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Adaptive Controller Design for Uncertain Nonlinear Systems with Input
Magnitude and Rate Limitations

Ruyi Yuan, Jiangiang Yi, Wensheng Yu and Guoliang Fan

Abstract— An adaptive controller for a class of multiple-
input-multiple-output (MIMO) uncertain nonlinear systems
with extern disturbance and control input limitations is pre-
sented in this paper. The controller is designed with a priori
consideration of input limitation effects, hence it can generate
control signals satisfying input limitations. This controller
uses adaptive radial basis function (RBF) neural networks
to approximate the unknown nonlinearities. To compensate
the effects of input limitations, an auxiliary system is con-
structed and used in neural network parameter update laws.
Furthermore, in order to deal with approximation errors for
unknown nonlinearities and extern disturbances, a supervisory
control is designed, which guarantees that the closed loop
system achieves a desired level H°° tracking performance.
The closed loop system performance is analyzed by Lyapunov
method. Steady state and transient tracking performance index
are established and can be adjusted by design parameters.
Computer simulations are presented to illustrate the efficiency
and tracking performance of the proposed controller.

Index Terms— Input Saturation, RBF Neural Network, Adap-
tive Control, Nonlinear System, H Control Performance

I. INTRODUCTION

Every physical control system contains actuators with am-
plitude and rate limitations, such as the elevator of an aircraft
can only generate a limited force or torques in a limited rate.
Magnitude limitation or rate limitation of actuators is one of
the main sources of control system performance limitation.
In controller design, actuator dynamics should be considered.
The controllers that ignore actuator limitations may cause
the closed loop system performance to degenerate or even
make the closed system unstable, and decrease the lifetime
of the actuators, or damage the actuators. Hence how to
incorporate the actuator dynamics in controller design is a
research subject both having practical interest and theoretical
significance.

The design of stabilizing controllers with a priori consid-
eration of the actuator saturation effect for nonlinear sys-
tems with unknown nonlinearities and external disturbance
is a challenging problem. For uncertain nonlinear single-
input-single-output (SISO) systems with input saturation,
Zhou [1, Chapter 11] proposed an adaptive backstepping
controller which took the input saturation into controller
design. An auxiliary system was constructed to compensate
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the effect of saturation. J. Farrell et.al presented adaptive
backstepping approach [2] and online approximation based
adaptive backstepping approach [3-6] for unknown nonlinear
systems with known magnitude, rate, bandwidth constraints
on intermediate states or actuators without disturbance.
Those approaches also used constructed auxiliary systems
for generating a modified tracking error to guarantee stability
during saturation.

In this paper, we will address the problem of controlling
a class of multiple-input-multiple-output (MIMO) uncertain
nonlinear systems in the presence of disturbances and control
input limitations. In the controller design process, adaptive
RBF neural networks are used to approximate unknown
nonlinearities. In order to deal with actuator limitations,
an auxiliary system is constructed and used in parameter
update laws of the RBF neural network to compensate
the effects of input limitations. A supervisory control is
designed to attenuate the effects of approximation errors
and external disturbance. The performance of the closed
loop system is obtained through Lyapunov analysis. Explicit
bounds on the performance of the tracking error in terms of
design parameters are given. Hence, the bounds of tracking
errors can be adjusted by tuning the design parameters. The
proposed controller can generate control signals satisfying
actuator magnitude and rate limitations, and guarantee a H*°
tracking performances of the closed loop system.

The rest of this paper is organized as follows. In Section
II, the problem statement is presented. In Section III, the
adaptive control scheme is discussed, and the performance
is analyzed. A numerical example is shown in Section IV.
Section V concludes the paper. Throughout this paper, | - |
indicates the absolute value, || - || indicates the Euclidean
vector norm, and || - ||2 indicates the Lo norm.

