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The Set-Invariance Paradigm in Fuzzy Adaptive
DSC Design of Large-Scale Nonlinear
Input-Constrained Systems

Maolong Lv ', Wenwu Yu

Abstract—This paper proposes a novel set-invariance adap-
tive dynamic surface control (DSC) design for a larger class
of uncertain large-scale nonlinear input-saturated systems. The
peculiarity of this class is that no a priori bound on the continuous
control gain functions is assumed (i.e., their boundedness can-
not be assumed before obtaining system stability). This requires a
new design. Differently from the available methods, the proposed
design involves the construction of appropriate invariant sets for
the closed-loop trajectories, which allows to remove the restric-
tive assumption of a priori bounds of the control gain functions.
Furthermore, we show that such set-invariance design can handle
input constraints in the form of input saturation. In line with the
DSC methodology, semi-globally uniformly ultimate boundedness
is proven: however, differently from the standard methodol-
ogy, stability analysis requires the combination of Lyapunov and
invariant set theories.

Index Terms—Adaptive fuzzy control, dynamic surface con-
trol (DSC), input constraints, invariant set theory.

I. INTRODUCTION

N RECENT decades, much attention has been devoted
Ito the area of neural networks-based and fuzzy logic-
based adaptive control, which makes it possible to approx-
imate unknown continuous nonlinear functions with little
a priori knowledge about the controlled system [1]-[12].
Moreover, global stability for various kinds of uncertain non-
linear dynamic systems has been proven via the adaptive
backstepping method [13]-[18]. However, repeated differen-
tiations of the intermediate control laws during backstep-
ping generates the problem of “explosion of complexity.”
The dynamic surface control (DSC) technique was proposed
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to tackle this difficulty. This technique has been success-
fully applied to several classes of (strict-feedback) nonlinear
systems, e.g., large-scale, multi-input/multi-output (MIMO)
and input-constrained systems. To list a few, a robust adaptive
fuzzy control design based on RBF-NN is presented in [19]
for a class of MIMO nonlinear systems. In [20], a fuzzy DSC
method was proposed for large-scale interconnected strict-
feedback nonlinear systems. An approximation-based adaptive
control method was proposed in [21] for a class of large-
scale nonlinear systems in the presence of input saturation. A
neural networks-based adaptive control design was proposed
in [22] for large-scale strict-feedback nonlinear systems with
unknown time delays. Further works involving strict-feedback
nonlinear systems can be found in [23]-[30] and in the
references therein.

However, two problems are worth mentioning: the first
is that, for all aforementioned designs [19]-[30] to work,
lower and upper bounds of the control gain functions must
be assumed to exist a priori (i.e., before obtaining system
stability) [31]. Even though some efforts have been made
to get rid of this restrictive assumption, such as [32], it is
still required the control gain functions to be bounded by a
positive term, which is expressed as an unknown positive con-
stant multiplying a known positive function. Clearly, in many
practical control systems, a priori bounds of the control gain
functions are difficult to be known, or such bounds may be
nonexistent [33].

The second problem is that, since the approximation of the
nonlinear functions is valid as long as the states are inside a
compact set, adaptive control laws should not push the states
outside this set. This consideration, often ignored in most
works [19]-[30], requires to combine the DSC technique with
invariant set theory, as recently done by some of the authors
in [33]. The open problem in this paper is how to adopt
the set-invariance paradigm in such a way to handle large-
scale nonlinear systems and input constraints whose effects are
known to severely degrade the control performance [34]-[36].
Therefore, the open questions answered by this paper are:
how to relax the assumption on the control gain functions for
large-scale strict-feedback nonlinear systems in the presence of
interconnection and saturation effects? And, most importantly,
how to extend the set-invariance design in such a setting?
These questions motivate this paper.

In view of the aforementioned discussion, the main innova-
tions of this paper are given below.
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1) In contrast with all existing works [19]-[30], the bound-
edness assumption for control gain functions is no longer
required, on the contrary, the control gain functions
of large-scale nonlinear systems are only required to
be positive instead of bounded by positive terms. The
main challenge arising from this setting is that the func-
tions cannot be assumed to be bounded a priori before
obtaining the system stability.

2) A novel set-invariance fuzzy adaptive design is carried
out for input-saturated large-scale nonlinear systems.
The challenge of this design is to construct appropriate
compact sets via invariant set theory, which guarantee
that the states of the closed-loop system will stay in
those sets all the time, even in the presence of input
saturation.

3) It is worth mentioning that, consistently with DSC the-
ory, the resulting stability is semi-globally uniformly
ultimate boundedness (SGUUB). This means that the
design parameters depend on the initial conditions.
However, different from the standard method, Lyapunov
stability is enhanced via invariant set theory to prove
convergence of the tracking errors to an arbitrarily small
neighborhood of the origin after choosing appropriate
design parameters.

The rest of this paper is structured as follows. The considered
class of systems is presented in Section II. The proposed DSC
design procedure, and system stability analysis are presented
in Section III. In Section IV, simulation results are given. The
conclusions are given in Section V.

II. PROBLEM FORMULATION AND PRELIMINARIES

Consider the following large-scale nonlinear system with

input saturation [19]-[21]:

B = i (5.5) + 8145 (%) %401 + Ay (6, 0)

) 1< lj_f 0j — 1

%, = fi.py (i) + 81,0715 (/D) + Ay gy (6, D

Vi = X1 j=1....m
where Xji; € R is the state of the jth subsystem, x =
[)"c]Tm, . ..,)"czp_, ...,)"c,c’pm]T € RN represents the state vec-
tor of the whole system (N = p; + --- + pn), where
- _ T p L .
Xip = [xj,l, . ,xj,pj] € R% and p; .1s the order of the jth
subsystem. )_Cj)i/ =[x1,... ,xj,,-j]T € RY, y; € R is the output
of the jth subsystem. ﬁ,l}(-) and gj,l}(-) are unknown contin-
uous functions, Aj’,-j(x, n,ij=1...,p,andj=1,....m
are uncertain terms, comprising external disturbances and
dynamical coupling terms, which might depend on the full-
system state x, and u;(v;(#)) is the saturated input of the jth
system, which is expressed as follows:

(1)

. _ ) _ sign(Vj(t))uj,M, |Vj(l‘)| > uj M
M](V](I)) - Sat(v](t)) - { V](t), |V](t)| < uj,M (2)
where u; s is the bound of u;(v;(?)). To handle the saturation
u;j(vj(t)) in the control design, it follows from [15] that (2) can
be approximated by the smooth function:

e'iltim — g=Vi/ujm

/’lj(Vj) =Ujim tanh<l> =Ujm 3)

ujm eViltim L o= Vi/Ujm’

In particular, sat(v;(#)) in (2) can be rewritten as
sat(v;) = A (v;) + dj(v;) “)
where |d;(vj)| < u;jm(1 — tanh(1)) = Dj;, with D; > 0 being
an unknown constant.
Invoking the mean value theorem, £;(v;) can be given as
() = mi(v)) + ah/(')/avj‘v__vgjo (v=v) ©®
=V
where v = 6 + (1 — o)v? with 0 < 6o < L. Let v} = 0:
then we have '

hi(vj) = OhC)/ovi| o (v=vp) =g0(v" ) ©
J

Remark 1: The mean value theorem is commonly adopted in
the literature to handle input saturation (see [14], [15], [21]).
According to the definition of A;(v;) in (3), it holds that 0 <
8 < gjo(vffo) < 1 for every v; € R with 8 2 constant.

