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Abstract This paper focuses on the problem of semi-
globally stable neural adaptive control for a class of
uncertain multi-input/multi-output nonlinear systems
in the presence of strong interconnection, input satu-
ration, and external disturbance. Radial basis function
neural networks are utilized in the online learning of
uncertain dynamics. The features of the scheme devel-
oped can be briefly summarized as follows: (1) The
problem of “explosion of complexity” caused by the
repeated differentiations of virtual controllers in tra-
ditional backstepping design is circumvented via the
pioneering dynamic surface control technique; (2) the
subsystem in the whole system can be any order, and
only one scalar is needed to be online updated when
dealing with uncertain dynamics and external distur-
bance, which is computationally inexpensive from the
perspective of practical application; and (3) the bounds
of transient and ultimate tracking errors are adjusted
by the design parameters in an explicit form with input
saturation in effect by virtue of the novel intercepted
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adaptation approach. Itis proved via Lyapunov stability
theory that all the closed-loop signals are guaranteed
semi-globally uniformly ultimately bounded, and sim-
ulation results are presented to verify the effectiveness
of the proposed method.
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adaptation

1 Introduction

Approximation-based adaptive control has gone
through booming developments and advances recent
years, where NNs and fuzzy logic systems are widely
used as online approximators by virtue of their parallel
processing property and function approximation capac-
ity [1-4]. Although fruitful results on approximation-
based adaptive control have been reported in existing
literature, “dimension curse” is a barrier that restricts
the real application of this methodology, that is to
say, in order to achieve good function approximation
performance, as large as possible number of neural
nodes or fuzzy rules are used in theoretical study and
analysis, which results in too large number of para-
meters that must be online tuned in practical appli-
cation. As a result, the approximation times tend to
be unacceptably large and the time-consuming process
is unavoidable when approximation-based control are
implemented. To remove the requirement of match-
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ing conditions, backstepping design, a Lyapunov-based
integration and analysis methodology, has been widely
advanced to control high-order nonlinear systems, see
[5-7] and the references therein as examples. Although
numerous theoretical works have been done, the prob-
lem of “explosion of complexity” limits the practi-
cal application of backstepping methodology, which is
caused by the repeated differentiation of so-called vir-
tual controllers in the backstepping recursive design
procedure [8], which leads to an extremely compli-
cated control scheme, especially for high-order sys-
tems. Fortunately, Yang et al. and Yip et al. [9,10]
and [8,11] solved the problem of “dimension curse”
and “explosion of complexity,” respectively, in their
pioneering works. In [9], small gain-based adaptive
fuzzy robust tracking controller was designed, which
achieved that only one function is needed to be approx-
imated by fuzzy systems with any numbers of states
and rules in fuzzy systems and thus reduced the com-
putation resource since only two parameters needed
to be adapted online. Such a technique was formally
named minimal learning parameter (MLP) algorithm
in subsequent literature [12,13]. In [10], MLP-based
robust adaptive tracking control was developed for a
class of strict-feedback uncertain nonlinear systems. In
[14], direct adaptive fuzzy tracking control was devel-
oped for a class of perturbed strict-feedback nonlin-
ear systems by virtue of merits of MLP. To further
simplify the MLP algorithm, Chen et al. [15] pro-
posed direct adaptive fuzzy control for nonlinear strict-
feedback systems, where the number of adaptation
law is reduced to one, and further, in [16], adaptive
neural control for MIMO nonlinear time-delay systems
is obtained using Lyapunov—Krasovskii function and
one parameter adaptation. Fuzzy-approximation-based
adaptive control (SISO [17] and MIMO [18]) is devel-
oped for nonlinear systems with time delays, where the
control is independent of the choice of the fuzzy mem-
bership functions and requires one adaptive law for nth-
order system. In [8], in order to simplify the adaptive
backstepping design, adaptive dynamic surface control
(DSC) was proposed, where n first-order low-pass fil-
ters were added which prevent the differentiation of
model nonlinearities from existing. This result was
further extended in [11] for non-Lipschitz systems.
Inspired by this success, NNs were incorporated into
DSC technique for strict-feedback nonlinear systems
in [19]. Considerations of input dead zone and state
delay were later made in [20] and [21], respectively.
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Since it is impossible for physical actuator equipped
to provided unlimited control input, input saturation
should be explicitly considered in control system
design, especially for adaptive control system. With-
out proper consideration of effect of input saturation,
adaptation laws would act aggressively to seek the sat-
isfactory performance [22-24]. On dealing with input
saturation control problem, several interesting meth-
ods were reported in existing literature. In [22], a con-
cept of augmented error signal (AES)-based adaptive
control was developed for systems with hard satura-
tion. According to the applications in flight control
[25] and flight vehicle control [26], it can be concluded
that the AES-based method is effective in dealing with
input saturation. Partially inspired by this success, an
online approximation control of uncertain nonlinear
systems under control input saturation was designed
in [23], which was designed such that input saturation
does not destroy the adaptation capabilities in feedback
adaptive control systems, and it was pointed out that
the method in [23] can be trivially extended to high-
order nonlinear systems using the recursive design of
backstepping method. Therefore, backstepping-based
AES design can be found in [25,27]. In [28], Takagi—
Sugeno fuzzy models and linear matrix inequality opti-
mization are used to the robust control of nonlin-
ear systems in the presence of actuator saturation. In
[29], model reference adaptive control for SISO time-
invariant continuous-time plants with control satura-
tion was proposed. In [30], backstepping-based vari-
able structure control using Lyapunov synthesis was
proposed for MIMO nonlinear systems with control
input nonlinearities, first-order filters were utilized to
the virtual control laws so that the extra computations
of time derivatives of virtual controllers were circum-
vented. In [31], robust adaptive backstepping control is
designed for uncertain nonlinear systems with control
saturation and external disturbance, where Nussbaum
function is utilized to compensate the nonlinear dynam-
ics caused by control saturation. In [32], adaptive fuzzy
output feedback control is developed for nonlinear sys-
tems in the presence of input dead-zone. In [33], output
feedback adaptive fuzzy control is designed for output
constrained nonlinear systems together with input sat-
uration. In spite of the reported methods reported in
the literature, there is extra space to improve the above-
mentioned methods, that is, the problem of “dimension
curse” and “explosion of complexity” exists in the lit-
erature. As can be seen from the methods in [30,34], an
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alternative method is to use fuzzy logic system or NNs
to approximate the combination of unknown dynamics
and differentiations of virtual controllers, which can
solve the “explosion of complexity” but still suffer the
“dimension curse,” that is to say, the methods in [30,34]
further augment the computational volume due to the
information of reference signal and its derivatives must
be incorporated into the input of fuzzy logic system
or neural networks. In [35,36], adaptive fuzzy/neural
tracking control is developed for stochastic nonlinear
systems with input constraints, where smooth nonlin-
ear function is utilized to approximate the saturation
function and one adaptive parameter is independent of
the number of fuzzy rule bases, and the plants are SISO
stochastic nonlinear systems.