II. PROBLEM FORMULATION

Consider the following MIMO fully-actuated affine non-
linear system

X =f(x) + Y gi(x)u; +d
i=1 M)

vy =hi(x) j=1,,m

where x € R" is the state, f(x),g;(x)(i = 1,--- ,m) are
unknown but smooth vector fields, y = (y1, -+ ,ym)’ €
R™ is the system output, h;i(x),- - , hy,(x) are continuous

functions, d = (dy,--- ,d,)T is extern disturbance. d; is
unknown but bounded. u;,7 = 1,---,m are inputs, which
satisfy the following constraints

|'u'z‘ S Ui max ‘ul| S Vi max (2)

where U; max, Vi max are positive constants.
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The control objective is to find control laws which satisty
magnitude and rate constraints that make y; follow a given
bounded reference signal y;q with a H°° tracking perfor-
mance in the presence of extern disturbance.

We make the following assumptions on System (1):

Assumption 1: All the states of this system are observable,
and the output signals and references signals are continuous
differentiable.

Assumption 2: System (1) has a (vector) relative degree
{ri,--,rm (i, ri = n) at its state space.

Assumption 3: LaL{ hi(x) = 0(i = 1,---,m) for any
o; < r; — 1, where L¢h; represents the Lie derivative of
h; along vector field f(x), and LEh; is defined recursively

as Lkh; < Le(LE'hy). o; is called the disturbance

characteristic index [7] of y;.

According to Assumption 2, there exist r functions
o = hi(x),¢i2(x) = Lehi(x),, ¢ir,(x) =
Ly 'hi(z) such that under the coordinate transforma-
tion (lea"' ) Rlryy T s Rmly azm,rm)T = Q(X) =

(¢)11; e a¢)17'1 y " a¢m17 U a¢7n7'm)T7 SyStem (1) can be
transformed into the following form

21 = 232,y 24 —1 = Zir;
Zir, = bi(z) + zm: aij(z)u; + ci(z) ©)
yi =21 izjlz,?. ,m
where z = (z],---,z0)T 2z, = (2i1,- ,2i0) i =
1L---,m, a;(z) = LgJL;iflhi(Q_l(z)),bi(z) =

Ly'hi(®@(2)), ci(2) = LaLy' ™ hi( @' (2)).

System (3) characterizes the norm form [8] of System
(1) with a (vector) relative degree {ry,---,7,,}, and has
a general form as follows

il = Tig, 0, Tir;—1 = Tirg
m
Tir, :fi(x)+zgij(x)uj+di )
j=1
yi=xi1  t=1,---,m
Where;{ = gﬁ%l;"' s L1r s L2157 5 L2rgy """ 3 Tmly "7,
xm.rm) eR ¢:1Ti;fi(x)(z = 1; am)agij(za] = ]-a )

m) are smooth functions; d; still represents bounded extern
disturbance, wu;(i = 1,--- ,m) are control inputs satisfying
the constraints (2). System (4) also can be rewritten in the
following compact form

Y®) = F(x) + G(x)u+d )
where
f1 (%) u d1
F(z) = : ou=| 0| d(x) =

Jm (%) Umn, dm
911 (x) gim (%) gl

G (x) = : Y™ = :
gm1 (%) gmm (x) y{rm)

In the following, the controller design for System (5) will
be considered.

III. CONTROLLER DESIGN
To begin, define 7, -, 7, as follows

T .
r=y > Auel Y =1 m ©)
j=1
where y;4,% = 1,--- , m are the reference signals, e¢; = y;q4—

yi(i = 1,--- ,m) are the tracking errors, A;1,- -, A, are
parameters to be chosen such that the roots of the equation
8" 4 N 8" L 4o 4+ Njgs + N1 = 0 in the open left-half
complex plane. Let 7 = (71, , 7). If F(x) and G(x

are known and the constrains on control inputs are ignored,
then based on dynamic inversion algorithm, the control law

uy = G#(x)(—F(x) + 7 + ug) @)

can be applied to System (5) to achieve the following error
dynamic system

egn) ¥ 251:1 Aljegj_l)
: =—uq —d (8)
6(mT‘m) + 2221 )\mje’(nJ;—I)

where G (x) represents the generalized inversion [9] of
G(x), ug € R™ is a supervisor control used to attenuate

the extern disturbance d and will be decided later.