Then, system (1) can be rewritten as

i = £ (%.45) + 81 (%5541 + Ay (. 1)
1< ij =pj— 1

. ’ ) o

iy = b (%) + 81 (B) 200 (v ) (7)
+ 8o (’_Cj,ﬁf)dj(vj) + Ajy(x, 1)

Yi = X1 j=1,...,m.

The following assumption on the control-gain functions
sensibly relaxes the assumptions in the existing literature.

Assumption 1: The control gain functions satisfy
gj,,-j()_cj,,-j) >0forij=1,2,...,pjand j=1,...,m.

Remark 2: In all existing methods, such as [19]-[30],
the control gain functions g; ;(x;;) are assumed to satisfy
gj’l_j < &j.jj (xj,,-j) < 8j.ip with gj’ij and 8j.i; being positive con-
stants. In fact, this assumption guarantees controllability of
system (1). However, this assumption 8 < &%) < 8j.i;
is too restrictive since the lower bound g;J_j and upper bound
gj.; of g,;(¥;;) may be nonexistent. Take g;; (%) = e
as an example, then, the condition gj’iv < gj,ij()_cj,ij) < gj’ij
is not satisfied because é’j,i,— and 8j.i; "do not exist for all

states: however, Assumption 1 holds since ¢“i > 0 for all
states Xj, ;;.

Remark 3: Obviously, the states J'Cj,,‘]. cannot be assumed
to be bounded a priori before obtaining the system stability.
Therefore, in view of Assumption 1, the control gains can-
not be taken bounded a priori before obtaining the system
stability. In the existing methods, the system stability is
achieved under the a priori bounded condition for the con-
trol gain functions. Therefore, the absence of a priori bounds
requires a new control design going beyond the existing
literature [19]-[30].

The following two assumptions are standard in [20] and [22]
among others.

Assumption 2: The desired trajectory ¥ 4O is a suffi-
ciently smooth function, and y; 4, ¥;4 and y; 4 are bounded,
there exists a constant Djy > 0 satisfying Q0 =

{[yj,d, ).)j,d’ 'y'j,d]Tl(y.,’d)z + ().’j’d)z + (.);j’d)z = DjO}-



Assumption 3: For Vit > 0, there exist positive constants
Ajj; such that |A;;(x, )| < A7, for i =1,..., pj and j =
1,...,m.

The aim of this paper is to design a decentralized
robust fuzzy adaptive DSC v; such that all signals of the
interconnected large-scale nonlinear system (7) are SGUUB,
and the whole system output y = [y1,...,yn]’ follows
the desired trajectory y, = [y1,4,---, ym,d]T with a tunable
bounded tracking error.

The following three lemmas are instrumental to stability
analysis.

Lemma 1 [24]: The hyperbolic tangent function fulfills the
following inequality for V¢ > 0 and any g € R:

— gtanh(g/¢) < 0.2785c¢. (8)

Jij?

0<lql

Lemma 2 [33]: For Y(x,y) € R, the following inequality
holds:
e 2y 2
xy < —IIXII Be 2IIyII €))
where ¢ >0, > 1,8 >1,and (@ — DN(B—1)=1.
Lemma 3 [2]: Consider a continuous function f(x) which is
defined in a compact set €2, for any given positive constant
*, there exists a fuzzy logic systems y(x) = W7 @(x) such
that

sup |[f(x) — y(x)| < &*

xeQy

where ¢(x) is a vector of appropriately defined basis functions.

III. CONTROLLER DESIGN AND STABILITY ANALYSIS
A. Adaptive Fuzzy DSC Design

In this section, approximator-based adaptive backstepping
control method shall be designed for system (7) with the aid
of invariant set theory. The recursive design includes p; steps.
Atthe ijth step (1 < ij < p;j—1), the intermediate controller s; ;;
will be designed, while the actual control law v; is constructed
at the final step.

First of all, consider the following change of coordinates:

ej,1 = Xj,1 — Yjd 10
{ej,ij = Xj,i; — Gjiij (10
with ¢;;; being obtained from the following first-order filters:

T ii+18i4+1 + Gi+1 = Sji;
Gj,i+1(0) = s5,i;,(0)

where 7;+1 > 0 is a design time constant.

Since fj,ij()'cj,ij),ij = 1,...,p;, are unknown continuous
functions. Therefore, throughout this note, we use fuzzy logic
systems to approximate functions f ; (X; ;) as shown in

(1)

ﬁ»t}(’_cj,l}) W] zj‘/’J ,](xj l,) + & X € ij, (12)
where (EJ,/ ()_Cj”:i) =
Djij, n(X;, l]) forn=1,
€ji; are the appr0x1mat10n errors, satisfying |gj, ij | <

s.*_
iy

[, ij, 1(x, 1,) <o P, ly (%;, l/)] with

_. ijs being Gaussian functlons and
]*l with
unknown positive constants. Let €, A; 5., gjo, and d denote

0; .
e(2), Aj.p;(x, 1), gjo(vjjo), and d,(v;), respectively.

Step j, 1 (j=1,...,m): Using (7), (10), and (12), we obtain
the dynamics of ¢; 1 as

ej1 = W'Tl(/_)j,l(xj,]) +&1+ga(x)x2+ A —via (13)

where ¢; 1 is such that |g; 1| < s . with 8 pa positive constant.
Consider the quadratic functlon as follows

1
V 2

ey = Eej,l' (14)

Noting (13), one has

Ve = et (W @11 (5:0) + &1 + 811 (5052 + At = $a)-
15)

Defining compact set €21 = {e;,1|V,;, < p} with p > 0 is
a constant. Then, the following Lemma 4 holds.