This paper is motivated by the neural adaptive
control of uncertain MIMO nonlinear systems with
strong interconnection, input saturation, and external
disturbance to overcome the problem of “dimension
curse” and “explosion of complexity.” Novel inter-
cepted adaptation approach is designed to attenuate
the effect caused by input saturation, and the signals
used to intercept the adaptation signal are generated
by properly built auxiliary systems. The intercepted
adaptation approach allows the online approximation
goes on and can prevent the presence of input saturation
from destroying the adaptation capacity and memory
of approximators. MLP and DSC techniques are uti-
lized to tackle the problem of “dimension curse” and
“explosion of complexity,” respectively. However, such
a combination of these two techniques is non-trivial
since input saturation and external disturbance are con-
sidered simultaneously in the plant, and extra efforts
must be done to guarantee the closed-loop stability,
which can be seen from the following design proce-
dures and stability analysis sections. Furthermore, the
MLP proposed in the pioneering works [9,10] is fur-
ther simplified partially inspired by [15], where only
one parameter is to be adapted online in the method
proposed in this paper. At the same time, the bound
values of transient and ultimate tracking errors can be
adjusted to arbitrarily small by choosing proper design
parameters in an explicit way even with input satura-
tion in effect. Comparing with existing methods where
smooth function is used to approximate saturation func-
tion, see [31,36] and references therein, the new fea-
tures of intercepted adaptation approach lie in that the
effect caused by input saturation is handled directly; in
the meantime, the amplitude of effect caused by con-

strained input can be attenuated to arbitrarily small in
an explicit form.

The rest of the paper is organized as follows. In
Sect. 2, formulated problem and some necessary pre-
liminaries are presented. The main results of this paper
are given in Sect. 3, and the stability analysis of the
closed-loop generated by the proposed control method
is shown in Sect. 4. Section 5 presents the simulation
examples to demonstrate the effectiveness of the devel-
oped control scheme. Section 6 ends this paper with
concluding remarks.

2 Problem formulation and preliminaries
Consider the following MIMO nonlinear systems com-

posed of N subsystems with constrained input and
external disturbance:

ey

X1y = X1i+1 + Sri (X oo Xjijs ooy XNiy)
+ A1 (X, 1)
X1y = 01+ Sl (X) + Ay (X, 1)
v = sat(uy)
Y1 = X1,1
Xji; = Xjij+1H i Kliys oo s Xjijs ooy XNLiy)
+Aji;(X, 1)
)'Cj,nj = vj + fj,nj(X» ﬁj—l) + Aj,i_,‘ (X’ [)
vj = sat(uj)
Yji =Xj1
where x;;; is the i;th state variable in subsystem j,
Jj =1,..., N, N is the number of subsystems, i; =
1,...,nj,n; is the order of the subsystem j, )Ej,l-j =
. . T —[+T T T:
[xj1, ...,xj,,,i] , X = [xlﬂnl, ...,xN’nN] is the state

variable vector of whole system, f i (+) is unknown
smooth function in its arguments, A ;. (-) is coupled
external disturbance in whole state vector and time,
v; is the input to the subsystem j, u; is the designed
control law for subsystem j, and y; is the output of
subsystem j, respectively. The relationship of v; and
u; is as follows:

vj = sat(uj)

sign(uj)ut if u;| > ut, j=1,...,N

J J (2)
uj, else

where uf is a positive constant that represents the

bound value of the maximum output of actuator in sub-
system j.
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The target is to design neural adaptive control law
uj,j=1,..., N forsystem given by Eq. (1) such that
(1) all the signals in the closed-loop system remain
semi-globally uniformly ultimately bounded and (2)
the output y; follows the reference signal y;, with
small tracking errors which can be adjusted to arbitrar-
ily small by choosing proper design parameters.

To this end, the following assumptions and lemma
are used throughout this paper.

Assumption 1 [31]The jthsubsystem,j =1,..., N,
in Eq. (1) is input-to-state stable.

Assumption 2 The external disturbances A i) (-) are
bounded by unknown constant.

Assumption 3 [13] The desired trajectories y; ,, j =
1,..., N are smooth enough such that there exists a
positive constant B satisfying ;¢ =

[(Yj,r: ).)j,r: yj,r)bjz',r + yjz',r + j;./z',r = BJZ,O}’

Remark 1 Since it is quite a challenge to establish the
stability property of an unstable plant under input satu-
ration in a general form [37], therefore Assumption 1 is
an assumption to guarantee the stability of a saturated
nonlinear system as in [31], which is used in this paper
to establish the closed-loop stability. Assumption 2 and
Assumption 3 are quite standard ones in existing liter-
ature.

