, W= [whywh, o wh 1N (e,7,) =
(o], ¥, 1", ¥ = [‘I’iuq’iz,‘",‘l’mi]T € R™,
BN W %< Wy,i =1, p.ele,7,) AREIR
2,8 lee,7) | <en. NN F(e,7,) B
tHF(e,5.) = WO (e,y), HF WHEREKR
WHRE T, W = diagl W), -, W,}. ¥ (e,5,) K
Bl 30 7 ST BRSO RS e B R

,(e,y,) =expl— (x- )" (x- x)/73],

i=1,,p;j=1,,m. (5)
HA, = Lo ]™

FES T i BRI R 88 A, SRR T Rk

Ri& 1 %EFE G(e,y,) M.

3  HiER S 538181 (Design of adaptvie
robust controller)
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BEREQ) MRS o. MHBREQ)RHHME
RS LI 28134y

é= (Ao - HLCT)é+ HLy . (6)
Hrh, ¢ #R e SRS, L B3N8 HBUE
B, L = diaglLy,, L}, L = [, ] 1< i<
p WEBIERE A = Ay - LCT RHEZ TR A T4 oY
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diagio™' o2 .- 6""i¥,0<6<1,1sisp.

U 5 B 5 S R R

up = vj = Uf(éy)_’RsW') =
vt'sat(v(e!yR!W)/Sm) i = 1 (7)
v= v (6,78, W) =

G l(e,7)(-Ke+ Y, - W' (é,5,) + u.); (8)

e"*B"Peé
Y =T B Pe || + ageret (9)
W, = piProj(ﬁ/,-,g—oi’(g,?R)); (10)
9i(8.7,) = Sgy + sat(@y(€,7,)/Sy)
lgigp, 1<j<sms (11)
(W 12 - W)W,
P - W,
(, ? AL
Proj(W;, ;) = o A
O\ W io) if || Wi||2> WM;SD?W,'>O.
@;, otherwise,l < i < p;
(12)
pi = 9.3 = Wi, 708 PB 1< i< p.
(13)

He, S, = max | v(¢, yR,W)I Sy = max | ;(é,
¥r) 1hsat(s) HIBFIRE e = e, + ey > O, RIHH
%ﬁpi,ﬁw,ao,yo > 0,6 He! B‘Jﬁﬂ':?is = [ ¢,
"'v¢§ui]T»?i = [ @y,

o, u= v* = [,

o gm Wl igpio= (o,
Y, SERBEET
Proj(W;, o)1 A TRIES AT W #E— B4
HROMEEQy =W LW |2< Wy+0,
l<i<pl, TRHEAT Yyt 20,V W(0) € Oy . &
{fv(z) € Qp' s,

(w} W)¢,<(W —W,)Proj(W, ,gol) l<i<p,

(14)
B, P, AXIFRIEERE, W R I T Lyapunov AR :
PA, + AP, =- @ (15)

ﬁl:':‘y Q,‘ = QT > O,l = 11°°°1P1

id P = diagi Py,*+,P,},Q = diag{ Qy,**+, Q,}.

iLée=e-é, BR)W(6)E:

&= (Ao - HLC)&+ B[W ¥ (¢,7,) +

Gle,7)v'(&,7a, W) +w (1) + e (e,5,) - 1,1
(16)

RAKLE FTHZ ML MIMO I8 R 5 638 ok o A 25
EXEERHR.
{= AH '&. (17)
Hr,

A:diagfa'"llulx,,l,---
RPN, 1< i< p.
MR (16) AT EE R4,

of =AL+ oBLW" "V (e,y,) + Gle,y )0 (e-

,0_"1’1" xn },
F 4 P

Inl_x"i 6 Rnl.)( ﬂi

ATHE 7r, W) + w () + e~ Y, 1. (18)

AR RERRETER:
é=Ae+ B[Ke + W'T‘J_If(g,y:',) + Gle,y,)v'(e-
A“Hg,?R,W)+z_v(t)+§— Y,]. (19)
X Eg=1e(0)1 e (0l < dpt,d0 BH—IEH
A2 mR(7) ~ (13),(18) F(19) ARMHF
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EE1 & W) € Qy,e (0) € Ep,07'H ¢
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R

iE  #33& Lyapunov R V(e, W) H.