Lemma 4: The continuous function gj,1(x;,1) has maximum
and minimum in £2; 1 x §jo, that is, there exist constants 8
0 and gj 1 > O such that 5/, 2 &, 1(xj,1) and g gj ] =
maxg; | x &,1(%j,1)-

Proof: From e 1 = xj1 — yj,d, We have xj1 = yjq4 + €j1.
Thus, one arrives

= manJ

g1(x.1) = «5.1(¢.1, vj.a) (16)

with «; 1(-) being a continuous function. Note that €2; 1 x ;o
is compact because €21 and 2jp are compact. As from (19)
we have that all the variables of «; 1(-) belong to ;1 x o,
kj1(-) has maximum g;; and minimum g 5 in Q1 x Qjp.
Therefore, it holds that

0< gjl = gj,l(XjJ) <g1, X1 € Q1 % . (17

|
Design the following intermediate controller and adaptation

laws:
é' 1€j.1 A €1
—kj1€j1 — "~ — &1 tanh{ =~
2a Gi1

Sjy] =
i1
. €j,15j.d
— 1) tanh(%) (18)
.
X 1j,1€5 4 ~
01 = Yy 2j — 0j,11j,10;,1 (19)
o
A €1 ~
dj,1 = j,1¢j,1 tanh o = 0j,1%5,18j,1 (20)
.
where kj‘1 > 0, a;, > 0, i1 >0,1n1 >0,01 >0,

_1 N A
vi1 > 0, and ¢;;1 > §j,1 are design constants. 6;; and

3,',1 are the estimation values of 6;1 = 5;11 “ W/,lelj’l and
31 = 5;11 (8;1 + Aj’.k’]), respectively, where /; | is the dimen-
sion of ¢; 1(x;,1). Because (19) and SZO) are ﬁrst-ord?r systems
with non-negative input,A one has 9j,1(1‘)A2 0 and 6;1(r) = 0
for V¢ > 0 by selecting 6;,1(0) = 0 and §;,1(0) = 0. ]

Define the filter error 8;2 = ;> — sj,1, which yields ¢ =
—Bj2/7j,2 and

. B2 A A ..
Bj2 = e + Xj,z(ej,l,ej,z, Bi.2, 0.1, 85,1, Yjds Vid» )’j,d>
.
(21)



where x;2(-) is a continuous function to be utilized later in
the stability analysis.
According to Lemma 2, one has

ej2,1||W/1“ ajz,l
e 1 W 1@ (x.1) < oy ;i 1(x11)‘%’/1(xj,)+7
aj’l
(22)
with a, 1 > 0 being a design constant. It holds
that 90, G0@GD < Lo osince @iy =
(i, 1,105,105 -+ - 91,5, (%, D17 and @ 1a(x1) < 1, for
n=1,...,1i1. Then, we have
&2
- 1”W,1H 1
e aWi (1) < J—lj,l + 2L (23)
Zaj’ 2
Noting that x;> = ¢j2 + B2 + $j 1, ¢j,1§ > 1 and (15),
one reaches
A2 2 2
. 50061 2wl
. 2 24,1 Js j,1 I )
Ve = ~hing; 61~ 2a2, " 2a2, "
-8 1e],15 1tanh< ) + ¢j,1€,28),1 (x, )
’ Gj.1
. €j1Yj.d
- €j,1yj,dtanh(]§_—i) + €j.18).1(xj.1) B2
Js
2
A . . .
+ 7 + }e]‘,l}(sj,l + Aj,l) —€j,1)j.d- 24)
Take the Lyapunov function as
© ~
8191 8.9
Vii=V,, + 2= ”+ﬁ (25)
Js €j.1 2)/] 277] |

where Sjyl = 51"1 — Sjy] and 9]',1 = 9]',1 — 91"1.
Using the adaptation laws (19) and (20), and Lemma 1
yields

Vi < —kjag; e 1+ 6081 (x)
2
~ A ~ A j’2
+ Uj,lgjl(ej,lej,l + 5j,15j,1> -
: 2

+ 0.27855‘/’1(8;1 + A 1+ 1) + ej,lg/,l(xj,l)ﬂj,z
2,
+ w20 + L. (26)
Step j,ij (2 <i; <pj—1, j=1,...,m): The design process
for step i; follows recursively from step 1. From e; ;; = x;;; —
&ii; and (12), the dynamics of eji; can be written as

éjs’] W W] ij (.X/ lj) + £j, ij + 8j. ij (x! l/)x/ ij+1 + AI ij ;-/»’/
(27
where g; ;; is such that [g; ;| < / i with 8 ;. a positive constant.
Choose the quadratic functlon as follows:
1 2
Ve,-,,J 3 € (28)
Using (27), the time derivative of Vej’,./_ is
V"j-fj = Gj (W/vlj(p] ij (xl ’/) + 8iij (st’/)xJ ij+1
+ Aj,ij + &ji; — é’j,l:,.). 29)

We can now design the intermediate controller and adapta-
tion laws as

0; e
R A i g T
sji; = —kjieji; — i 8j,i; tanh —
a],lj gj,lj
Bi.i; €ji;Bji;
— ¢j,ij_] tanh| =22 30)
Tji; Tji; j.ij
% 2572000
2
A 1j,i;€5 i, "
o S A
b, = . . 1j,i;0).i; (3D
5 n( & 5 32
j.i; = Vj.i;€j.i; tan | — 95.Y5.69 (32)
Joij
wherekj’l} >O,ajij > 0, Sjij >0, Mj.ij > 0, 0j i; > 0, Yiij >0,

and ¢;;; = 871
estimates of 0] i = g_ W, ,,|| lji; and §; i, = =g 1(8

are design parameters. 0], and 8, ij are the
+A* )

ok Jj
respectively, where l] i is the dimension of ¢;, i (x] ,j)
Define the filter errors §;, i1 = Gji+1 = Sjiij- Invoking (11),

we have Cj i+l = ﬂj,lj-i-l/f],lj-i-l and

Bjij+1

Bjij+1 = — + Xjij+1

Tjij+1

X (f_/’j,i,«+1, Bjij+15 Yj.ijs 8j.iis Visd» Vjds y/,d) (33)

where x;i+1(-) is a continuous function whose arguments are
defined later.

Along similar lines as Lemma 4, from i = Xji; — &
and ﬂj,{j = Gy — Sji—1, We have % ; = ¢j; + ,3/',1‘,- + Sjij—1-
Observing (30), it can be seen that s;;,—; is a continuous func-
tion with respect to € i—1> 0;, ii—1 dj, ii—1 and B;, ii—1- Therefore,
the continuous function 8j.ij (xj,,-,.) can be expressed as

8 55) = 55, (&5 B i1 811, 30a) B9
where /cj,ij(~) is a continuous function and _éj,,-j =
T 2 T §
lejr. €2, ... €515 Bii+1 = [Bia, .-, Biij+1l", ;-1 =
« N T = A A T
61, ..., 611", and &; ;-1 = [81, ..., &i—1]"-
Define the compact sets €2;;; as follows:
_T ZT AT T L
ijij = [ej,i/’ﬁj,i/’ej»l}—l’Sjl/ I:I |ej‘z}
iji—1 52 ~.2.
j,z](SJ ij gj,zy Jotj
Y |G+ B +———+ = | <2p
k=1 j.ij Nj.i;

where p > 0 is the same design constant after (15). The
following Lemma 5 holds for €2;;; and g; ;;(X;,;).