Because F(x) and G(x) are unknown vector and matrix
respectively, the above control law (7) can not be imple-
mented. Besides, there is no guarantee that u.s satisfies the
constraints (2). Neural networks [10], [11] or fuzzy logic
systems [12—15] can be used as universal approximators
to approximate any continuous functions at any arbitrary
accuracy as long as the network is big enough or the fuzzy
rules are sufficient. In this work, in order to treat this tracking
control design problem, radial basis-function (RBF) neural
networks are used to approximate the unknown functions,
that is, f;(x),i=1,---,m, and g;;(x),4,j =1,--- ,m are
approximated as follows:

L) = fix|®,) =0 @5 (x)i=1,---,m ©)

9ij (%) = §ij (x|©4,;) = OF @g,,(x) i,j=1,---,m  (10)

where @y, € RM7i, @, € RMsi; are weight vectors, and

@, (x) € RMri(x), ®,,,(x) € RMsi; (x) are radial bases,

My, , My, . are the corresponding dimensions of the bases.
Denote

fi(x) g11(x) G1m (x)

F(x|OFp) = G(x|®¢g) = :
Gmm (%)
an

fm(x) gml.(x)
In the control law design, AF(X‘@F) will be used as an
estimation of F(x), and G(x|®¢g) will be used as an

estimation of G(x).

Using the approximation (11) and considering the con-
straints imposed on the control inputs, we modify the control
law (7) as follows:

uc = G# (x10g) (-F (x|0p) + T+ € +ua)  (12)
u = sat(u.) (13)
where sat(u,) represents the magnitude and rate limitations
on u, and
- Yl‘l) - Z:;l )\lifgilil) - 5.17‘1 — Clrq flrl
: 14

Tm Tm i—’l
*5&11 ) - Zi:1 )‘migfnl )

—&mrm — Cmrm Emr,
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Fig. 1. Schematic for magnitude and rate limitations

Sty u &y €215y Eorgy o &mas oy &y, are the
states of the following constructed aux111ary system (15)
which uses the difference of u. before and after magnitude
and rate limitations as input.

Ei1 =iz —cinit, €1 = Eir, — Civri—1Eiri—1
m
: R ) 15)
&ir; = —Cir;Eir; + Zgz‘j(x)(uj —uej) =1, ,m
=1
ue; is the j*" element of u., and u; is the j'" element

of w. ¢;(¢i =1,---,m,j =1,---,r;) are positive design
parameters. £ is used to compensate the effect of actuator

saturation.

u. is obtained from (7) according to certainty equivalence
principle [16] which is widely used in adaptive control
schemes. u. also may not satisty the constraints (2), hence
magnitude and rate limitations are imposed to generate signal
u which satisfies the constraints (2). u will be applied to
System (5) as the control input. The difference of u. before
and after magnitude and rate limitations are used to generate
the signal & which will be used in parameters update laws.
The magnitude and rate limitations on u,, i.e., sat(u.),
can always be implemented by assuming a first-order model
for the dynamics of each component of u., for example,
u; = satp(w;(sata(ue;) — u;)), where w; is a positive
constant, satg(-), satys(-) represent the rate and magnitude
functions respectively. The function

R ifz>R
satp(z) = z if |z <R (16)
"R ifz<-R

and satps(z) is defined similarly. Fig. 1 gives a visual
description for this example.

In the following, we W1ll spemfy the RBF parameter
update laws for @, (i = 1,---,m), O, (i,j =1,---,m)
and supervisor control ug, so that desired trackln erfor-
mance can be achieved. Applying the control law %15) (13)
to System (5) yields

Y® 4 & =F(x|0F) - F(x) + (G(x|0c) - G(x)) u—ua —d
(17)

where & =G (=653 = T Y el -
S Amig )T

Define the optimal approximation weight vectors for
fii=1,---,m), gi;(i,j =1,--- ,m) as follows