V(e, W) = %eTPe+ —l—tr(fVTP'lif/). (20)
Hep, W =W - W,I = diaglpi [ xm »* "+ Pplm xm |
BT LI EN W(0) € Qy,e (0) € EH,
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L) h:

£(2) = eV (0) + [\ es 0By (1)de.  (21)
4 V(g) = gT P, P, = P§ = diag{ P,j,"*, Pyt > 0,
P, € R"*",1 < i < p, P, 4 FH Lyapunov J5 &2t

&
PoA + AP, = - I,.. (22)

BY Vo<t < 1o,y (1) RERN, HEMA B
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B.Y4s—>08F1(s)—0.
HB 1€ [1y, ) AR AL = MRS B FY

L€ [e,t3) B, 132 15, £ (1) B 0Co) B9, 74 = 7o,

FREl,e = e- HA™'{—> € E, WHMEBIEHN,

TEE

v'(e- A—IHL::J:’RyWi) = v(e- A'HE, 72, W),
(23)

§.y:):,1<i<p.
(24)

Mxt= (20) B LB Lyapunov 28 % V(e,W) HBtE

FHCH

¢i(e-A7HE,5,) = pi(e-A"'H

r'~<|

V(ng) = %

G(e, 7:)v Jv (e,yR,W) +e+w(t) -

Y,] - ul WTr-'W). (25)
¥RERALR, TH
V(e,W) = - 3¢ Qe+ ¢"PBI Ke +
W T (¢,7.) + 6(e,7,)67'(¢,7,) x
(-Ke+ Y, - W' (,7,) +u,)+

e+ w(t) - ¥,] - ulWT-W] =

- %gTQe_+ e'PBI[G(¢,5,) -
6(e,7,)1671(¢,7,)Ke+ G(e,7,) x
6'(e,7.)K(e- &)1 + ¢"PB[G(e,7,) -
G(e,7.)16"
Gle, 716 e, 7 )W T (e,7,) +

'(¢,7.)Y, + "PBI[G(e,7,) -

Gle,7.)671(&,7)W ¥ (e,7,) -
G(e,7.)671(&,3, )W (¢e,7,) +

Gle,7.)67(e,3 )WL (e,7,) -
T (e, 7))} + ¢"PBle+ w (1) +

G(e,7)67'(e,7,)u,] - ul W], (26)

&

A(e,
G(e,
Byle,

y)
L) -

—
‘G
l\~§| ”‘)

H\
n\x

»¥R)

TQe+ e PB[Ke+ w* T117'(13,y,) +

[6(e,7,) - 6(e,7.)]67'(¢,7,)Ke +
G(e,7.)67'(¢,7,)K(e- ¢),

By(e,é,78) =

[6(e,7.) - 6(e,5)167 (.3 )W* ¥ (e,7,) +
6(e,5.)67 (e, 7 )WL ¥ (e,3,) - ¥ (&,7,)],
Bs(e.é,58) =

e"PBe+ w (1) + G(g,f,)f;"(é,fr)y,],

A2, m(26) HFAHARER(14), 7778
V( e, W) =

B %‘ETQ’H e'PB(1 + 4y + 83) + A5 + ¢"PB x
G(g,y,)G"(é,f,)WT‘I’(g,)}) — u[ WTProj(W, 0)] <
~ €0+ e"PB(A, + 83+ 83) + O + €TPB x
C(e,7,)6 (¢, y )W W (e,7,) - (WTp) =

- %9T0€+ e'PB(4) + 8, + 43) + A4 +
eTPBWTW (¢,5,) - u(W'p) + As =

- %gTQg + e PB(A; + Ay + A3) + Ay + 5. (27)

H, W = I'Proj(W, ) = Idiag{Proj( Wy, ;) ,,
PrOJ( q_op)}

¢ = dlag‘iol’ "’iopi’

&"PBWTY (¢,3,) - u(WTe) = 0,

Ay(e,8,7r) =
(e- &)TPBG(e,7,)67 (&, )WY (e,7,) +
é"PBG(e,7,)G (8, ¥r YW (e,7.) -

w(é,y.)]+ ¢"PBG(e,7,) - 6(¢,7,)] x

67'(e,7)WTE (&,7,).

HTEERY (- 7,) MERES ¥ (-,7,)
BXHEW, TUEMNERSBERE LEAERHN,.B
WHEEEEE 1,0 = 1,---,6, 4
(1ai(e,e.70) | s pille-¢ |l =
wll ATTHE || < pio, i = 1,-,4,

: ~ (28)
I asCert ) | < uslie-e Il +

Lpe < ps |l A'IHQ I+ u6 < pso + ps.
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W oay = (22,(P) Vpayo)/a,(Q), B3t
Vo < o0, BFEERH o) = 23);:3 MEE$ a3 =
pot us BERDWR:

V(e W) <- 2 Amal @)l e 24

Am(P)Vpasa |l e || + aso + pg <

A O ¢ 1 =275 a4,

(29)

. o fai 2aso + pg)
Ef?&,é’lllg||;2+ 2" A.00) Ny
Vie, W) <0.