Lemma 1 [/2] For any given continuous function
f(x), x € R" with f(0) = 0, by applying the con-
tinuous function separation in [38] and the RBF NNs
approximation techniques, f(x) can be reconstructed

f)=8Sx)Wx +¢€ 3)

where x is system arguments, S(x) = [s1(x), s2(x), ...,
s1(x)] is a Gaussian basis function vector, and W is a
weight matrix,

6 = e - )
l «/Ea,- 20i2 ’

wir wi2 - Wip

w21 W22ttt W2
wir wi s Win
where i and a; denote the center of the receptive field

and the width of the Gaussian function, respectively.
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3 Main results

This section presents the major design procedures of
Jjthsubsystem, j =1, ..., N, is the estimated value
of max { ,BJZ.J.j, "5,1‘]- }, with 8;,;; andn; ;; specified later.

Construct the following system to generate signal
Xi =G Xj,nj]T, which is used to intercept the
adaption laws:

Xjiij = Xjoij+1 — )i Xji;

. ij=1,...,n;—1 @)
Xjnj = AUj —jn; Xjn;
i=1,2,....N

where o ;; is positive design parameter, Au j is defined
as Auj := vj — u;. In order to facilitate the design
procedure and stability analysis, we make the following
coordinates changes:

2j1=Yj1 = Yjr — Xj1l
Zji; = Xji; —Tjij—1 — Xj.i (5
ij = 2, ey I’lj
In the following, neural adaptive control scheme is
developed via intercepted adaptation and single learn-
ing parameter approach. To better present the main
design idea, the first step (j, 1), the intermediate step
(j,ij), and the final step (j, n;) of jth subsystem are
elaborated with detailed explanations.
Step (j, 1): Differentiating both sides of z;1 =
Vil —Yjr— Xj1 gives
i1 =xj2+ fia(Xii, .- G XNiy)
+ A (X, ) = Vi — Xj2 T ojax
=zj2+rj1+ fii(XLi, .. XNy
+A(X, 1) = yjr+ajixji (6)

.,)Cj,,'j,..
.,)Ej,ij,..

Using the RBF NNs approximation technique in
Lemma 1, the unknown function f;1(-) is remodeled
as follows:

fin(Xj0) = Sja(X;0W;a X1 +e€j1

= S8;1(X;,0Wj1x;51
+ 81X )W 1 X7
+€j1

= S§;1(X;,0Wj1z1
+ 81X 0OW1(y).r
+ x50 + S (X 0Wii X5, + €1

(7
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where
T
=T =T =T
X1 = [xlyi], s X ""XN,iN]
T
* _ | =T =*T =T
= [xl)i], e X ""XN,iN]
T ) o T
Xji; = [(),xj,z,...,xj,,j]

Inspired by the technique used in [13], we define
the following notations: 8; 1 := [|[W; 1|, m(W; 1) :=
Wj,l/,Bj,l’ i1 = m(Wj,l)Zj,l with m(Wj,l) being a
normalized term, it follows
FinX;0) =B18i1(X;,001 +Sj1(X;0W;1(yjr

+ x50+ S (XWX e (8)

Integrating Eq. (6) and Eq. (8) gives
i1 =2zj2+rj1+ B8 1(X; 01
+Ci = Vi ajixji )
where &1 = S;1(X; D)W Vjr+x,0)+S;,1(X,1)
Wi X7,1 +¢€;1+ Aj1(X, 1) is bounded, i.e.,
gl <njapji(X;1) (10)

with nj1 = max {|W;1(vjr + x;,DIl. W1 X751,
€ A% L o (X = 1+ 185Xl

Select the following virtual control law:
rja == (=Y )+ — 001Xz

(1)
where the definition of ®; 1(X; 1) and adaptation law
of & ; will be specified at step (j, ;).

Toimplement the DSC techniquein [11], letr; 1 pass
through the following inertial filter with time constant
7,1 to obtain ¢; 1; thus, the differentiation of r; ; is
circumvented:

Tj19j1 + @i =711, ¢j10) =rj1(0) (12)
Step (J, ij): The differentiation of z; ; ; is calculated

as

Zji; = %ji; + i, (i - S XNiy)
TR X ) =Tt = Xji+1 + i X

= Zjij+1 T i+ fii; K, -
coXNiy) Aj’,'j

(X, 1) = Fjij—1+ )i Xji; (13)

. )Ej,ij e
S X
Using the RBF NNs approximation technique in

Lemma 1 and defining the same notations with emenda-
tory subscript in step (j, 1), fj,i;(Xj,;;) is rewritten as

Jiij(Xjip) = Sj.i;(Xji)Wii; Xji; + €.,

=8, (Xji)Wji;xji;
+8.i, (X5 ) Wi X}*,ij +€ji;

= S5i; (Xji ) Wii;2ji;
+85i,(Xji YWiii; (rji—1 + Xji;)
+ 8.0 (XG0 Wi X5+ €

= Bj.i;Sji; (Xji)bj.i
+85i;(Xji YWii; (rji—1 + Xji;)
+ 8, (Xji)Wii; X5, + €y (14)

It follows
Zji; = Zjij+1 + i+ B Sii; (X))
8y = i1 QX (15)
where ;i = S (Xji)Wji;(rji;—1 + Xxji;) +