0} = arg min |: sup |fi (x) — fi (x|®y,) } (18)
v ®f €Qr |xeU,

or = i (%) — §ij (x|®g, 19

iy = o i, Lseugc lgij (%) = §ij (x]©g,) ] (19)

where Qp,Qq,U. denote the sets of suitable bounds
on Oy,0, ., and x respectively. @}(z = 1, -,
m),@ZU (i, = 1,---,m) are constant vectors. The op-
timal approximations for F(x) and G(x) are denoted as
F F(x|®5), G(x|®g) respectively. Define the minimum ap-
proximation error as

w < E (x0F) -

F(x) + |G (x]0g) - G ()] u

According to neural network theory, the following as-
sumption is reasonable:

Assumption 4: The minimum approximation error is
square integrable, i.e., fOT wlwdt < oo

Define the modified tracking error as

— &1, (20)

Using the definition (20) and the optimal approximation for
F(x), G(x), (17) can be rewritten as

Ti
_(r; _(k—
65”) + E )\ikeg D =
k=1
m

+>° (91 (x104,,) = 3is (10, ) )y +wi i =1,

j=1

def

61:y1d7y7 7::1’"'7m

fi (x[®y,) — fi (x\@}» —ug, —d;
(21

,m

where ug,, d;, w; are the i
tively. Deﬁning € =le;, -
6‘]1 = G(]L 6*

in the following form

element of uq, d, and w, respec-
& VT @y, = 6y, - 05,
, then equations (21) can be rewrltten

€; :Aiél‘ + Bi (é? <I>f (X)

+Z< qu(bgwX)Uj*udifdi«kwi)i:l’,_.’m
(22)
where
0 1 0 0 0
0 0 1 0 0
0 0 0 .- 1 0
—Xil —Xi2 —Xi3 7)\7;” 1

Finally, for the nonlinear system (5), the following theorem

can be obtained
Theorem 1: If we select the control law (13), adopt the
following parameters update laws and g,

O, =—T;,®;(x)BIPig;i=1,--,m (24)

Oy, = Ty, @4, (x)BI Pigju;,i,j=1,---,m (25
1

Ug, =—5€; Tp, B;,,i=1,---,m (26)
Y

then the following H®™° tracking performance can be ob-
tained:

T ~
/ e’ Qedt < &”(0)Pe&(0) + Z ©7,(0r;'6y,(0)
0

#3002 [ tas 3 6F, 0r;10,,0
i=1

ij=1

27

where I'y, (i = 1,--- ,m), [y, (i,j =1,--- are positive

;1)
(i

definite diagonal matrices to be designed, p;(i = 1,--- ,m)
are positive constant to be designed, & = [e] - Keﬁ]T,
def .
0 = —di +wi, Q = diag(Qy,---,Qn) and Q; €
R™*™(j = 1,--- ,m) are arbitrary symmetric positive
definite matrices, P = diag(Py, -+ ,P,,) and P;(i =
1,---,m) are the symmetric positive definite solution ‘of the
followmg Lyapunov equations
P,A;+A]P; = -Q; (28)
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Proof: Define the Lyapunov function V; for the i*" sub-

system.

1
Vi= 38 I'pe; + = @f PR T Z@g” r,leg, 9
] 1

The time derivative of V; is
. 1 ~

m
+ Z ez;ij P (X)BZTPZ'(_EZ'UJ'+
1=1

1
+ 5(_Udv +0:)(BTP;&; + &/ P;B;)
+ 6? Iy 1®f + Z Gg” Fg” @g” (0)
j=1

1 1
<- EéZTQéi + *Qi(BZTPiéi +&/P;B;)
! —&l'P,B;BI' P&,
T 9p?
1
< -5 Qai+ 50?@?
The following inequality can be obtained from (30)
1 o1
S8/ Qe < ~Vi+ ~pio} &)
2 2
Integrating both sides of the above inequality yields

1 [T 02 [T
f/ el Qe dt <V;(0) + —1/ oZdt (32)
2 0 2 0

Giving Lyapunov function V = Z:’il V; and according to
the definition of V;, (27) is obtained. This completes the
proof. (]