Lemma 5: The continuous function gj ;;(%;,;) has maximum
and minimum in &; i X Qjo, that is, there exist constants g

0 and g;;; > O such that g.. = manNjX 0g],,,(x],,,) and

_ 8

8j.ij = Maxg; ;. xQ &.ij (X.i;)-
Proof: € i; x Q2jo is compact because €2; ;; and Qjp are com-

pact. From (34), it can be known that all the variables of «;, i )

belong to €2; ;; x ;0. Therefore, the continuous function «;,;; ()



has maximum g;; > 0 and minimum g .

> 01in Qj; x Qjo
=1 27

and the following inequality holds:

8 < g.i(%ii) < i Xiip € Qi X o (35)
|
Take the Lyapunov function as
82 g 0%
Sjih Sjiii 1 5
Vii= Ve, + 42" / —B2 36
i by T 2 + e + Zﬂ,,ljﬂ (36)

where Sj,ij =9j.i; — 9,; and éj’i/’ = O, — 0j.ij-
Using Lemma 2 and similarly to step 1, one gets

Wi || a’.
/z] H Iy Jiij
¢j, le </7] ij (x] 1]) = 2—2 i + > (37)
as ..
Jslj
where @;; > 0 is a design constant and /;; is the dimen-
. - - - - T .
sion of (pj,ij(x]‘,ij) = [(pj,ij,l(xj,,j/), e Bl (xj,ij)] with

@i (X)) < 1, forn=1,..., 1.

From (29), (33), (37), and ¢j”3§j,ij > 1, we can further have

Vj”f/ = kl ’/g ij J ij + ©j.i;8).ij (XN/)'BJ ij+1

+ €).i:¢.ii+185.i; (%.i;) + | Bi.irr1 7,410

R N U AT
Tjij S35 Uiy
+ (&F. + AT, |e- | ej i tanh G
A R 0
7

g.. . .

=3 A l

— —=6;ii.| 8i.i. — viieji tanh
jij | 0. = Vi€
)/j,l:]' .1[ J J J g] l]

o2
& g b, — i |
oij | Vi 242
n] l] j,ij

Tj,ij

2 2
Biiv1 4

+ (38)

g,ij+1

Substituting the adaptation laws (31) and (32) into (38) and
invoking Lemma 1 yields

2
'3/'Jj+1

T,ij+1

V.

<<
Jiij =

kJ ljg e +ej i8], z/(x/ lj)ﬂj ij+1 —

2
jl
018, (i +54d1s) + 5
+ ’ﬁj,ij+1)(/,ij+1(~)) + €j.i;¢j.i+18.i; (X7.i;)
+0.2785; (ejf‘f,}_ +AT 1). (39)

Step j, pj (j = 1,...,m): Using (7), (12), and ¢j p, = xj p, —
&j.pj» the dynamics of e; 5, are given by

€0 = Wfpj‘/_’j,pj (X.07) + .05 + &1, (Xi.;) 810V
+ 8.0y (%) + Dj gy — éj,p_/' (40)
Consider the quadratic function as
1 2
Vej,ﬂj = 5% (41)

Using (40), it yields that
. T oo _
Vi, = ejwo.i(wlj,/)jgpj’pf (%.0) + 8.0 (5107 810V
+ 8.0 (85.0)d5 + Njipy = Gy + Sj,p,-)-
Similarly to step i, it follows from (30) and x; ,, = ¢j 5, +

Bj.p; + Sj.pi—1 that the continuous function gj 5 (Xj p;) can be
rewritten as

(42)

8.0 (%i.07) = Kj.py (éj,pjv Bj.oi» Oi.pi=15 5J,Pj—l’yi’d) (43)

where «;, pj(') is a continuous function.
Similar to the reasoning in Lemma 5, we know that, for the

compact set £2; pj X Qjo, there exist constants g]_p > 0 and
_ ' =0
&j.p; > 0 such that

8,0 = 8n (i) = B Xy € Qg X Qoo (44)

Let us now design the actual control law v; and adaptation

laws as
6 e -
L . . . ] Pj J Pj Q. 5 Pj
Vi = =®j0| g+ 77— - + §j,p; tanh| —
] Pj gj’pj

Bj ¢j.0iBj.o;
— $0bis Jpjt nh| 22500 (45)
B0 Tj,0i Sj. pj
2
A 15.pi%.p; A
6.0 = B ;... (46)
JsPi
A j.oj 2
8.0y = Vj.p;€.p; tanh = 9.0, Yj.0;%). (47)
Si.pj
where kj‘p > 0, 4o > 0, Gipy > 0, mjp > 0,0y >0,

Yi.pj > 0, and¢jpj Zg‘

are the estimation values of 0; o, = =g
-1

(8/ ﬂj

@j,pj (x, p_,)
Take the following Lyapunov function candidate:

1_ are design constants. ¢; ,, and §; p,
pj . .
o IWigil1%1;.py and 8., =

) respectively, where l] p; is the dimension of

92 02

80000 80000
Vi = Ve, + 55— + 51— (48)
T 2y 21j,p,
where Sj,pj = ‘Sj,pj — aj,pj and Qj)pj = Qj,pj — Qj,pj.
From (42), (48), and Assumption 3, it holds that
T - - -
VJ o = €.pWj 0;%i.0i (xj,pj) + €.018).p5 (xj,pj)gjo"j
+ €080 ()_ijl?j)dj — €050
8.
27,0 & Y —1,0j A ~
+ }ej,pj|< & pi + Aj*p,) 3 p,aj [/ 9] plel Pt
pj Nj,pj
(49)
Following the similar steps as in (22) and (37), one arrives:
2o Wi ;
e ; a
- - Jopi | 7150 JsPj
e.i,ijj,qu’./,Pj(xj’Pj) = ]—2111/7]‘ + 5 (50)
2a; 2
J>Pj
where a; . > 0 is design constant and J; ,; is the dimen-
sion of @.p,(%p) = [9.0.1Fip)s - - -+ Doty Fp)) With
|‘pj,pj,n(xj,pj)| <l,forn=1,..., lj,pj-



Using (44) and substituting the actual control law (45) into
(49) yields

&2
J Pj
Vi < —Gni8; jp,+ l€j.ni 80D + 5 3
n €j.p;Bj.p; B €j,p;Bj.p; tanh ej.p;Bj.p;
T.pj B0 Tj,pi Sj. pj
€ o
+ (e, + 27 )Dej,pj} — ¢y tanh<—{’pf)]
Sj.pj
Sg, 15 h( 22
- .0 — Vioni€j,p; AN
Yj.pj ! T Sjspj
g : Njpi€
20 5 A 1PiT)p,
= =0y~ S5 | (51)
Nj.pj 2a ] 0j
From Lemma 2, it follows that |ej 518j.0,0; < (cj0/2) +