Sj,,‘j (Xj,ij)Wj,ij X;f‘ij +e€ji +Aj,i_/ (X, t) is bounded,
i.e.,
S5l < mjijpji; (Xji;) (16)
with 7, = max{|W;;;(ji;—1 + xji)l
* * *k
Wiy X501l €55, Aj,ij}’ pji;(Xji;) = 1+ 1S);
(XDl
Select the following virtual control law:
Py = =0 (G = 1) = 950, (X2
+¢ji;-1 (17)
where the definition of © ; j (X, i,-) and adaptation law
of 191- will be specified at step (j, n;).
Let rj;; pass through the following inertial filter
with time constant 7; ;; to obtain ¢; ;;
Tii Qi @iy =i ¢.i;0) =r;i;(0) (18)
Step (j, n;): By defining the same notations with
emendatory subscript in above step, invoking the RBF
NNs approximation technique, the differentiation of
Zj,n; is obtained as
ij,n/‘ =VVj + f],n](Xs L_t]—l) + A],nj(X3 t)
- ’;j,nj—l - AMj + UjnjXjnj
=u;+ fj,n_,- (X, ﬁj—l) + Aj,n,-(X’ 1)
- ’;j,nj—l + Ujn;Xjnj
= l/t/ + ﬂj,nj Sj,nj (Xv I/_tj—l)
¢j,n_,' + Cj,nj - ’;j,n_,'fl + O(j,nj Xj,nj (19)
where ,Bj’n_/. = ||Wj),,j Il Gjn; = m(Wj,i_i)zj,nj,
m(W],n,) = Wj,n_/ /,Bj,nja ;j,n_/- = Sj,nj (Xj,n_,'a ﬁj—])
Wj’nj (X/ﬁn/"’ "/l"_f—l)"'sj,"j (X/v"j’ ﬁj—l)W./»"jX;,nj

@ Springer



1114

S. Gao et al.

+Sjn; Kjnjs hj—OWjnj—1+€jn; +8jn; (X, 1),
”Cj,n_/-” = NjnjPjn; (Xj,n_,-)’ Pjn; (Xj,nj) =1+
ISjn; (Xjnp)lls and njn; = max {|W;,;(rjn;—1
Xy W, X5 Wil €5, A% L
Select the following controller u ;, adaptation law

z§j, and known function ©;, (X ;;):

uj=—jn;(Xjn; —rjnj—1)— l§j®j,nj
(Xj,n_,')Zj,nj + ()bj,njfl (20a)
. j
g =FjZ[@j,ij(xj,ij)Z%ij]_Cjﬁj (20b)
ij=1
5y (X)) = 75— Pii; (Xji,)* (20c)
Joij

where I'j, ¢, and « ;; are positive design parameters.
The aforementioned design procedures are summa-
rized in the following theorem.

Theorem 1 For uncertain MIMO systems Eq. (1) with
satisfied Assumption 1-Assumption 3, if the following
initial conditions are satisfied in addition:

nj nj—1
S (2,0)+ 3 S (2,0)

j=lij=1 j=lij=1

N
+> (3,0r7'3,0) =2p
j=1
where p is any positive number, and the control scheme

given by Eq. (20) guarantees the following statements:

1. The signals in the closed-loop system remain semi-
globally uniformly ultimately bounded;
2. The adjustable ultimate tracking error z; 1 is given
by:
2p%*
b

3. The adjustable transient tracking error yj 1 — y; r
is given by:

2% N ~ 1=
lyj = yjrl = \/T + Zj:1 (ﬂj(o)rj lﬁj(o))
LT 1Al
2Vko

and the definitions of v*, b, and ko will be specified
later.

Iim|y;i1—vyvi,—xi1l <
t_)oo|y],1 Yijr X],1| =

@ Springer

Remark 2 The pioneering DSC [11] and MLP [9]
techniques have been resoundingly synthesized into
the traditional backstepping design method. It can be
observed easily that the controller in Eq. (20) is very
simple, and the new features of the control scheme can
be briefly summarized as follows: (1) Input saturation,
MIMO structure, and external disturbance are further
considered compared with the pioneering works that
proposed the DSC technique [8,11,19] and (2) we fur-
ther simply the MLP technique in pioneering works
[9,10], i.e., two parameters need to be online adjusted
in [9] and [10], while only one parameter needs to be
online adjusted in the control scheme proposed in this
paper, which further simplify the controller structure.

Remark 3 Set the initial value y;(0) zero and if no
input saturation happens, the variable y; remains zero
state, that is to say, no supererogatory computation hap-
pens without input saturation. When input saturation
happens, x; responses with changing Auj, and the
original signal yj 1 — yj» and xj;; — rj;;—1 used in
the parameter learning is therefore intercepted by x;.i;
to prevent aggressive action, performance degradation,
even instability in the presence of input saturation, and
such a method is thus named after “intercepted adap-
tation” approach.

Remark 4 Inview of the fact that the RBF NN approx-
imation technique in Lemma 1 is established in some
compact set, the stability property obtained in this work
is thus semi-global. It is also noticeable that other
kinds of linearly parameterized approximation tech-
niques, such as spline functions, fuzzy systems, and
high-order NN, can replace the RBF NNs with remain-
ing design procedures and stability analysis being triv-
ially obtained.

Remark 5 In order to better utilize the design method-
ology of dynamic surface control in pioneering works
[11,19], the subsystems in Eq. (1) is of the same form of
the SISO system in [19], but we consider extra external
disturbance and input saturation simultaneously in this
work. By virtue of the mean value theorem [39] and
other necessary assumptions, the method developed in
this paper is applicable to the general MIMO non-affine
nonlinear systems; one refers to [39] and [40] for more
details on this technique. In the following simulation
studies, an example that the control law in Theorem 1
is used to control the MIMO non-affine nonlinear sys-
tem in [40] with extra consideration of input saturation
demonstrates this statements.
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4 Stability analysis

In this section, the closed-loop stability by choosing
proper design parameters is rigorously proved. The
closed-loop dynamics resulting from the control law
in Theorem 1 can be obtained as follows:

Zj1=2zj2=j1zj1+Bi1Sj1(Xj )8
+&j1—0;0;1(X;j1)zj1

Zjij = 2jip = a2+ B Sii (X
+8ji; —009;i;,(Xji)2j;
+@jij—1 = Fjij—1

Sjnj = =Cjn;Zjng + BinjSjn; Xjn)Pjn;
+ ;/.,nj - 7}]’ ®j,nj (Xj,nj)Zj,nj
+@jnj—1 = Fjn;—1

riip =i Pii; + @iips ©5.i;0) =rji; (0)

CN A D) N2 e
vj =T, Zij:l [Oj,zj (Xj.i)75, 0]15‘]]

Defining ¢;, = @ji; —rji;» J = 1,....N,ij =
1,...,nj, and differentiating both sides gives

. €ji;
€ji; = — J+BI’J()
le

with

Bi1() i=oaj1(xj2—Yj,) — yjr+ az .

