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ABSTRACT In this paper, the neural network-based adaptive tracking control method is addressed for a
class of multi-input affine unknown nonlinear singularly perturbed systems. Based on the Lyapunov stability
theorem and by utilizing the neural networks to approximate the unknown nonlinear function, an adap-
tive neural network controller is constructed for the singularly perturbed nonlinear systems. Meanwhile,
the proposed design method can avoid ill-conditioned numerical problems that often occur in the feedback
design for singularly perturbed systems. It is proved that the proposed controller can ensure that semi-global
ultimately uniformly boundedness of all the signals in the closed-loop systems while the target signals
converge to a small neighborhood of the desired signal. Finally, two simulation examples are given to

illustrate the theoretical results.

INDEX TERMS Adaptive control, neural networks, singularly perturbed systems, uncertain nonlinear.

I. INTRODUCTION

The many industrial systems, such as power systems, motor
control systems, electronic circuit systems, robotics systems,
have “slow” and “fast” dynamics due to the presence of
some small parameters such as capacitances, resistances,
inductances, moments of inertia, and so on [1]-[5]. It gives
rise to significant difficulties in analyzing and designing
the system because the small parameters can lead to high
dimensionality and ill-conditioned numerical issues. In the
past decades, the stability analysis and control design of
singularly perturbed system have attracted great attention and
have been intensively studied by many researchers [6]—[8].
For example, by using singular perturbation theory and Lya-
punov stability theory, stability analysis and stabilization
problem were investigated in [9]-[13]. And observer-based
control [14], [15], optimal control [16]-[20], sliding-mode
control [21], and H®® control [22], [23] also were consid-
ered. However, it is worth mentioning that adaptive tracking
control approach is not considered in the existing works
on unknown singularly perturbed systems. It is known that
trajectory tracking plays a key role in excellent
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maneuverability for many industrial systems and can ensure
that a predefined trajectory can be tracked with acceptable
accuracy. Thus, how to solve the problem of adaptive tracking
control for unknown singularly perturbed systems is impor-
tant and challenging in both theory and practice.

As we all known, a good method for dealing with sys-
tems with unknown function is that the fuzzy logic sys-
tems or neural networks are accustomed to approximating
the unknown functions. By utilizing the excellent approx-
imation capabilities of neural networks, adaptive neural
network control schemes were widely used to nonlin-
ear systems with unknown functions [24], [25]. In [26],
a direct adaptive control was presented for a class of strict-
feedback systems with unknown functions where the neu-
ral networks were employed to approximate the unknown
functions. Utilizing backstepping technique and multi-layer
neural networks, the tracking control problem of a class of
strict-feedback unknown nonlinear systems were addressed
in [27]. In order to guarantee semi-global uniform ulti-
mate boundedness of all the signals in the two classes of
multi-input multi-output (MIMO) systems [28], [29] with
unknown functions, the adaptive controllers were proposed.
Based on the universal approximation property of neural
networks, the adaptive control of nonlinear multi-agent
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systems with unknown functions was studied in [30], [31].
Adaptive neural network control was investigated in
[32]-[34] for nonlinear systems with unknown input delay
by using Lyapunov-Krasovskii functionals. Unfortunately,
it is not straightforward to apply the above results to analysis
and design of singularly perturbed systems with unknown
functions.

The methods mentioned above show that the neural net-
work is an effective tool to deal with highly nonlinear, uncer-
tain, and complex systems’ control issue. Due to the theo-
retical challenges and practical needs, some researchers pay
more and more attention to singularly perturbed nonlinear
systems. For instance, in [35], an H* controller was pre-
sented for a class of singularly perturbed nonlinear systems
to achieve H*° control performance via neural network-based
control and observer design. Han et al. [36] first indicated
dynamic multi-time-scale neural networks including both
fast and slow phenomena guarantee flexibility and accu-
racy of nonlinear system identification efficiently. On this
basis, the identification and control based on multi-layer
neural networks with multi-time-scales also were proposed
[37], [38]. To improve the convergence speed, the optimal
bounded ellipsoid algorithm-based identification for singu-
larly perturbed nonlinear systems with unknown functions
were proposed in [39], [40]. Moreover, an approximation-
based and adaptive dynamic programming method the opti-
mal control were studied in [15], [20] for singularly perturbed
nonlinear systems with unknown functions. Nevertheless,
there is relatively little research on neural network-based
adaptive tracking control for singularly perturbed nonlinear
systems.

In this paper, adaptive tracking control problem for a
class of singularly perturbed nonlinear systems with unknown
functions will be addressed. Compared with the published
literature on singularly perturbed systems, the main works
of this paper are as follows: 1) The neural network is used
to approximate unknown nonlinear continuous-time func-
tions, and e-dependent adaptive laws are constructed to alle-
viate the ill-conditioned numerical problem which usually
occur in the analysis and design of singularly perturbed
systems. 2) An adaptive neural network trajectory tracking
controller for a class of unknown multi-input affine sin-
gularly perturbed nonlinear systems with unknown func-
tions is designed. The stability property is proved utilizing
Lyapunov stability theory and tracking error is shown to
converge to a small bound. Moreover, two simulation exam-
ples are given to verify the effectiveness of the control
schemes.