[(ej% pjgj% p_Djz)/ch,o], with ¢jo being a positive constant.
Substituting the adaptation laws (46) and (47) into (51), we
can get

52 2 2
Vio<—cie — gj,p_/Dj 2 4+ % p;
JsPj — J~P./_j,pj 2Cj,0 s Pj 2

A~ A~ Cj0
+ Ej,pjaj,p;< .08, Qj,pjej,pj) + )

+ 0.2785;, o, (Sﬁpj + A;'ipj + 1)' 62

Let ¢, o =

[(gj o 2)/2c]0 1 + kj.p with k;j, being
positive demgn constant We finally have

Vig) < ~kig; , €, + 02785, pj( AT, 1)

2
Y.pi | €0

+8;, 0% (@m +liofin) ¥ 55+ O

B. Closed-Loop Stability Analysis

Theorem 1: Consider the closed-loop systems composed by
the intermediate controllers (18) and (30), the actual control
law (45), the parameter adaptation laws (19), (20), (31), (32),
(46), and (47), and the filters (11). Let Assumptions 1-3 hold.
For any given p > 0, éj,ij ) =0, Sj,,'j (0) = 0, and V;(0) < p,
with V; defined in (54), there exist adjustable parameters kj,,-j,
ij» Sjiip> Miip» Oig» Yiiip» Biiip» Tiip» and Gj0 (1 =4 < oy, j =
1,...,m) such that: 1) ; o X Qo is an invariant compact set,
that is, V;(¢) < p holds for V¢ > 0, and all signals of system
(7) are SGUUB and 2) system output tracking error e; | is
such that lim,  |ej 1 ()] < w1 with uj; > 0 a constant.
Furthermore, the whole system output tracking errors e; =
le1.1,...,em1]" are such that lim,_,  [le](?)]| < i1, where
W1 is a positive constant.

Proof: First, consider the following Lyapunov function
candidate:

J» l/)

lpj 2 g 2 Jl/
VJ:EZe] 5]’/+
Yiij

i=1

Z ﬁ] ii+1° 54

l]—l

After summing (26), (39), and (53), we can obtain

pj—1

Vi < Z[ 08,5+ 2o lBir1 6411 0]
i=1 ij=1
pi—1
+ Z[
1j—l

Cj,()
3 Loty (B + i) ]+ 2

ij=1

2
'Bj ij+1

+ iy (|eji+1| + [ B+ |)\€j,tij
(55)

where b; i = = 0.2785¢;, 11(811 + A*

+1) + (@, /2).
By Lemma 2, it has

2 2
Biiv1Xiv1 () ¢y

‘,3,',,-]-+1Xj,i,+1(')‘ < 261 >

52 )
8iii€i+1  8i.i€

2 2

=2 2 2
281 €

2 2Cj,2

gj,ijyej,iﬂrl | |ef:ij| =

éj,zjf|€j,zj,~||ﬁj,ij+1| < (56)

where ¢; 1 and ;> are positive constants.
Substituting inequalities (56) into (55) yields

1
2 2 2
V = Z|: llJ ejsij - 261 lJ <8J l/ + 8] ’j):|

ij=1
2 .52
j,lf/“(')_'_cfﬁzgj,lf/ B
2Cj,1 2 Fiitl

pi—1
+
Z|: lej-‘rl
Jl] gJ’J( ) C;
+Z:20j2 ;[2 /1/1+ ]+ J
- 7

lj—l
i 2 2
/2 X0 0rig;, 6F + 875) + (cio/2) +

Z bj i + ([(oj — l)c] 11/2).

ll:ollowmg the same reasoning as DSC design. we have that
1, ,]_H( )| has maximum MJ it1 > 0in i1 X Qjo.

Let ki > 1(G + (1/2c;, 2) + )
[/ (@] = (M7, ( /260 + [(c, 287,)/2] + o with
Gj = max{gj1,..., &} and «; being positive constants.
Hence, the time derivative of V; can be given by

pi
, 2 52
Vis- Z(ajefsij) ALY Z( iy 95, t/)

(57)

where C; =

and

ij=1 ij=1
pj—1
-2 (ajﬂﬁi,-ﬂ) +G (58)
ij=1
We further have
Vi < =9V + G (59)
where 9 = min{2¢;, 0j,;;vj,i;, 0j,imj,i;} > 0, for i =1,..., p;

andj: 1"."m
Remark 5 after this proof explains that we can obtain
Cj/¥; < p. It follows from C;j/¥; < p and (59) that V; < 0



on the level set V; = p: As a consequence, the compact set
Qj p; X Qjo is an invariant set and all signals are SGUUB.
Multiply (59) by e’ results in

Vi(t) < [Vj(0) —=T]e %" + T (60)
where I' = C;j/¥; is a positive constant.
From (60), we know that lim;_ o Vj(?) <
lim,—, o0 Vj(0)e~ %" + T < T', which leads to
Jim lej1| < Jlim J2Vi(t) < V2T = w;jy. (61)
—00

Now we can extend the stability properties from the jth sub-
system to the whole system (7). Take the Lyapunov function
candidate V = ij=1 V;. It follows from (59) that:

V=) V<

m
J=1

m
DI-Vi+ Gl <AV +aA (62)
j=1

with A = min{y, ..., %,} and A = Z;":l Cj. Then, we have

V() < [V(0) — Ble M + E (63)
where © = A/A is a positive constant.

Similarly, we obtain lim;— V() < limy— oo V(O)e_)"
E < E, which gives rise to

lim fler(0] < lim \2V() < V28 = (64)
—> 00 — 00

Following a similar analysis Way as in [19], we conclude
from (63) that the signals e €i» ]l, 9”, and ,3 e along
with vj, sj;;, and g;;; in the closed- loop control system ij =
I,...,p,j=1,...,m, are also SGUUB.

This completes the proof of Theorem 1. |

Remark 4: 1t is worth remarking that the system stability
analysis has been acquired with the help of (17), (35), and (44).
Differently from the control gain function of [19]-[30], such
inequalities are defined a posteriori on appropriately designed
compact sets. Specifically, (17) only holds on €;; x £,
(35) only holds on Qj,l-j x jo, and (44) only holds on
Q;, pj X Qjo. In other words, we have removed the assumption
on a priori boundedness of g ;;(%; ;) after making the most of
the fact that g; ; (%; ;) are bounded in €2; ;; x €2jo. Furthermore,
it is also worth mentioning that 2, C € -1 X R* ¢

- C Q3 X R¥i=3) < Qjo x R*Pi=2) < Qj1 x R*pi—D),
Consequently, (17), (35), and (44) also hold in €, x o
for all the time. This is because €2 5 x 2o is an invariant
compact set.