Brjl drjl

+ax 1 Xj1+ - 19/
g . (22
Bji; () =i (Xji+1 — ij,fl)—i-azjl il
orj1 v arj1 o
+a3x,; TXj1t o0, 0j = @jij-1

It follows

Zj1=2zj2—0aj12j1+ Bj1Sj1(X; 01
+¢i1—9;0;1(X;,1)z)1

iy = 2t — %Gy + By Sii; (X i)
¢jt]+§jt] 79®jzj(Xj,ij)Zj,ij

ejij-
7 +Bj 1171()
]_2 N,ij=2,....,n; —1 (23)
2./',nj = _aj,njzj,nAj + ,Bj,anj,nj (Xj,nj)(bj,nj
+¢;, nj —1;0; nj(Xj nj)stnj
e nj—l
_Tj +B] n,—l()

Tji; = 1Tj, ljﬁo/ ij T @i P 11(0) =Tj, 1](0)
A nj
v =T, 2 [G)Jki_/ (Xj,i_/)zj,ij] —c;¥;

From Assumption 3, itis known that I o is compact
in space R3. The following set is compact in space

iy .
R(Zikzl(zlk)) for any p > 0:

J=2,...,N, i;j=2,...,n;—1 1)

ij ij—1
_ 2 2 L 5p-ly
M =12, (Zj,ik) + 2 i H 0T
ir=1 ir=1

ir=1,...,n;
Therefore, the set Il;o x Il;; is compact in

R(z;:='(2ik+3)). As a result, Bj’i/., j = 1,...,N,
ij=1,...,n; — 1 are bounded on Mo x I ;,, that
is to say, there exists B:i, such that |B;;; ()| < B*:
One can refer to [13] and [19] for more details on the
existence of B+

Choose the followmg Lyapunov candidate:

N nj—
ZZ(M) > Z ()
—lz]_ /— ij=1
EZ 19 (24)
Its derivative along Eq. (23) is obtained as:
N njfl
V= ZZ 2asii) + 20 20 (€iiséin)
_11/_1 j=lij=1
+Zl§jrj—lz§j
o
j=lij=1
<_aj,i_jzj,ij + Bji; Sji; (Xji)Pji;2ji;
A 2
+ iz, — ﬁj®j,i,«(xj,ij)zj,,~j)
N nj—1
+D D (@hd,zgi1)
j=I ij=1
€jij—1
+ZZ Zjlj ] +Zjl j,i_,'—l(')
j=lij=2 i~
N nj—1 2
53 z(——w, i)
j=1ij=1 Tjsij
N n;
_ ) - A
3 (95 X [0, i)t | - eibibs
j=1 ij=1
al 1
2 2
< Z (_Olj,IZj,l + Ezj’l)

j=1
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N nj—l
2 2
+2 2 (_aj’ifzjsij T2
j=1ij=2
z2
+2'C]zj—l +|th jz,-l(')|)
al 1
2 2
+ Z (_a/»”jzj»n_i + 2%in;
j=1
2
yar
Js n
+2'L’] - + |Z] nj j nj—l( )|)
N nj
+ Z Z (ﬁj,i_/ )i (Xji)bjizzji; + fj,i_izj,i./)
j=lij=1
N nj—1 2
ij
19393 CeCRmme)
j=lij=1 T, i
+Z 0 Z [ i X5i)35 u] €i0iv]
ij=1
(25)
Using the following facts
N nj
Z Z (Bj.ijSi.i; (Xji))b)i2ji;)
j=1 ij:l
<> Z( L0Ssi (XGNP )
j=lij=1 ] ij
+Kj,ij ;i || (26a)
N nj
2.2 iz
Jj=lij=1
<33 (L, 0005, 4, ) o
j=1ij=1 ] ij
N
Z (_Cjﬁjﬁj)
j=I
il ci c
J 32 J o2
=2 (-39 +3%)
j=I

N
¢j e UL I
S -——L 5,175+ Lu2) (260)
Z( 2max{F]71} AR ) J)
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gives
N
2
z( aaz+ 575
N nj—l
2 2
+2. 2, (—“J’zjzj,i,» + 25
Jj=1i;=2
S,
+ +|ij, ]t,—l()|
2t ]l]—l
N
#35 (cen + 35
jnjZ ]n 2Zj,n_/~
Z?
+—+|Zjn ]n—l()|
2T/nj—l i i

D3 CREATAE

j=lij=1 Jl"

2 2 2 2
X,Oj[_ (Xj»ij)z/',i- +Kj,l'j+KjJ'j ||¢],lj|| )

N nj—1

+ZZ( +|e]lj ]1/()|)
j=11i;=1 %))
N nj

+Z —ﬁJZ[ ,,,-(X,/,i,-)Zi,-j]

ij=1

Cj
2 max{Fj_1 }
Choose the design parameters o 1 and ;o in the fol-
lowing way:

3 13 €j 42
9T ﬁj+3ﬁj) 7)

1
aj =§+ij (28a)
. Cj
kjo = min y —————¢ >0 (28b)
Zmax{Fj }
It follows
N
EDNCIEN)
j=I
N nj—1
+zz(
j=1i;=2
2

+

+ |Zj ij jz,-—l()|)

27
N
Z( a]n/ ]n]
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z2

1 2 J.n
+§Zj,nj+2.[—1+lzfnl Jonj— 1)1
Jnj—

+ZZ( Gy + 13 1650, 1)

j=lij=1
+ lej, i jl]()|)