Notation: Some mathematical notations to be used
throughout this paper are given below. I denotes the iden-
tity matrix; |-| is the usual Euclidean norm of a vector, for
instance, if y is a scalar, |y| denote its absolute value, if A is a
matrix, ||A|| denotes the Frobenius matrix norm, i.e.

AL =" llagl)* = tr{AT A)
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where tr{-} denotes the trace of a matrix. For a vector function
of time X (¢). define

X112 = ( /O X(1)|2 dr)?

and

[ Xloo = sup |X(1)]
o<t

we will say that X € L, if ||d||; is finite. Similarly, we will
say that d € Ly if ||d || 1s finite.

Il. PROBLEM STATEMENT AND PRELIMINARIES
A. PROBLEM FORMULATIONS
Consider the following singularly perturbed systems

E (&) x(1) = f (x(1)) + g (x(2)) u(r) ey

where

E(e) = [ —myx@-m) 0 } c RN

L 0 el
f @) = (@A), ... fox)] € R
gnx)  gnk) gim(x)
g1(x)  gnk) gam(x)
| gn1 (@) gu2(x) &nm(X)
x(t) = [x1(0), x2(0), -+, x,(D)]T € R"™! is the state vec-
tors, u(t) = [u1(t), ua(t), - -- , upn(t)] € R™! is the control

input, and (), g(), (=1,2,--- ,n,j=1,2,--- ,m) are
unknown continuous functions, and 0 < ¢ <« 1 is the singular
perturbation parameter.

Remark 1: The main characteristic of (1) is that the dynam-
ical system possesses two time scale characteristics, that is,
the system states whose velocity is associated with ¢ (a very
small parameter) evolve faster than the other system states,
it will lead the system into high dimensionality and ill-
conditions often occur in the feedback design for singularly
perturbed systems.

Definition 1: Consider the nonlinear system

X =f(x,1)

where x(t) € R" is the state vector. Its solution is said to be
semi-globally uniformly ultimately bounded (SGUUB), for
x(0) € Q, where Q, € R" is a compact set, if there exist an
constant € > 0 and a number N (¢, x(fg)) such that ||x(¢)|| < €
forallt > g+ N.

Lemma 1( [41]): Let V() > 0 (¢t € R") be a continuous
positive function with bounded initial value V (0). If V(t) <
—aV (t) + c holds, where a and ¢ are two positive constants,
then: V(1) < e”'V(0) + ¢ (1 - e‘“’).

The objective is to design the neural network
approximation-based adaptive control for system (1), such
that: the system states can track the desired trajectory x4 =
[xa1(®), x12(2), - -, xa(x)]T € R" to the desired accuracy;
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all signals of the closed-loop systems remain semiglobally
uniformly bounded.

Throughout this paper, the following assumptions are sat-
isfied.

Assumption 1: The state x of the system is available for
measurement.

Assumption 2: The matrix g(x) is either uniformly positive
definite or uniformly negative definite for all x € €2, where
Q,; € R" is a compact set.

If g(x) satisfies Assumption 2 then o (g(x)) > g > 0, Vx €
Q. where o (-) represents the smallest singular value of the
matrix inside the brackets and g* is its lower bound. Assump-
tion 2 guarantees that (1) is uniformly strongly controllable.

Assumption 3: The desired trajectories xg = [X41, Xq42, - - ,
X4n] € R™ are known bounded function of time with bounded
known derivatives.

Assumption 4: The function fi(x) and g;(x), i,j =
1,2, -, nare continuous but completely unknown.

Remark 2: The above assumptions are common assump-
tions in the literature and easy to be satisfied in applica-
tions [26], [33], [34].

B. NEURAL NETWORKS AND FUNCTION APPROXIMATION
It is known that neural networks are mostly used as approx-
imation models for the unknown nonlinearities due to their
inherent approximation capabilities [26], [28], [32], [41].
A class of linearly parameterized neural network used to
approximate (2), the continuous function y(x) : R¥ — R
is represented as follows:

y(x) = WIZ(x) )

where y(x) € R is the neural network output, the input vector
of the approximator is x = [x{, x2, - -+ , X,] € R", W € RP*!
is a p-dimensional vector of updated weights, and Z(x) =
[zl x),22x), -, (x)] € R? is p-dimensional vector of
known continuous basis function.

Since neural networks can smoothly approximate any con-
tinuous function with arbitrary any accuracy, y (x) over the
compact set 2, € R" can be redescribed in the following
form:

yx)=WTZ(x)+e(x) VxeQ CR" (3)

where W* € R is the ideal constant weight in the output
layer, e(x) € R' " is the approximation error satisfying
€(x) < €, and € is an unknown bounded parameter. z;(x) is
known smooth function, in this paper, which is chosen as the
Gaussian function:

— =)' (x — )
w

Zi(-x)Zexp( )7i=1a2""7p (4)

where ¢; and u; are the center and width of the neural cell
of the ith hidden layer. The optimal weight vector W* is
an "artificial" quantity required for analytical purposes. W*
is defined as the value of W that minimizes le(x)| for all
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x € Qyx C R"in a compact region, i.e.