Remark 5: It should be noticed that C;/¥%; can be made
arbitrarily small by decreasing oj, i 4ios and g;, ijs and mean-
while increasing o, y;, ijs and 7;, i Therefore the tracking error
can be made arbitrarily small by appropriate choice of the
design parameters. This will be further shown in the following
numerical example.

IV. SIMULATION EXAMPLES
A. Numerical Example

Consider the following large-scale input-saturated nonlinear
systems [19]:

; — —0.5x1,1 R
X1,1 =X1,1€ T (14+et )x 2+ Ay (2, x)
12 = [cos(xi1)|x], + B+ €M) uy (vi (1)
+ Aja(t,x)
L : 3 11 (65)
X1 = (24 sin(x12x2,1)7 ) + € + Az 1 (7, %)
X220 =X2,1%22 + Xx1,1x1,2 + (2 + 12Uy (v2(1))
+ Ao (t, x)
VI =X1,1,Y2 =X2,1

A1l = 05 COS(X%,IXZIXZ.Z) sin(?), A2 =
0.2cos(x3 | + x7,) cos(t), Ay, = 0.6sin(x; x, X, ) sin(?),
and Aj» =05 s)in()c%!1 + x%‘z)(sin(t))z. The desired tracking
trajectories are y; 4 = 0.5(sin(#) 4sin(0.5¢)) and yz 4 = sin(?).
Note that fi» = |cos(x1,1)|xi2 is nondifferentiable at

where

x1,1 = (w/2) and the control gain functions g1,; = (1 —i—ex%’l),
812 = B+ 11¥2), g1 =", and g2 = (2 + €51.1721)
cannot be bounded a priori, but they obviously satisfy
Assumption 1. Therefore, where existing approaches cannot
be used, our approach can be applied to the nonlinear
system (65). The inputs u;(v1(¢)) and ux(v2(¢)) are defined
as in (2) with uy p = up = 2.

In accordance with Theorem 1, the intermediate controllers
and actual controller are designed as

01,1€1,1

— 8y — LICLL 5y h( )
1.1 ‘LT 0252 oLt (G5
) e1,1y1,d
-5 tanh ek
Y4 ( 0.25 )
3y Paen tanh(22L)
2=l T 0252 ! 0.25
) €2,1Y2,d
Y2.41an ( 0.25 )

él 2€1,2 2 €1,2
= _3(5 JL2e12 sy h(—)
& ( er2t 5 o5z T o2l )

. e -
- 3(2;1,2tanh( 13&;,2))
éZ 2€2,2

A €22
~5(3 722622 5 h(—)
( @2+ 57 o5z T 22t g )

. (4 -
- 5(2;2,2tanh( 2*()2";2*2>>

where €11 = X1,1 — Y1,d, €12 = X12 — {12, €21 = X2.1 —

V2

2.4, and ex2 = Xx22 — {22, and the adaptation laws are
provided by (31), (32), (46), and (47) with design param-
eters n1,1 = ni2 = 2, @1 = mp2 = 15, o1 =
o120 = 01, ;g1 = o2 = 0.1, Y11 = 2, y12 =
2 = 1.5, and y»1 = 2.5. Let the initial conditions

be [x1,1(0), x1,2(0), x2,1(0), x2, 2(0)]T = [-0.1,0,—0.1,0]",
Ql 10) = Ql 2(0) = 92 1(0) = 622(0) =0, and §;1(0) =
81200) = 6,1(0) = 82 2(0) = 0. The resulting simulation
results are presented in Figs. 1-5.
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Fig. 1. Outputs yj(x1,1) and y»(x2,1) (dashed), and desired trajectories y; 4
and y; 4 (solid).

2 2
/

5 0 S e W N
2

2 o 05 1 ‘ ‘ .
0 10 20 30 40 50
2 2 1
l«—
g0 M W
2
-2 0o o2 0.4 ‘ ‘ i
0 10 20 30 40 50
t[s]
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Fig. 3. Adaptation parameters 3171, 81,2, 32!1, and 32’2.

It can be seen from Fig. 1 that the outputs y; and y> can
follow the desired trajectories y; 4 and y, 4 with good tracking
performance. Fig. 2 shows that the proposed controller works

1.5 ‘ :

— ] g e yi(casel) = = y;(case) ===y (cased)

0 10 20 30 40 50

1.5 T T

1

Fig. 5. Output y, under three cases.

well. Moreover, the adaptation parameters Sj’ij and éj,,y(j =
1,2,i; =1,2) are presented in Fig. 3.

In order to further verify the effectiveness of the developed
scheme with different design parameters, three different sets
of parameters are taken into account.

Case 1: 01,1 = 012 =021 = 022 = 0.1, ap,) = a2 =
0.25, a1 = a2 =02, 61,1 =612 =035 621 = g2 =
05 ki1 =k =8 k2=k2=3, vi1=v12=y1=
V22=25n1=m2=3,m1=m2=25¢11=¢12=
@21 =¢22=2,and 112 =122 = 0.05.

Case 2: (71’1 = 0’1,2 = (72’1 = 0’2,2 = 0.25, al) = a1 =
04, a1 =a22=05,611=¢612=05, 21 =622=0.75,
kiin=hk1=6k2=ko2=2,vi1=vi2=0n1=N2=
L5, mi=ma2=2mi=m2=15¢11=d12=¢21 =
¢2,2 = 2, and T2 =172 = 0.05.

Case 3: 01,1 = 01,2 =021 = 022 = 0.5, ail, i
0.5.a2,1 = a2 =0.75, 61,1 = 612 = 0.7, 2,1 = 62,2 = 0.75,
kin =k =4 ko =ko=15y1=v.2=wn1=
ve=Lni=m2=1m1=m2=05 ¢ =¢.2=
@21 =¢22=2,and 712 = 122 = 0.05.

The system output responses are given in Figs. 4 and 3,
which demonstrate the considerations in Remark 5 (tracking

= al,z =
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Fig. 6.
(solid).

Outputs y1 and y, (dashed), and desired trajectories yq 4 and yp 4

errors is smaller after decreasing oj;, aji, and gj;, and
meanwhile increasing k; ;;, 7j,i;, and ;).

B. Practical Example

To further validate the applicability of the proposed
approach, we take the two inverted pendulums as a prac-
tical example as described in [11] and [12]. The input to
each pendulum is the torque u; (i = 1,2) with input sat-
uration value uj )y = uzpy = 5. Define the state vectors
as [x1,1,x12]" = [01.6:]" (rad, rad/s) and [x21.x22]"
[92,92]T (rad, rad/s). The dynamic equations of the two
inverted pendulums are [11], [12]

X1,1 =X1,2, X2,1 =Xx22

. mgr kr? .