N nj—1 e?
oL
D3 e

j=lij=1
N
kiod T 2) 2
+Z( 108,773+ Lo (29)
j=1
Define
N ci n;
o J q2 2
yi=, SO > ("Ai,ij) (30)
j=1 ij=1

and note that the following inequality is true for any
e>0:
N nj—l

Z Z lej,i; Bji; ()l

j=1ij=1

N ol 3,() ¢
EE(0 )

=1i;j=1

€29

Choose design parameter 7;;; in the way such that

B2
ﬁ = 0, it gives
N
<> (ko)
j=1
N l’lj—l
+ 3 3 (- v
j=li;=2
i,
bz By
21_]!]71 |/z Joij 1()|)
u 1
2
+Z(_ajﬂjzjn +§Z,nj
j=1
o,
+m+|21n, jn,l()|)
J
nj
+ZZ( <2 1,1%)
j=lij=1
N l’lj—l B+2
DRI ECNE
=1 ljzl

2 2
i ./lj

()B+2 .
TR

Istj

N
+Z (—kjol?,jl—'jillg‘j) +y

(_aj’l i

Jj=1
2
jnj
+
2Tjp;—1

+ZZ(

j=lij=1
( Jjo Jij

j=1

S (k) + XS

N nj—1
Jj=1i;j=2

Z2
+Z] 11+W+|Z” /i,-—l(')|)

2 1
nj Zj,n_,- + Ezj’nj

+ |Zj,nj Bj‘njfl ()l)

N nj—1

Aoleii )+ > >

j=lij=1

2 2 +2

N A N
B? 2e 2
Jalj

N
+Z (—kjoéjrfléj) +vy

(32)

Since Bfl., is the bound value of Bji;, ie., |Bj,l~j | <
ij . .

2
1 — By
B+2
Jij

2 2

B R
B2
./,lj

+
Bj,ij ,

V=X (tnd)+ X3

/-\

j=1
2
Jinj
+ J
Z‘L'anjfl

is therefore positive, and further

B2

i:

Joljoo. .
# is negative,

N nj—1

j=1i;=2

—0ji;2 J,+z +—

Z2
Jij T, T +lzj, ij jlj—l()l

2 1
"ij,nj + Ezlv"j

iy Bia 1))

N nj
303 (k24,1976 17)

j=lij=1
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N nj—1 N o
2 2
DIPACTH PNCACY
j=1ij=l1 j=tij=1
N N nj—1 il AR
#32 (hndsry ') + v+ X 3 (5) DACTAVEARSEDIONC
j=1 j=lij=1 7=l ==
(33) N
) . . = +
Choose the design parameters «j ;; in the following /Zl( kjozj, 1) JZ}IZ;( j.0%5 Joij )
= =
way: N nj—1
1 Bl + 2 2 (e, )
Otj,l'jZl—i- + +kj0, j=lij=1
21']",'1.,1 2¢e N nj N
j=1,...,N, ij=2,...,nj (34) +zz<xiij||¢j,,-j”2)+ (—kjoﬂjrj—‘ﬁj)Jr x
;‘71 ijfl j=1
it yields
Zl Zl ( ( > ’f))
' J=L=
V= ‘ 1(_kJOZ] 1) N nj—I N
j=
N nj—1 +2 +lel( joe/l)+zl( j)
2 Sij=1 o J=E =
=i 2 + 30> (k3 1950,17) + 7
< l;BJ»l/*I() Jiij—1 8) =
2¢B}? 2 - <
Jiij=1
N B2 ’ (Z:‘ 2 ( )
ki jnj=1 o ==
+Z - ]OZ/n] 2 Jnj N nj—1 N
— 2 5015
jz 2 +2 2.2 <€J'~"i)+z(l9’r/ ﬂ’>
z5 By ()B =1ij=1 =1
iy Biny 1 OB ) =t :
2eBT? 2 &
jonj—1 + 20> (215, 1) +
j=lij=1
+ZZ(,U||¢,,||) S
j=lij=1 = —2koV + w7 b)) +v* 35
N nj—1 N ' JZ;IZ“1< e ) ’ >
=1i;=
+ZZ( ,Oejl)+2( kjod; Ty 19])
j=11i;=1 j=1 where ko is chosen such that kg = min {kjo, . .., kno},
Nl y*isdefined as y* := y+Z§V:1 Zl’-lj’;l (¢). From the
+y 4+ Z Z (E) definition of ¢; ;;, it is known that
j=lij=
N N nj l@j,i;ll < lm(Wjidllzji;| < 1zl (36)
= —kioz? )
JZ} ( joZj 1) + /Z; lz Choose design parameter Kji; such that max {/cj,,-j} <
= =lij=
Bz-,-__l(') B{r?_lzzl [,n follows
—k; oz 1— Jslj Jolj Jolj
J Il B+2 | e n;j
Jolj— y *
s V§—2kOV+ZZ(2J,)
lij=1
I3 (k) -
,Zl Zl T < bV +y* (37)
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with b defined as b := 2ko — 1. Choose the design
parameter kg such that kg > y*/(2p) + 1/2, it gives
1% <0onV = p,ie., V < pisaninvariant set; in this
sense, for any initial value V (0) satisfying V(0) < p,
V() < pistrue forallz > 0.