Corollary 1: For the i*? subsystem of (22), it is assumed
that fOT d?dt < o0. If the control law (13) and the param-
eter update laws (24)-(25) are adopted, then the following
statements hold:

i) the closed loop system is stable and the modified steady
tracking error satisfies lim;_, oo &; = 0, i.e., limy o0 |y5a(t) —
yi(t) — & (t)[ =0 . . . .
byn) A bound of the transient tracking error will be given
&' (0)P;&;(0) + OF ()T, 'O, (0) + p? [ oZdt
mm(Ql)
o @5“( )T5L6,,,(0)

Amin (Qz)

llesll3 <
(33)

1 m
%” > i () Auyll3
i

where k; is a positive constant to be defined later.
Proof: From (30), it can be obtained that V; <

% min (Qi) &) + %pfgf, where /\min(Qi) represents the

minimum eigenvalue of matrix Q;. V; is negative whenever
&l > —21%l _ Hence the modified tracking error (20
el > omin (Q0) g (20)

will stay in the region ||&;| < —=2le!

\/ min (Ql)

. Obviously &2 <

5|12 « —2Vitpiel
Hel” = Amin (Qi) » hence
T g 2 T 2
[ et O i (34)
0 Amin(Q')

Assumptlon 4 implies fo widt < oo, then fo =

fo w; — d;)?dt < oo. (34) means &; € Lo. Accordlng to

Barbalat lemma, lim;_,, €; = 0. This proves the statement

i).

For the proof of the statement ii), let §&; def
(&, &), and Au; = uj — ugj. Defining Vg, =
%fini, then we have

r;—1 m
Ve, = D &ij (g1 — ci€ij) — Cir i, + Eiry D, 915 (X) Auy
j=1 j=1
Nl . (z;ﬂzlgij(x)mj)z
< - 7:21 Cij& + (L —cir)&ir, + 5
2
o, (7 gut0ny)
< — K 2512] + 2
Jj=1
(35)
where ¢;1 = ¢;1 — %,Eij =Cij — 1(] =2, 1 — 1),Hi =
min{¢;;(j = 1,--- ,r; — 1), ¢, — 1}. Parameters ¢;;(j =
1,--+,r;) are chosen to make x; > 0.
Integrating both side of the inequality (35) yields
o Ve (0) — Ve,
Il = [ & e < Ve 0~ e, (o)
' (36)
ZHZ l Z:lgzy A“JHQ
Setting &;(0) = 0, then V¢, (0) = 0, and
1 UL
&2 < 7%\\ Zgij(x)Ausz BN

It is straightforward that

lleill3 = llyia(t) — yi (I3 < llyia(t) — vi(t) — & (D13 + H&i(t)(HES)

Substituting (34) and (37) into (38) yields

2V;(0) 0Z

llesll3 < +
e )\min(Qi) /\min(Qi)

o0
/0 B0+ Hzgu x) A 3

Kqg

(39)

According to the definition of V;, (33) is obtained. The
statement ii) holds. O

Remark 1: According to Theorem 1, the " subsystem
achieves a H°° tracking performance with a prescribed
disturbance attenuation level p;, i.e., the Lo gain from w;
to the extended tracking error e; must be equal or less than
Pi-

Remark 2: Because design parameters are chosen to make
A, a Hurwitz stable matrix, there exists unique symmetric
positive definite matrix P; satisfying Lyapunov equation
(28).

Remark 3: If the reference signals y;q,2 = 1,---,m,
are chosen small, then there may be no actuator sat-
uration on the signal u, obtained by certainty equiva-
lence principle, ie. Au = u — u. = 0, and the ob-
tained controller becomes an approximate nonlinear dy-
namic inversion controller. In this situation, &; = 0.
limy o0 [Yia(t) = yi(t) — &1 (8)] = limy—o0 [yia(t) —yi ()] =
0, that means every output will track their reference sig-
nal asymptotically. If Au # 0 but [[Aul] — 0 as
t — oo, then lim;_ o Vg < limy_yoo ( — K Z;:l fj +
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e
plant y = e
() +

y=F(x)+G(x)u

|
Sy
g
|
Q3

Auxiliary system &

u, Y

2 — - 1
_:_X)_“_—I u, =G (x\@a)(—F(x|@F)+‘r+§) |‘_e

]

Update laws
10, =-T,®, (x)B/Pe, |

‘6., =-T,0, ()8 Pa,

Fig. 2. The overall structure of adaptive H° tracking control scheme

m A 2
M) = limy 00 —Ks Z;’:l &7, < 0. Therefore
&1 — 0 ast — oo, and limy_ o0 |Yia(t) — yi(t) — & (t)] =
limy o0 |%44(t) — yi(t)| = 0. This implies that if the signal
u. has no saturation or u, is not saturated as ¢ — oo, then
the desired H*° tracking performance is ensured.