X1,2 = —— | X sm(xl,l)
J1 4],

uy (v (¢
1( 1())+ :
J1 4+x1

i

TR
2J1

. mygr . kr
= — — | x sin + —U-b
X2,2 ( ) (x2,1) 2J2( )
(@) | y3xrsin(x)
J 1 —I—x%’]
Y1 =X1,1, Y2 =X2,1

where m; = 2 kg and my = 2 kg denote the inverted pendu-
lums end masses, k = 10 N/m represents the spring constant.
J1 = 1 kg and J, = 1 kg are the moments of inertia, »r = 0.1 m
is the pendulum height, the natural length of the spring is
[ =05m, g = 9.81 m/s2, and b = 0.4 m. The desired
trajectories are y; 4 = sin(¢) and yp 4 = cos(t).

According to Theorem 1, we design the intermediate con-
troller as S1,1 = —261,1 ‘|’).’1,d and 2.1 = —262,1 +}.’2,d- The
actual control laws are

+

Orier1  « er1
—_15(2 ILICLL s h(—)
& ( et 5 s oLl G )

. e -
- 1.5(2;1,2 tanh( 13?*2))

Uy
(@] W
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(@]

o

Fig. 7. System inputs u; and u5.
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Fig. 8. Adaptation parameters 31,2, 32’2, él,z, and ézqz.

521621 2 €2,1
= -3(3 Z2101 L 5t h(—)
v2 ( 1t 5 02 o (s )

. (4 -
- 3(2;2,2tanh( 23.?52’2>>

where e1,1 = x1,1 —y1,4 and e2,1 = x2,1 — ¥2.4, and the adap-
tation laws are provided by (31), (32), (46), and (47), with
design parameters 112 = 1.5, n22 = 4, 012
0.1, y12 = 1.5, and y»» = 4. Let the initial conditions
be [x1.1(0), x1.2(0), x2.1 (0), x2,(0)]7 = [0.5,0.2, 0.1,0.2]7,
612(0) = 6r2(0) = 0, and §;2(0) = 55.2(0) = 0. Because
the control gain functions are a priori bounded, this system
is amenable for some comparisons with existing approaches.
For comparison purposes, two approaches are considered: the
method proposed here (scheme 1) and the hybrid output feed-
back controller of [11] (scheme 2). The simulation results
are shown as Figs. 6-8 for the proposed approach, while the
comparison on the tracking error is provided in Fig. 9. For
scheme 2, the same design parameters provided in [11] have
been adopted.

For scheme 1, the system output tracking responses are
depicted in Fig. 6. Moreover, the evolution of the system inputs

= 0'2’2 =



0.5 - = =schemel =-=-= scheme2 i
Lt Ot N, 7, ™, N, 7, Cady
- AU S, K4 ~ D N £ N £ R A
SRR VAR VARV RN AR A
-0.5¢ ‘ ‘ ‘ ‘ 1
0 10 20 30 40 50
I ‘ ‘
045 - = =schemel =-=-= scheme2
0.2 B
_ AN N N o T - T U
S SASG TN AT AT TN AT TN AT
o 0 PN SR PN EAN PN URAN AN
-0.2
04 I I I I
0 10 20 30 40 50
t[s]

Fig. 9. Tracking errors of two schemes.

u1 and up and of the adaptation parameters 31,2, 32,2, élgz, and
(32,2 are presented in Figs. 7 and 8, respectively. Output track-
ing errors under two schemes are presented in Fig. 9. From
Fig. 6, we know that good tracking performances have been
achieved and the outputs y; and y, converge rapidly to the
desired trajectories y; 4 and y2 4. From Fig. 9, we see that the
proposed scheme 1 can achieve smaller tracking errors than
scheme 2, which confirms good tracking performance of our
approach.

V. CONCLUSION

An extended adaptive fuzzy DSC method has been designed
for a less restrictive class of large-scale nonlinear systems
with possibly unbounded control gain functions and input
saturation. As compared with existing approaches in the lit-
erature, the restrictive assumption on a priori boundedness
of the control gain functions has been removed by construc-
tively introducing appropriate compact invariant sets. In other
words, boundedness of the control gain function is derived
a posteriori from the boundedness of the closed-loop state
obtained in the control design. We believe that the follow-
ing points are worth investigating in future research: 1) it is
still unclear if set-invariance mechanisms can be adopted in
prescribed performance control: studying this point would be
relevant to address more general constraints and 2) it is still
unclear if set-invariance mechanisms can be adopted in a dis-
tributed control setting, when the systems have to minimize
a consensus error, in place of a tracking error: studying this
point would be relevant to address more general large-scale
systems.

REFERENCES

[1] M. Kiistic, I. Kanellakopoulos, and P. V. Kokotovic, Nonlinear and
Adaptive Control Design. New York, NY, USA: Wiley, 1995.

[2] C. L. P. Chen, C.-Y. Zhang, L. Chen, and M. Gan, “Fuzzy restricted
Boltzmann machine for the enhancement of deep learning,” IEEE Trans.
Fuzzy Syst., vol. 23, no. 6, pp. 2163-2173, Dec. 2015.

[3] C.L.P. Chen, G.-X. Wen, Y. 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.

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

S. Tong, L. Zhang, and Y. Li, “Observed-based adaptive fuzzy decen-
tralized tracking control for switched uncertain nonlinear large-scale
systems with dead zones,” IEEE Trans. Syst, Man, Cybern., Syst.,
vol. 46, no. 1, pp. 3746, Jan. 2016.

X. Zhao, H. Yang, and G. Zong, “Adaptive neural hierarchical sliding
mode control of nonstrict-feedback nonlinear systems and an application
to electronic circuits,” IEEE Trans. Syst., Man, Cybern., Syst., vol. 47,
no. 7, pp. 1394-1404, Jul. 2017.

Y.-J. Liu, S. Lu, D. Li, and S. Tong, “Adaptive controller design-based
ABLF for a class of nonlinear time-varying state constraint systems,”
IEEE Trans. Syst., Man, Cybern., Syst., vol. 47, no. 7, pp. 1546-1553,
Jul. 2017.

W. Wang, D. Wang, Z. Peng, and T. Li, “Prescribed performance con-
sensus of uncertain nonlinear strict-feedback systems with unknown
control directions,” IEEE Trans. Syst., Man, Cybern., Syst., vol. 46, no. 9,
pp. 1279-1286, Sep. 2016.

H. Li, J. Yu, C. Hilton, and H. Liu, “Adaptive sliding-mode control for
nonlinear active suspension vehicle systems using T-S fuzzy approach,”
IEEE Trans. Syst., Man, Cybern., Syst., vol. 60, no. 8, pp. 3328-3338,
Aug. 2013.

Y.-J. Liu, S. Lu, and S. Tong, “Neural network controller design for an
uncertain robot with time-varying output constraint,” IEEE Trans. Syst.,
Man, Cybern., Syst., vol. 47, no. 8, pp. 2060-2067, Aug. 2017.