Equation (37) yields
0<V(t)<y—*+ V(O)—y—* —bt

< = 5 exp (38)
This implies that there exists a time moment 7" such
that z; ., ej; i and ¥; are bounded in the following
compact sets for any 1 > T':

2p%
Q= 12ji;]lzji,] < , (39a)
%
Qe =1¢ji |I6’j,i,-| V75 (39b)
Qo = {0,101 = |1 (390)
—1s.lis. c
v NI T

From Egq. (38) 1t is known that the transient bound

value of V (¢) is 4~ + V(0) with
1 N nj 1 N nj—1
Vo= 333 (2,0) 432> (¢,0)
j=lij= j=lij=
1. -
+§Z;ﬁj(0)rj—1ﬁj(0) (40)
=

From Eq. (12) and Eq. (18), it is known that ¢ ;,(0) =

0,j=1,...,N,ij =1,...,n;—1.Setting the initial
values z; ;; (0) to be zero gives
N
- 1%
Vo =35> (3,0r7'3,0) (41)
j=1

It can be observed that V(0) is a decreasing function
of I';. The bound value of transient z; 1 is therefore
obtained as

lzj1l = 1y; — yjr — Xj.1l

IA

. N
2% + Z; (3,0r7'3;) 42)
pu

Now, we will find out the bound value of x ;1 to seek
the bound value of tracking error y; 1 — y; . To that
end, we choose the following Lyapunov function

A
5221, (43)

j=1 i

and its derivative is obtained as

N nj—1 N

+Z Z (Xj,inj,ijJrl +Z XJ. n,A“J

j=lij=1 j=1

j=lij=
| N nj N
2 2 2
e DN ARD IO TEED WG
Jj=1 j=1i;=2 Jj=1
(44)
From Eq. (34), it follows
N nj |
; 2 2
b= X3 (1) 5 2
j=li;=1 j=1
|
_ 1 2
= —2koVy + 3 ZAuj (45)
j=1
then
0=<Vy
Zﬂ-v_l A“% >0 Auj
< = ) Vo(0) — =I= J —2kot
T +{ V¢ (0) BT exp
(46)

Setting the initial value V, (0) to be zero gives the fol-
lowing inequality in finite time:

Zj‘vﬁl Au’ szl Au?
o<V, < = J _ J= J —2kot
=0T 4k ko &P

N 2
S Aus
< L (47)
- 4k
In view of the definition of V,, we have
N N
1 Z]— A” Zj:l |Auj|
—xi] < — —— (48
2X],1 = 4ko : |X/ | < 2\/k_0 (48)

and therefore, the bound of y; — y;, is obtained as
follows:

N
2p* ~ i~
=yl = | 5=+ 2 (3,00;13,0)
j=1

N
+Zj:1 |Aujl

T (49)
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From Eq. (49), it can be observed that the tracking error
yj — yj,r in jth subsystem can be adjusted to arbitrar-
ily small by choosing large enough b and k¢ and small
enough y*; at the same time, the effects of initial esti-
mation errors & j(0) can be attenuated by choosing large
enough I';.

Remark 6 The parameter-choosing techniques are par-
tially inspired by the pioneering works [11] and [19].
Since the MIMO structure, effect of input satura-
tions, neural approximation errors, external distur-
bances are explicitly contained simultaneously in our
closed-loop system, we have done extra efforts to
obtain Eq. (37), which facilitates the derivations of
the ultimate and transient convergence sets of tracking
error.

Remark 7 From the above analysis, it is known that
the tracking error y; — y; , can be tuned to arbitrar-
ily small by choosing proper design parameters; at the
same time, the effect of initial estimation errors can be
attenuated by choosing large enough I';, an indepen-
dent parameter of b and ko. Although such a merit,
extra attention must be paid if put the method into
practice, since too large sets of b and ko may lead to
a high-gain control, which will cause chattering phe-
nomenon in practical applications. What is more, the
proposed method involves several design parameters,
and it is a challenge and an open problem to choose
an optimal set of these parameters, and in the fol-
lowing simulation section, a trial-and-error method is
used.

Remark 8 1Itis noted that the initial values of state vari-
ables in V must be confined in a ball with a radius of
+/2p. By choosing large enough p and it is in fact that
the state variables in practice are impossible to be infi-
nite, the initial conditions, in this sense, are quite easy
to satisfy and are not restrictive indeed. The arguments
in [11] are applicable in our work on how to set these
state variables in the desired ball, which is not discussed
in details here.

5 Simulation results
5.1 Example 1

Consider the following uncertain MIMO nonlinear sys-
tems:
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i X11 = 0.5()61,1+XZ,1)+O.1)C12’1X§’1+x1,2+A1,1

X12 = (x1,1x1,2) +cos(xy,1x2,1) + v + A2

vy = sat(uy), uj =2.8

Y1 = X1,1
X2,1 = X1,1X2,1 +sin(x 1x2,1) +x22 + Az (50)
X220 = (X1,1x1,2 + X2,1X2,2)

+ettl + e 2 f vy + Agp
vy = sat(u»), u; =228
Y2 = X2,1

where Aj 1 = 0.2x11x12x2,1x2258In(¢), Ajp =
0.5 sin()clz,1 + xlz,z) cos(x%ylxgyz), Az 1 = 0.3sin(xy g
X12X%2.1%2.2), D22 = 0.4(x1.1 + x1.2) cos(x2,1x2.2)
sin (). Input saturations uT = 2.8 and u2+ = 2.8 are
imposed on the 1st and 2nd subsystems, respectively.

The references y;, j = 1, 2 are generated by the van
der Pol oscillator, which is described by:

)')l,r = )'72,r
5’2,r = —Vi,r + ﬁv(l - yir)yZ,r

if B, is chosen as positive constant, the outputs of the
van der Pol oscillator get close to a limit cycle. In this
example, B, is chosen as 0.001.

The initial values of the plant are as follows.
x1,1(0) = 0.3, x12(0) = 0.1, x2,1(0) = 0.1, x22(0) =
0.2, 911(0) = 0, ¢21(0) = 0, y1,(0) = 0.2, y2,(0) =
—0.1, 91(0) = 92(0) = 0. The design parameters are
chosen as follows. a1,1 = 16, a12 = 26, ap 1 = 16,
ap = 26, ki = 01, )] = 1,2,i; = 1,2,
7,1 = 72,1 = 0.005, Cl =C = 0.1, Fl = Fz =5.