Remark 4: The bound for ||y;q(t) — y;(t)||2 is an ex-
plicit function of the design parameters. According to the
statement 1ii), this bound depends on the initial estimate
errors @, (0), (:)g”, (0)(j = 1,---,m). The effects of initial
estimate errors on this bound can be decreased by increas-
ing the values of the diagonal adaptation gain matrices
Iy,ly,(j =1,---,m) and by choosing positive definite
symmetric matrix Q; with larger minimum eigenvalue. On
the other hand, the effects of extern disturbances and Au on
the transient performance can be reduced by decreasing p;
and increasing k.

Remark 5: Parameters \;;,@ = 1,--- ,m,j = 1,---,r;
should be selected such that A;(i = 1,--- ,m) are Hurwitz
stable. Parameters c¢;;,2 = 1,---,m,j = 1,--- ,r; should

be selected such that k; > 0(: =1,--- ,m).

Based on the previous analysis, the design procedure for
the adaptive H*° tracking control scheme in Fig.2 is given
as follows:

Step 1: Select the radial bases ®,(x)(i = 1,---,m),
¢917(X)(Z7] = 17 ;m)-

Step 2: Select the parameters \;;(j = 1,---,r;,1 =
1a"' 7m)’ Cij(.j =1, ryi = 1a 7m)? and pl(l =

1,--+,m). Select the parameter update gain matrices
Fp(@=1,---,m),ly, (i,j=1,---,m).

Step 3: Set &;;(0) = 0, and construct the auxiliary system
(15).

Step 4: Select Q;(i = 1,---
equations (28) to get P;.

Step 5: Obtain the control law (12)-(13) and the parameter
update laws (24) and (25).

Remark 6: Although the true value of G(x) may be in-
vertible, the estimate matrix G (x|®¢ ) may become singular
during the adaptive process, so Moore-Penrose generalized
matrix inverse [9] of G(x|®¢) is used in Step 5.

,m) and solve Lyapunov

IV. NUMERICAL EXAMPLE
In this section, we apply the controller to control a
nonlinear system with input magnitude and rate limitations.
The dynamic model of this nonlinear system is as follows
1 = —(x1 + $%) + 10u1 + sin2(x2)u2 +0.2d1(t)
@y = —a? + xfuy + us +0.2d2(t) (40)

Yr =1 Y2 = x2

where ui,us are control inputs and have the limitations
lu;| <5, li;| < 10,4 = 1,2, and dy(t),d2(t) are uniformly
distributed random noise in [0, 1]. 21(0) = 1,25(0) = 0. The
reference trajectories y14 = sin(t), y24 = cos(t) are used in

this computer simulation.
Obviously, the relative degree of the plant (40) is 1 =
ro = 1. Rewrite the plant (40) as

n|_| A gi1  gi2 ul dy
{@2}_{f2}+ 921 922}{%]4_0'2{612}
where fi = —(21 + 23), fo = —2}, g1 = 10, g1o =
sin®(z2), g21 = 3, g2z = L.

According to the design procedure, the H°° tracking

design is given as follows
Step 1: We choose a 11-dimensional Gauss radial base for
approximating fi, i.e.,

lIx — 1| Ix —cnnl*\1"
®p(x) = [exp (- FHL) o exp (- 2L
bl bll

where x = (z1,29)7, c;(i = 1,---, 11) are the center of
the radial base, and are chosen as ¢; = [-2,-2]T, cp =
[-1.6,—1.6]T, cg = [-1.2,-1.2]T, ¢4 = [-0.8,-0.8]7,
cs = [-04,-04]T, cg = [0,0] cr = [04 0.4]T,
1"

cs = [0.8,08]7, cg = [1.2,1.2]T, ¢19 = [1.6,1.6]T
ci = [2,2]7, b; = 1,4 = 1,--- ,11. The radial bases for
f2, 911, 912, 921, goo are chosen the same as fi.