W* = arg min | sup ‘y(x) — WTZ(x)’ 5)
Wle XEQy
Under the optimal weight value, combining (2) and(3),
we have

) = W Z(0)| = el < € ©)

In general, the ideal neural network weight W* is unknown
and needs to be estimated. In the paper, we shall consider W
being the estimate of the ideal neural network weight W*.

In this paper, f(x) € R" and g(x) € R™™ are
unknown functions so they cannot be directly used in the
control law. To overcome the highly uncertain environ-
ment and provide a valid solution to our problem, we uti-
lize the approximation capabilities of linear in the weights
neural networks. Based on the neural network approxima-
tion (2), the functions f(x) and g(x) can be redescribed neu-
ral network linear form in the following form: f (xlwf) =

[fiGelwa), folxlwg), - -+, fulxlwg)]-

gulxlwi)  gr2lxlwiz) gim(x|win)
g21(x[wa1)  ga(x|wan) gam(x|wam)
gx) = ) ) .
gn1(xwn1)  gma(x|wn2) 8nm (X[ Wnm)
Denote Wy = wr,wp, -+, Wf,l]T, Zs (x) =
[21(x), 22(x), - -, 71()]T € R, and
ro T T T
WlTl,g Wl2,g Wlm,g
W, = w2.l,g Wz-zg Wam,g
T T 7
L Wnl.g Wn2g T Whm,g
_Zf 0 0
0 Zs 0
Sg = . .
0o 0 - %

Silxlwy) = wlef, gij = wg’ng.

Due to the approximation capabilities of the dynamic neu-
ral networks, we can assume without loss of generality, that
the unknown system (1) can be completely described by a
linear in the weights neural network structures, plus a mod-
eling error term &(x, u). In other words, there exist constant
but unknown optimal weight values Wf* and W; such that the
system (1) can be written as

E(e)k = WiT Zp(x) + W T Sg(x)u
) = W Zr 1 + [g(x) — Wi S0l (7)

where

W = arg min | sup Lf(x) -wlz (x)‘
! Wresy Leszx i

. T
W;‘ = argWTélgzg |:xs€ugx ‘g(x) - W, Sg(x)‘:|
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Let
ECe,u) = [F(x) — W Zp ()] + [g(x) — Wl Se(x0)]u
Then (7) can be written as
E(e)k = WiT Zp(x) + W T Sg(0)u + E(x, u) (8)

Remark 3: Because of approximation properties of neural
networks and the boundedness of u, |€ (x, ©)| can be arbitrarily
small if the neuron number p is chosen large enough [26].
Therefore, without loss of generality we assume that

sup [E(x, w)] < &
0<t

where & is an unknown bound.

IIl. CONTROLLER DESIGN AND THE STABILITY ANALYSIS
In this section, the adaptive neural network controller design
procedure is given. The controllers guarantees a uniform ulti-
mate boundedness property for the tracking error, as well as
for all other signals in the closed-loop systems with unknown
functions.
Define the tracking error e as
e=x—2xg ©))

Differentiating e and substituting (1) and (7), we can get
E(e)e = E (&) (x —Xq)

=E()x—E(g)xq4

= WS )+ WS, (x)u—E (¢) i

i () = W77 )+ [g 00 — WiT S, ()]
= W2 )+ WSy () u— E () ia+£ () (10)

Adding and subtracting the terms WfTZf(x), WgT Se(x),
where Wy, W, are estimates of the unknown weight values
Wf*, W;‘, respectively, we can rearrange (10) as

E()e=E(e)x —E(8)Xy
WiTZp (1) + W, TS W) u — E () & +§ (x)
(Wr = W) s )+ (We = W) 81 @)
—E (&) Xg + o (x,u)
~WrZs (x) — WeSg (x) u — E (¢) %a
+WrZp (x) + WeSg () u+ & (x, u) (11)
where the parameter errors Wy, W, are defined as
Wi = Wy — Wy
Wy =W, — W,

Thus the tracking control problem is to find the appropriate
control and update laws to drive the solution of (11) to a small
neighborhood of the origin.

In order to find a control law, which would fulfill our goal
and guarantee the stability, the following Lyapunov function
is proposed:

V—lTET(e)P +ltr wiw —I—ltr{WTVNV} (12)
2 TR Tt e e
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Py €Pp2

where matrix P =
[Psz P

} satisfies

E&)'P=P'E@E) >0 (13)
Differentiating (12) with respect to time we have
V =e PTE(e)e +tr {WfTVi/f] + tr {WgTWg}
= ! PT{—WyZp(x) — WgSe(x)u — E(e)iq
+WrZp(x) + WeSe(x)u + & (x, w)}

+tr{V~VfTVLVf} +1r {Wgﬁ/g} (14)

If we choose the update laws
Wy = ePZ! (x) — o1 Wy (15)
W, = ePS; (x)u — 02 W, (16)

where o1 and o7 are design parameter. Substituting (15) and
(16) into (14), it follows that