B (4) A, SR &G W(0) € Q' , 1,
Viz= 0,W() € Qp.,s, FRLL J37;, > 0, fE7B
%tr(W*

w'Tr-\(wr - W) < v =

max %nm* _WTTY W W), B

viea,. . wen,. ,

1 r - 1 84
max e Pe.v2 = SAwm(P)(5 +

71 =
e(0)E B,

a}  2(a30 + pe)

4% 2.00)
BKT 71+ 72, B S e "Pe< Ve W) < 7o +
73 < 74,ES(E = {gl gTP€$274}.¥171? 72, B

)2, % = max{y,, 72}, & 74 ™

as a}  2(a30 + p6)
lell =5+ F TR0 JHRE(29) BA

B V(e,W) <0, TR ()~ He()l <7..H
FARICRAT R 46 R 2% VLR A T 2 4 R gk
A, o H—BRB/DI, NTIEER 7, B/, Btk e (1)
LSRRI F R, AR RERE. & LITd,
% W) € Oy ,e (0) € E,o7'H'e (0) BR,
30", B V0 <0 <o, ARRGEHARSLR
AR EBRERE—HLERR.

F 1 RENRERREZ B SRR R R
IR, KA - RER . BEREER, B oy
BD, MR E R, SRESHE 2T, XYW
o] LGEA RHERE K, ¥ A BIRFEEACE 222 F | B i
BB R D B R 2/ BRI B S RGN 3
BB, ERABEDE, WHLGFLRAANBEDR. B
B, ZER(8) PIMATREN o, XEREFSAENEE A
HRHEE R T/ T REERREFRNARE W, T E
WER T B TR il AT

H2 WAXHTLESD,MMO ELEREHRER

B 5 RV 35231697 20 B 0T DA of — B 125 W 28 ok
B2 . IR o — 0, MIET VLI2S (% 1 R s wl et s JL
SFETRER IS AR B4, 5 R E w52 E 0
MBI E, R RAAR R — AN EE TR EE. —
BAMR S E S LRRM IR LA X, THREFETH. X
MREENRFPHEAER /D o. R, ELEFED, o BB
HEZISHEERRE, MREFRR B ERTEK R
B AS. Ht, I A5 Fn 57 sk BOW 825 iy
o BT B4kEEprIT Ay .

E 3 HEREREY I RERHATH, AEEER
W, AT EFF SRR R 5.
4 {HE 4% (Simulation Results)

ZEIMT 28mA 2B ERERS .

i =i v+ (Ll + 9Du +
0.5y,cosy ug + wy,

F2= (L= yDy2 + vay1 + (L + %5 + 7wy + wy.
(30)
HEBERE K, = [6,5],K, = [20,9] {48 A =
Ao - BK WS AEEY -2, -3, -4 -5 P XN
PA + AP + I, = OWIfE fE2Z18.

P - dingl PL.Py] Py = [1.1167 0.0833 ’
0.0833 0.1167

1.3917 0.0250

2% 10.0250 0.05831"

TRV AR I 2R ERE, L, = [4,5]",L, = [6,7]",
o =001, BEFRIFA = A, - LC"BAEGRIFE
=¥ Hurwitz 5B R E B BENBER 4, =
[cost,sint]T, SRR MISO(B% AL H) @i
REEWEPERE f1(x) = yiy + 3 A folx) =
(1= y3)y2 + ¥y B ABB m) = m, = 225. RBF
A .00 B BE R BO BT iR T R R S HERE R R K
PRSI, BB SCHR (8], 7E 7 ML5E Iy RBFN S A5 B
DX 368, P e A% i R 3 ST B b0 ] {43 RBFN RE#8
—BOEE R R I R B, R
CROEEUH R F I 7 2. 5 37 5 oR B ) T BE B9 B
7 =15, = 1, ,mi,i = 1,2, OB RAE
[-2,2] x[-2,2] x [-2,2] x [~ 2,2], 5B T =
605,050, BESETT W(0) = 0, 30EAMTHRE K 6(0) =
0, &4 (30) ZE# fR B 2 B9 R 7 [,(0),7,(0),
72(0),52(0) 1T = [0.5,1,0.5,1], RER LK (3) &
PR EN (0) = [-0.5,1,0.5,0]". 8 Wy =1,
BMe=0.1,0 W I2<1.1,i = 1,2. 508 FH#fE
5 w,(t) = 0.3sin5¢,wy(t) = 0.4cosdt M ¢, = 1,
ao = 0.1, 0 = 10. FHKEAEN S, = 20,5, =
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