Step 2: Select the coefficients A\1; = 5, A\o; = 5. Now
Ay = [-5lix1, Ay = [-5lix1, B1 = By = [1]ix1.
Select the coefficients ¢1; = 5, co1 = 5. Choose p; =
p2 = 0.5 and the parameter update gain matrices I'y, =
I'y, = diag(10, 10, 10, 10, 10, 10, 10, 10,10, 10, 10), I'y,, =
Iy, =TIy, =Ty, =diag(5,5,5,5,5,5,5,5,5,5,5)

Step 3: Set 511( ) = 0,&1(0) = 0, and construct
following auxiliary system

£11 = —cn1€1 + g11(u1 — uer) + g12(u2 — ue2)

€91 = —ca1€01 + o1 (u1 — ue1) + G2 (u2 — uc2)

Step 4: Select Q; = [10]1x1 and Q2 = [10]1 1. Solving
Lyapunov equation (28), we obtain P; = Py = [1]; ;.
Step 5: Set the parameters update laws as

Oy =Ty, &5 (x)B{P161,0, = —T'f, &, (x)B] Paéy,

Og,; = Ty, gy, (x)Bi Préru,
égm L1, Pgs (X)B{Plélum
Ogs1 = ~Tgy, By, (x)BE Prgsus,
(':)922 = Ty P yyo (x) BT Paréous

The supervisory control are chosen as ugq, = ﬁé?PlBl,
Ud, = 5,763 P2B>. The initial values for ©,(0)(i = 1,2)
and @, (0)(4,7 = 1,2) are chosen as uniformly distributed
pseudorandom numbers in interval [0, 1].
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Fig. 3. The trajectory of y1 Fig. 4. The trajectory of y2
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According to (12), u.; and u.o will be obtained. wuq, us
will be calculated as 11 = satyo(20.5sat5(uey) — uy), g =
sat10(20.5sats (ue2) — ug).

Simulation results are presented in Fig. 3 to Fig. 8.
Fig. 3 shows the curves of output y;(¢) and its reference
trajectory. Fig. 4 shows the curves of output y,(¢) and its
reference trajectory. Curves in Fig. 5 describe the tracking
errors. These simulation curves indicate that the outputs
track their reference values well, and the effects of ap-
proximation error and extern disturbance on tracking errors
are effectively attenuated. The control signals wq(t), us(t)
and their derivatives 11 (t), u2(t) are given in Fig. 6. It is
observed that the control signals wuq(t) and uq(t) satisfy
their limitations. Fig. 7 shows the signals w.1(t), uea(t)
obtained by certainty equivalence principle. Obviously they
do not satisfy the control input limitations. Fig. 8 shows
the signals Awg(t), Aus(t). These curves in Fig. 8 tell
us that Awu;(t), Aus(t) tend to zero soon as time goes.
Hence y;(t),i = 1,2 asymptotically tend to y;4(t),i = 1,2.
These results indicate that the proposed adaptive controller
is effective.
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V. CONCLUSIONS

In this work, an adaptive controller based on adaptive
radial basis neural network is proposed for a class of
nonlinear MIMO systems with control input magnitude and
rate limitations to achieve the desired disturbance attenuation
in the presence of extern disturbance. An auxiliary system
is constructed to compensate the effects of actuator mag-
nitude and rate limitations. Supervisory controls are used to
attenuate the effects of extern disturbance and approximation
so as to achieve a desired level disturbance attenuation
tracking performance. The closed loop tracking performance
is analyzed. The bound of tracking error is given in terms
of design parameters. The proposed controller can generate
control signals satisfying their constraints and guarantee a
desired closed loop performance. Simulation results illustrate
the effectiveness of the proposed controller.
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