V = ! PTW;Zp(x) — T PTW,Sy(x) — e" PTE(e)ia
—l—eTPTWfo(x) + eTPTWgSg(x)u + eTPTé(x, u)
+tr {WfT [ePST(x) — 01 Wf]}
+tr {WgT [ePST(x)u - crsz]}

= —e"PTE(e)iy + " PTWpZy(x) + " PT&(x, u)
+e’ PT WeSe(X)u — o1tr {WfT Wf} — ootr {WgT Wg}

(17)
Choosing the control law
uU=uy+uy+u3 (18)
with
STOW! E(e)ia
= 2 2
L+ IWell#lISgCo)ll
T T : :
iy — Sg ()W, E(e)xaWrZs(x)

A [T+ Wl 11Se(0)11%]

uz = [WeSg(0)]' {—ozE(e)e — %(1 + k)PTe}

where t denotes the Moore-Penrose pseudoinverse, then we
can get

e PWSe(0)u1 + uz + u3]
= el PW,S,(x)x
y STx)W] E(e)ka
L+ [[We 1211850117
+eTPWgSg(x)SgT @YW] E(e)xg Wy Zs (x)
A [1 4+ W, [1211Sg(0)11%]
teT PW,oSy(x)[ WS, ()] (—aE(e)

1 T
—5(+0Pe} (19)
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Since

WIS (11>
L+ IWE 1218 (ol ~

we have
e WeSg(0)[u1 + up + u3)
1
< ' PE(e)iy + k—eTPWfo(x)
2

T 1 2 p2
—ae PE(e)e — S (1 + k) lel” |I1P (20)
Using the facts that
TV ! L v L2
tr{Wy Wr} = SIWrll+ SIWrl = SIWE I

1 - 1
SIWell = SIWZ 1]

1
=W,
FIWell + 5

tr{W] W} =
equation (17) can be rewritten
V = —e" PTE(e)ig + e" PTWyZr(x) + ' PTW,yS,(x)u

+eT PTE(x, u) — otr {WfTWf} — outr {WTWg}

| /\

—e" PTE(e)ia + " PTWpZp(x) + = |e| 1P
1
+§ |&(x, w)* + e PE(e)iq + e TPW;Zy(x)
2
1
—ae’ PE(e)e = (1 +K)lel* |PI®

—otr {Wfﬁ/f} — ootr {WgTWg}

< —ae PE(e)e + (1 + %) e" PTW;yZs(x)
2
1 o] 2 0 2
=Skl IPI = [ Wy |7 = =W
(oa] ~ 12 0 || ~ 2
——HWfH ——HWH
1 2
||W + 7€ ()l 1)

Accordlng to propertles of neural network universal
approximation, we have

|Zr (0| <1 (22)

where [ > 0 known constants number of nodes neural
network. Choose the design constant

l

Ay > N (23)
where
12
o > 2_kl 24)
11+ i) <2 klﬂ (25)
A T 2

Then, we obtain

) 1
V < —ael PE(e)e + 1(1 + A—z) lel [IPIWrll
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1 o] 01,
— 5k le|? |1P|I* — —||Wf'||2 - —||vv2||2
——||Wg|| ——||Wg|| +2Z IIW I’
+7HWg* +§|w(x,u)|2

< —ael PE(g)e +2 | el |PlIWe |l

1
——k 2P2——W — 2

SkleIPI2 = | as 5 W2

02 2 02 =~ o O] %112
— = ||Wel> = =W, —|w,

2|| el 2” g||+2||f||

2 1
+ 2| wi| + Sl 6)

. 1
V < —ae’ PE(e)e — Sk lel? |1PI1* + ki lel? IpII*

101 a1
—{ky lel? |Ip|I? —— lel IPINIWgll + 7||Wf||2}
o]~ oy~
——||Wf2||2 = S IWel?
* 1 2
+ 2w Hw + 5l (. w)] 27
If we choose
k
3~ ki >0 (28)

V can be rewritten as

. 0’1 ~ ()'2 ~
V < —ae’ PE(e)e — —||Wf2||2 = = [IWell®

* 1 2
—HW HW +slo@l? @)
Let
¢ = min{a, 21 022} (30)
* 1 2
||W 1> + ‘W +sloenl G

Then (30) can be written as
V<-—cV+d (32)

Remark 3: By selecting suitable design parameters
P, 01, A2, «, k, the performance of the proposed architecture
is controlled. However, more research is required to under-
stand in which way the system performance is affected. Some
insight on this interesting and important subject is provided
in the simulation section.

The main results are summarized by the following
theorem.