The RBF NNs (1, 1) contain 20 nodes with widths
ar,1 = 1.5 and centers p 1 evenly spaced in [—2, 2] X
[—1.5, 1.5]; RBF NNs (1, 2) contain 30 nodes with
widths a1 2 = 1.5 and centers w12 evenly spaced in
[—2.5,2.5] x[—1.5, 1.5] x[-2, 2] x [—1.5, 1.5]; RBF
NNs (2, 1) contain 20 nodes with widthsaz 1 = 1.5and
centers up 1 evenly spaced in [—2, 2] x [—1.5, 1.5];
RBF NN (2, 2) contain 30 nodes with widths az » =
1.5 and centers po2 evenly spaced [—2.5,2.5] x
[—1.5,1.5] x [—2, 2] x [—1.5, 1.5]. The initial values
of all RBF NN are set to be zero.

The simulation results of this example are shown in
Fig. 1. Figure la, b presents the tracking performance
of subsystems, and Fig. 1c shows the tracking errors. It
is clear that the results are satisfactory. From Fig. 1d,
boundedness of x17 and x»; is observed. From Fig. le, f,
it follows that the constrained input signals become
periodic after about 1s. Figure 1g, h illustrates that the
adaptive parameters (91 and ) and auxiliary signals
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Fig. 1 Simulation results of example 1. a Output y; (dot-dash
line) follows y1 , (solid line). b Output y, (dot-dash line) follows
y2.r (solid line). ¢ Trajectories of tracking errors. d Trajectories
of x12 (solid line) and x33 (dot-dash line). e Control input v;. f

Control input vy. g Trajectories of f?l (solid line) and 192 (dot-
dash line). h Trajectories of x1,1 (solid line), x1.2 (dash line),
x2,1 (dot-dash line) and x> » (dot line)
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Fig.2 Simulation results of example 1: x = 0. a Output y; (dot-dash line) follows yi , (solid line). b Output y> (dot-dash line) follows

y2.r (solid line). ¢ Trajectories of v;. d Trajectories of v

(X1.1> X1,2, x2.1 and x2.2) are bounded. It is concluded
that the closed-loop signals are all bounded.

For unprejudiced comparison, we will set x; = 0
to check the system response since x; is the key point
to attenuate the effect caused by input saturation and
guarantee systematic performance according to above
theoretical analysis. Actually, when x; = 0, Eq. (5)
becomes Zj1 = yj,l — Yjr and Zj,ij = xj,,‘_,. — rj’ij_l,
which are widely used in existing literature [40,41].
The results when x; = 0 are given in Figure 2, and the
closed-loop stability is ruined.

5.2 Example 2

Consider the following non-affine MIMO nonlinear
system in [40]. To verify the effectiveness of the pro-
posed method, input saturations characterized by u?‘ =
1.1 and u;' = 0.5 are imposed on the first and second
subsystems, respectively.
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[ . x%2
X1 =x1,1 +x21 + =%
3
. v
X12 =X11X12 + X201+ v+ = + A
v = sat(uy), uT =1.1
Y1 = Xx1,1 Gh
2
. v
X201 =X11X12 + X210+ v +v2+ = + Ay
vy = sat(up), u;r =0.5
Y2 =2x21

The references are the output of van del Pol oscil-
lator with 8, = 0.002. The initial values of the plant
are as follows. x1 1(0) = 0.3, x;2 = 0.2, x2(0) = 0,
11(0) = 0, y1,(0) = 0.2, y2,(0) = 05, H1(0) =
92(0) = 0. The design parameters are chosen as fol-
lows. o111 = 6, o1 = 12, ap = 25, K1,1 = K12 =
k2 =0.1,71,1 =0.005,¢c; =c2 =0.1, 'y =T, = 5.

The RBF NNs (1, 1) contain 20 nodes with widths
ay,1 = 1.5 and centers w11 evenly spaced in [—2, 2] X
[—1.5,1.5]; RBF NNs (1, 2) contain 30 nodes with
widths aj > 1.5 and centers w2 evenly spaced in
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Fig. 3 Simulation results of example 2. a Output y; (dot-dash
line) follows y1 , (solid line). b Output y, (dot-dash line) follows
y2.r (solid line). ¢ Trajectories of tracking errors. d Trajectories

of x12. e ControlAinput vy. f Control input v;. g Trajectories of 191
(solid line) and v, (dot-dash line). (h) Trajectories of x1,1 (solid

line), x1,2 (dash line), and

X2 (dot-dash line)
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Fig.4 Simulation results of example 2: x = 0. a Output y; (dot-dash line) follows y; , (solid line). b Output y, (dot-dash line) follows

y2.r (solid line). ¢ Trajectories of v;. d Trajectories of v

[—2.5,2.5] x[—1.5, 1.5] x[-2, 2] x[-1.5, 1.5]; RBF
NNs (2) contain 30 nodes with widths a; = 1.5 and
centers p evenly spaced [—2.5,2.5] x [—1.5, 1.5] x
[-2,2] x [—1.5, 1.5] x [—2, 2]. The initial values of
all RBF NN are set to be zero.

The simulation results of this example are shown in
Fig. 3. Figure 3a, b presents the tracking performance of
subsystems, and Fig. 3¢ shows the tracking errors, and
the results are satisfactory. From Fig. 3d, boundedness
of x17 is observed. From Fig. 3e, f, it follows that the
constrained input signals become periodic after about
2s. Figure 3g, h illustrates that the adaptive parameters
(fh and 52) and auxiliary signals (x1,1, x1,2 and x2) are
bounded. It is concluded that the closed-loop signals
are all bounded. The stability is ruined if x; is set to be
zero, see Fig. 4.

6 Concluding remarks

In this paper, neural adaptive control is proposed for
a class of uncertain MIMO systems in the presence of

@ Springer

constrained input. Both the problems of “explosion of
complexity” and “dimension curse” are circumvented
simultaneously in the developed method via DSC and
MLP algorithms, respectively. Novel intercepted adap-
tation approach is developed to attenuate the effects
caused by input saturation. Comparing with the pio-
neering MLP algorithm, only one parameter needs to be
online learning. Simulation results are used to demon-
strate the effectiveness of the proposed approach.
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