Theorem 1 : Consider the closed-loop uncertain singularly
perturbed plant (1), controller (18), adaptive updating laws
(15) and (16). Under the conditions that Assumptions 1-4 are
satisfied and the design parameters satisfy the conditions
(13), (22), (23), (26) and (27), all signals in the closed-loop
singularly perturbed system remain bounded, and the tracking
error can be made arbitrarily small by choose parameters
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appropriately and increasing the approximation accuracy of
the neural networks.
Proof: Construct the Lyapunov candidate function

1 1 ore 1 oo
V= SelEN@Pe + SurWi W + Sir(Wy W) (33)

Calculating the time derivative of V along (18), (15),
and (16) yields

) 1
V < —ae PE(e)e + (1 + E) e" PTWrZp(x)

1
—§k|e|2||P||2 ﬂnwfnz |wg|| 2wl
~ 12
_%‘WgH HW EI%‘(x,u)l2
(34)

From (22)—(25), (28) and (34), the following inequality
follows

. o], ~ 02 .~
V < —ael PE@©)e — - IWFIP = 11l

* 2 1 2
Il + S we| + o wowr 6s)

Define new Varlables as follows

o
c = minf{a, ?1, —1
a=2w ‘W* + = %o
Then, (35)can be rewritten as
V<—cV+d (36)

Applying Lemma 1 and based on (36), we can get
. d .
V<e"VO)+—(1—e
c

Based on the procedure above, we can conclude that the
tracking error e are bounded for all + > 0, and will asymp-
totically converge to a compact set. This implies that the
close-loop system is semiglobally uniformly bounded.

Remark 4: The adaptive control laws for normal non-
linear systems have been proposed by many researchers
[31]-[34], however, these do not consider the singular per-
turbation parameter ¢, ¢ is usually very small, which usually
leads to ill-conditioned numerical problem. In this paper,
the adaptive neural network tracking controller is designed
based on the Lyapunonv function method. The novel adaptive
laws including singular perturbation parameter ¢ are designed
to avoid the ill-conditioned numerical problems. Moreover,
neural networks are utilized to approximate the unknown
nonlinear functions, but each networks node is subject to both
slow and fast dynamics in this paper.

Remark 5: Neural network-based adaptive identification
and control for such kind of singularly perturbed nonlin-
ear system with unknown functions has been studied in
[36], [37], [39]. However, tracking control problem of sin-
gularly perturbed systems with unknown functions has been
rarely considered [40], which prompts the research work of
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this paper. Compared with the results in [40], the proposed
method in this paper is free of identification procedure and the
number of parameters to be tuned is less, which will reduce
the computational burden.

IV. SIMULATION STUDY
In this section, two simulation examples are given to demon-
strate the effectiveness of the proposed control technique.

A. EXAMPLE1

To demonstrate the effectiveness of the proposed adaptive
neural networks tracking control algorithm. We consider the
following nonlinear system:

1 0 [x —x7 — X122 025 0

|:O 8]|:5czi|:|:4x11x2—x2j|+|:0 O.2j|u (37)
where x = [x1,x2]7 € R2, initial condition for the states
are chose as x(0) = [0, 017, singular perturbation parameter
e = 0.001, u € R’ is the control input. The objective
is to design an adaptive controller for the system (1) such
that: 1) the state x follow the desired reference signals are
xg = [0.55in(0.5¢), 0.3cos(2¢)]7; 2) the boundedness of all
the signals in he closed-loop system is guaranteed. According
to the above design method, the controller is defined as

_ GE(e)ta | GTE(e)ig
T 1HIGI2 T (1 +6)
+G N (—aE(e)e — %(1 +k)Ple) (38)

025 0

wheree:x—xdandGz[O 02

i|, the adaption law is

given as follows:
W = ePZ! — 01 Ws (39)

In the simulation studies, the centers and widths are
selected on a regular lattice in the respective compact sets.
The neural network contains 100 nodes with the centers ¢;
evenly spaced in [—1, 1] x [—0.5, 0.5], and widths u; = 0.02
where the input variable of the neural network is given as
x = [x1, xz]T. Initial value of the adaptation law is shown
as Wr(0) = 0. The design parameters are selected as P =

[} ﬂ,al:10,x2=0.5,a=o.1,k=100.

From Figs.1-4, it is clear that the simulation results which
are achieve by employing the controller (38) to the systems
(37). The tracking trajectories of x; and yg;,i = 1,2 are
illustrated in Figs. 1-2 and the goof tracking performances
can be observed. The controllers u#; and up are diagrammed
in Fig.3. The trajectories of adaptation laws ||Wyri|l,i = 1,2
are set in Fig.4. Form Figs.3-4, it can be seen that u; and
Wy, i = 1,2 are bounded. Form these simulation figures,
we can see that all the signals in the closed-loop system are
bounded.
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FIGURE 1. Trajectories of x;, X471, and e;.

Tracking performance
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timeis)

FIGURE 2. Trajectories of x,, X4, and e,.
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FIGURE 3. Trajectories of the control inputs v; and u,.

B. EXAMPLE2

To demonstrate the potential application of the control
schemes for practical systems, we consider a nonlinear cir-
cuit [35] illustrated in Fig.5. The v. — Ig characteristics of
the resistor is Ig = %vf — %vc. Applying the Kirchoff law,
we obtain the state equation

Ll; = —ILR — v, + u(t)
) 1
Co.(t) =11, — §(v3 —ve) + au(t) (40)

wheree = C,a = 0.5,R =2Q and L = 0.1H. Let x(¥) =
L -1y, and z(¢) = v.. The state equation (40) can be written by
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FIGURE 5. An electric circuit with parasitic capacitor and nonlinear
resistor.

the following singularly perturbed nonlinear system

K1) = —20x(t) — z(t) + u(?)
ez(t) = 10x(r) — 0.2((r) — Dz(t) + 0.5u(r)

which can be rewritten as

N —20x7 — x2 10
Et©) |:x2i| = |:10x1 — 0262~ m | Tlo 05 ] @D
1 0 T 5
where E(e) = 0 & *= [x1, x2]' € R-, initial con-
dition for the states are chose as x(0) = [O, 017, singular

perturbation parameter ¢ = 0.001, u € R? is the control
input. The control objective is to design an adaptive controller
for the system (41) such that: 1) the tracking objective is
to make the state x follow the desired reference signals are
xg = [0.55in(0.5¢), 0.3cos(2t)]¥; 2) the boundedness of all
the signals in the closed-loop system is guaranteed.

In the simulation studies, the centers and widths are
selected on a regular lattice in the respective compact sets.
The neural network contain 100 nodes with the centers ¢;
evenly spaced in [—1, 1] x [—0.5, 0.5], and widths p; = 0.02
where the input variable of the neural network is given as
X = [x1,x2]7. The initial value of the adaptation law is
shown as Wy(0) = 0. The design parameters are selected as

P:|:} f],al:8,x2=0.25,a=0.5,k=100.
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Fig.8 show the simulation results which are obtained
by applying the control controller u to the system (37).
Figs.6-7 show the tracking trajectories of system and it can
be seen that a good tracking performances is achieved as
well as the tracking error of systems state converges to a
small neighborhood of zero. The trajectories of the control
signals and the adaptation laws are diagrammed in Figs.8-9.
It is obvious that they are bounded. Therefore, it can be
concluded from these figures that all the signals in the closed-
loop system are bounded.

43212

6 1
s 1
s 1
|
|
o L
Li] 5 10 15 20 25 30
time(s)
8 T T T T T
6F 1
s 1
2t 1
I
|
o s L L s L
o 5 10 15 20 25 30

time(s)

FIGURE 9. Trajectories of || Ws, || and ||Ws, |-

Remark 6: The specified references are x; = [0.5sin(0.5¢),
0.3cos(21)]T . Notice that the reference trajectories are chosen
to maintain different time scale.

V. CONCLUSION

This paper has investigated the problem of adaptive neural
network tracking control for a class of uncertain singularly
perturbed nonlinear systems. Due to the presence of the
singular perturbation parameter ¢, which is a very ’small’
parameter, the control design problem of singularly perturbed
systems is a difficult task. By designing an adaptive neural
network control and introducing a novel Lyapunonv function,
the stability of the closed-loop systems has been proven. The
approach can be used to cope with more general type of singu-
larly perturbed systems compared with the existed works on
singularly perturbed systems. It can be seen from simulation
results that a good control performance is achieved.

REFERENCES

[1] F. L. Lewis, “A survey of linear singular systems,” Circuits, Syst. Signal
Process., vol. 5, no. 1, pp. 3-36, Mar. 1986.

[2] D. S. Naidu and A. J. Calise, “Singular perturbations and time scales in
guidance and control of aerospace systems: A survey,” J. Guid., Control,
Dyn., vol. 24, no. 6, pp. 1057-1078, Dec. 2001.

[3] Y. Zhang, D. S. Naidu, C. Cai, and Y. Zou, “Singular perturbations and
time scalesin control theories and applications: An overview 2002-2012,”
Int. J. Inf. Syst. Sci., vol. 9, no. 1, pp. 1-30, 2014.

[4] I. Malloci, J. Daafouz, and C. Iung, *“Stability and stabilization of two time
scale switched systems in discrete time,” IEEE Trans. Autom. Control,
vol. 55, no. 6, pp. 1434-1438, Jun. 2010.

[S] A. Tellili, A. Elghoul, and M. N. Abdelkrim, “Additive fault tolerant
control of nonlinearsingularly perturbed systems against actuator fault,”
J. Elect. Eng., vol. 68, no. 1, pp. 68-73, Mar. 2017.

[6] W. Lan and J. Huang, “Semiglobal stabilization and output regulation
of singular linear systems with input saturation,” IEEE Trans. Autom.
Control, vol. 48, no. 7, pp. 1274-1280, Jul. 2003.

[7] M. M. Rayguru and I. N. Kar, “Contraction-based stabilisation of nonlin-
ear singularly perturbed systems and application to high gain feedback,”
Int. J. Control, vol. 90, no. 8, pp. 1778-1792, 2017.

[8] B. Chen and C.-L. Lin, “On the stability bounds of singularly perturbed
systems,” IEEE Trans. Autom. Control, vol. 35, no. 11, pp. 1265-1270,
Nov. 1990.

[9] Y. Yan, C. Yang, X. Ma, and L. Zhou, “Sampled-data Hy, filtering for
Markovian jump singularly perturbed systems with time-varying delay and
missing measurements,” Int. J. Syst. Sci., vol. 49, no. 3, pp. 464-478, 2018.

[10] K. Sivaranjani, R. Rakkiyappan, J. Cao, and A. Alsaedi, “Synchronization
of nonlinear singularly perturbed complex networks with uncertain inner
coupling via event triggered control,” Appl. Math. Comput., vol. 311,
pp. 283-299, Oct. 2017.

VOLUME 7, 2019



H. Wang et al.: Neural Network-Based Adaptive Tracking Control for a Class of Nonlinear Singularly Perturbed Systems

IEEE Access

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

D. Shin, W. Kim, Y. Lee, and C. C. Chung, ‘“Nonlinear control with state-
dependant reset integrator for a class of singularly perturbed interconnected
nonlinear systems,” IEEE Trans. Control Syst. Technol., vol. 25, no. 4,
pp. 1193-1203, Jul. 2017.

N. M’diaye, W. Liu, and Z. Wang, “‘Robust ISS stabilization on disturbance
for uncertain singularly perturbed systems,” IMA J. Math. Control Inf.,
vol. 35, no. 4, pp. 1115-1127, Dec. 2018.

X. Liu, C. Yang, and L. Zhou, “Global asymptotic stability analysis of
two-time-scale competitive neural networks with time-varying delays,”
Neurocomputing, vol. 273, pp. 357-366, Jan. 2018.

H. Oloomi and M. E. Sawan, “The observer-based controller design of
discrete-time singularly perturbed systems,” IEEE Trans. Autom. Control,
vol. 32, no. 3, pp. 246-248, Mar. 1987.

Z. Fu, W. Xie, S. Rakheja, and J. Na, “Observer-based adaptive opti-
mal control for unknown singularly perturbed nonlinear systems with
input constraints,” IEEE/CAA J. Autom. Sinica, vol. 4, no. 1, pp. 48-57,
Jan. 2017.

Z. Pan and T. Basar, “H*-optimal control for singularly perturbed
systems—Part II: Imperfect state measurements,” IEEE Trans. Automa.
Control, vol. 39, no. 2, pp. 280-299, Feb. 1994.

Z. Pan and T. Basar, “H*-optimal control for singularly perturbed sys-
tems. Part I: Perfect state measurements,” Automatica, vol. 29, no. 2,
pp. 401-423, Mar. 1993.

V. Gaitsgory and M. Gerdts, “On numerical solution of singularly per-
turbed optimal control problems,” J. Optim. Theory Appl., vol. 174, no. 3,
pp. 762-784, Sep. 2017.

R. Bouyekhf, A. El Hami, and A. El Moudni, “Optimal control of
a particular class of singularly perturbed nonlinear discrete-time sys-
tems,” IEEE Trans. Automa. Control, vol. 46, no. 7, pp. 1097-1101,
Jul. 2001.

Z.-J. Fu, W.-F. Xie, S. Rakheja, and D.-D. Zheng, “Adaptive optimal
control of unknown nonlinear systems with different time scales,” Neu-
rocomputing, vol. 238, pp. 179-190, May 2017.

L. Wu, P. Shi, and H. Gao, ““State estimation and sliding-mode control of
Markovian jump singular systems,” IEEE Trans. Automa. Control, vol. 55,
no. 5, pp. 1213-1219, May 2010.

S. Y. Xu and G. Feng, “New results on Hy, control of discrete singularly
perturbed systems,” Automica, vol. 45, no. 10, pp. 2339-2343, Oct. 2009.
G. Wang, Q. Zhang, and V. Sreeram, “Hy control for discrete-time sin-
gularly perturbed systems with two Markov processes,” J. Franklin Inst.,
vol. 347, no. 5, pp. 836-847, Jun. 2010.

S. Sui, C. L. P. Chen, and S. Tong, “Neural network filtering con-
trol design for nontriangular structure switched nonlinear systems in
finite time,” IEEE Trans. Neural Netw. Learn. Syst., to be published.
doi: 10.1109/TNNLS.2018.2876352.

D.-P. Li and D.-J. Li, “Adaptive neural tracking control for nonlinear time-
delay systems with full state constraints,” IEEE Trans. Syst., Man, Cybern.,
Syst., vol. 47, no. 7, pp. 1590-1601, Jul. 2017.

S. S. Ge and C. Wang, “Direct adaptive NN control of a class
of nonlinear systems,” [EEE Trans. Neural Netw., vol. 13, no. 1,
pp. 214-221, Jan. 2002.

T. Zhang, S. S. Ge, and C. C. Hang, “Adaptive neural network control for
strict-feedback nonlinear systems using backstepping design,” Automat-
ica, vol. 36, no. 12, pp. 1835-1846, Dec. 2000.

S. S. Ge and C. Wang, ‘“Adaptive neural control of uncertain
MIMO nonlinear systems,” IEEE Trans. Neural Netw., vol. 15, no. 3,
pp. 674-692, May 2004.

D.-P. Li, D.-J. Li, Y.-J. Liu, S. Tong, and C. L. P. Chen, “Approximation-
based adaptive neural tracking control of nonlinear MIMO unknown time-
varying delay systems with full state constraints,” IEEE Trans. Cybern.,
vol. 47, no. 10, pp. 3100-3109, Oct. 2017.

J. Feng and G.-X. Wen, “Adaptive NN consensus tracking control of
a class of nonlinear multi-agent systems,” Neurocomputing, vol. 151,
pp. 288-295, Mar. 2015.

G. Wen, C. L. P. Chen, Y.-J. Liu, and Z. Liu, “Neural network-based adap-
tive leader-following consensus control for a class of nonlinear multiagent
state-delay systems,” IEEE Trans. Cybern., vol. 47, no. 8, pp. 2151-2160,
Aug. 2017.

C. L. P. Chen, G.-X. Wen, Y.-J. Liu, and Z. Liu, “Observer-based adaptive
backstepping consensus tracking control for high-order nonlinear semi-
strict-feedback multiagent systems,” IEEE Trans. Cybern., vol. 46, no. 7,
pp. 1591-1601, Jul. 2016.

VOLUME 7, 2019

(33]

(34]

[35]

[36]

(37]

(38]

(391

(40]

(41]

D.-P. Li and D.-J. Li, “Adaptive neural tracking control for an uncertain
state constrained robotic manipulator with unknown time-varying delays,”
IEEE Trans. Syst., Man, Cybern., Syst., vol. 48, no. 12, pp. 2219-2228,
Dec. 2018.

D.-P. Li, Y.-J. Liu, S. Tong, C. L. P. Chen, and D.-J. Li, “Neural networks-
based adaptive control for nonlinear state constrained systems with input
delay,” IEEE Trans. Cybern., vol. 49, no. 4, pp. 12491258, Apr. 2019.
K.-J. Lin, “Stabilisation of singularly perturbed nonlinear systems via neu-
ral network-based control and observer design,” Int. J. Syst. Sci., vol. 44,
no. 10, pp. 1925-1938, 2013.

X. Han, W.-F. Xie, Z. Fu, and W. Luo, “Nonlinear systems identifica-
tion using dynamic multi-time scale neural networks,” Neurocomputing,
vol. 74, no. 17, pp. 3428-3439, Oct. 2011.

Z.-J. Fu, W.-F. Xie, X. Han, and W.-D. Luo, “Nonlinear systems iden-
tification and control via dynamic multitime scales neural networks,”
IEEE Trans. Neural Netw. Learn. Syst., vol. 24, no. 11, pp. 1814-1823,
Nov. 2013.

D.-D. Zheng, Z.-J. Fu, W.-F. Xie, and W.-D. Luo, “Indirect adaptive
control of nonlinear system via dynamic multilayer neural networks with
multi-time scales,” Int. J. Adapt. Control Signal Process., vol. 29, no. 4,
pp. 505-523, Apr. 2015.

D. Zheng, W.-F. Xie, X. Ren, and J. Na, “Identification and control for sin-
gularly perturbed systems using multitime-scale neural networks,” IEEE
Trans. Neural Netw. Learn. Syst., vol. 28, no. 2, pp. 321-333, Feb. 2017.
D.-D. Zheng, W.-F. Xie, T. Chai, and Z. Fu, “Identification and trajectory
tracking control of nonlinear singularly perturbed systems,” IEEE Trans.
Ind. Electron., vol. 64, no. 5, pp. 3737-3747, May 2017.

G. Wen, S. S. Ge, and F. Tu, “Optimized backstepping for tracking con-
trol of strict-feedback systems,” IEEE Trans. Neural Netw. Learn. Syst.,
vol. 29, no. 8, pp. 3850-3862, Aug. 2018.

HAO WANG received the B.S. and M.S. degree
from the Liaoning University of Technology,
Jinzhou, China, in 2014 and 2017, respectively.
He is currently pursuing the Ph.D. degree with
the School of Information and Control Engineer-
ing, China University of Mining and Technol-
ogy, Xuzhou, China. His research interests include
adaptive control, optimal control, intelligent con-
trol theory and its applications, and the analysis
and design of singularly perturbed systems.

CHUNYU YANG received the B.S. degree in
applied mathematics and the Ph.D. degree in
control theory and control engineering from
Northeastern University, China, in 2002 and 2009,
respectively. He is currently a Professor with
the China University of Mining and Technology,
Xuzhou, China. His research interests include the
analysis and design of singularly perturbed sys-
tems, robust control, and fuzzy control.

SONG ZHU received the B.S. degree in mathe-
matics from Jiangsu Normal University, Xuzhou,
China, in 2004, and the M.S. degree in probability
and mathematical statistics and the Ph.D. degree
in system engineering from the Huazhong Univer-
sity of Science and Technology, Wuhan, China,
in 2007 and 2010, respectively. He is currently
with the College of Sciences, China University
of Mining and Technology, Xuzhou. His research
interests include neural networks and stochastic
control.

43213


http://dx.doi.org/10.1109/TNNLS.2018.2876352

	INTRODUCTION
	PROBLEM STATEMENT AND PRELIMINARIES
	PROBLEM FORMULATIONS
	NEURAL NETWORKS AND FUNCTION APPROXIMATION

	CONTROLLER DESIGN AND THE STABILITY ANALYSIS
	SIMULATION STUDY
	EXAMPLE1
	EXAMPLE2

	CONCLUSION
	REFERENCES
	Biographies
	HAO WANG
	CHUNYU YANG
	SONG ZHU