Z. Liu, X. Dong, W. Xie, Y. Chen, and H. Li, “Adaptive fuzzy control for
pure-feedback nonlinear systems with nonaffine functions being semi-
bounded and indifferentiable,” IEEE Trans. Fuzzy Syst., vol. 26, no. 2,
pp. 395-408, Apr. 2018.

Y. Li, S. Tong, and T. Li, “Hybrid fuzzy adaptive output feedback con-
trol design for uncertain MIMO nonlinear systems with time-varying
delays and input saturation,” IEEE Trans. Fuzzy Syst., vol. 24, no. 4,
pp. 841-853, Aug. 2016.

Y. Li, S. Tong, and T. Li, “Composite adaptive fuzzy output feed-
back control design for uncertain nonlinear strict-feedback systems with
input saturation,” I[EEE Trans. Cybern., vol. 45, no. 10, pp. 2299-2308,
Oct. 2015.

D. Swaroop, J. K. Hedrick, P. P. Yip, and J. C. Gerdes, “Dynamic surface
control for a class of nonlinear systems,” IEEE Trans. Autom. Control,
vol. 45, no. 10, pp. 1893-1899, Oct. 2000.

M. Chen and S. S. Ge, “Direct adaptive neural control for a class of
uncertain nonaffine nonlinear systems based on disturbance observer,”
IEEE Trans. Cybern., vol. 43, no. 4, pp. 1213-1225, Aug. 2013.

M. Chen, T. Gang, and B. Jiang, “Dynamic surface control using neu-
ral networks for a class of uncertain nonlinear systems with input
saturation,” IEEE Trans. Neural Netw. Learn. Syst., vol. 26, no. 9,
pp. 2086-2097, Sep. 2015.

X. Zhao, H. Yang, W. Xia, and X. Wang, “Adaptive fuzzy hierarchi-
cal sliding-mode control for a class of MIMO nonlinear time-delay
systems with input saturation,” /EEE Trans. Fuzzy Syst., vol. 25, no. 5,
pp. 1062-1077, Oct. 2017.

C. Wu, J. Liu, X. Jing, H. Li, and L. Wu, “Adaptive fuzzy control for
nonlinear networked control systems,” IEEE Trans. Syst., Man, Cybern.,
Syst., vol. 47, no. 8, pp. 2420-2430, Aug. 2017.

Q. Zhou, L. Wang, C. Wu, H. Li, and H. Du, “Adaptive fuzzy control
for nonstrict-feedback systems with input saturation and output con-
straint,” IEEE Trans. Neural Netw. Learn. Syst., vol. 47, no. 1, pp. 1-12,
Jan. 2017.

T. Li, S. Tong, and G. Feng, “A novel robust adaptive-fuzzy-tracking
control for a class of nonlinear multi-input/multi-output systems,” JEEE
Trans. Fuzzy Syst., vol. 18, no. 1, pp. 150-160, Feb. 2010.

S. I. Han and J. M. Lee, “Partial tracking error constrained fuzzy
dynamic surface control for a strict feedback nonlinear dynamic
system,” IEEE Trans. Fuzzy Syst., vol. 22, no. 5, pp. 1049-1061,
Oct. 2014.

Q. Zhou, P. Shi, Y. Tian, and M. Wang, “Approximation-based
adaptive tracking control for MIMO nonlinear systems with input
saturation,” IEEE Trans. Cybern., vol. 45, no. 10, pp. 2119-2128,
Oct. 2015.

T. Li, R. Li, and D. Wang, “Adaptive neural control of nonlinear MIMO
systems with unknown time delays,” Neurocomputing, vol. 78, no. 1,
pp. 83-88, Feb. 2012.

H. Li, B. Lu, Q. Zhou, R. Lu, and L. Wang, “Adaptive fuzzy control of
stochastic nonstrict-feedback nonlinear systems with input saturation,”
IEEE Trans. Syst., Man, Cybern., Syst., vol. 47, no. 8, pp. 2185-2197,
Aug. 2017.

X. Zhao, H. Wang, H. R. Karimi, and Y. Zhu, “Adaptive neural control
of MIMO nonstrict-feedback nonlinear systems with time delay,” IEEE
Trans. Cybern., vol. 46, no. 6, pp. 1337-1349, Jun. 2016.



[25] B. Chen, X. Liu, K. Liu, and C. Lin, “Adaptive fuzzy tracking control
of nonlinear MIMO systems with time-varying delays,” Fuzzy Sets Syst.,
vol. 217, pp. 1-21, Apr. 2013.

[26] J. Yu, P. Shi, W. Dong, and C. Lin, “Command filtering-based fuzzy con-
trol for nonlinear systems with saturation input,” IEEE Trans. Cybern.,
vol. 47, no. 9, pp. 2472-2479, Sep. 2017.

T. Li, G. Feng, D. Wang, and S. Tong, “Neural-network-based sim-
ple adaptive control of uncertain multi-input multi-output non-linear
systems,” IET Control Theory Appl., vol. 4, no. 9, pp. 1543-1557,
Sep. 2010.

S. Han, H. Ha, and J. Lee, “Fuzzy finite-time dynamic surface control
for nonlinear large-scale systems,” Int. J. Fuzzy Syst., vol. 18, no. 4,
pp- 570-584, Aug. 2016.

S. Mehraeen, S. Jagannathan, and M. Crow, “Decentralized control of
large scale interconnected systems using adaptive neural network-based
dynamic surface control,” in Proc. IEEE Int. Joint Conf. Neural Netw.,
Jun. 2009, pp. 2058-20064.

S. Mehraeen, S. Jagannathan, and M. L. Crow, “Power system stabi-
lization using adaptive neural network-based dynamic surface control,”
IEEE Trans. Power Syst., vol. 26, no. 2, pp. 669—-680, May 2011.

Z. Sun and Y. Liu, “Adaptive state-feedback stabilization for a class of
high-order nonlinear uncertain systems,” Automatica, vol. 43, no. 10,
pp. 1772-1783, Oct. 2007.

K. Esfandiari, F. Abdollahi, and H. A. Talebi, “Adaptive control of
uncertain nonaffine nonlinear systems with input saturation using neu-
ral networks,” IEEE Trans. Neural Netw. Learn. Syst., vol. 26, no. 10,
pp- 2311-2322, Oct. 2015.

M. Lv, Y. Wang, S. Baldi, Z. Liu, and Z. Wang, “A DSC method for
strict-feedback nonlinear systems with possibly unbounded control gain
functions,” Neurocomputing, vol. 275, pp. 1383-1392, Jan. 2018.

Y. Li, S. Tong, and T. Li, “Adaptive fuzzy output-feedback control for
output constrained nonlinear systems in the presence of input saturation,”
Fuzzy Sets Syst., vol. 248, pp. 138-155, Aug. 2014.

[35] W. Liu, J. Lu, Z. Zhang, and S. Xu, “Observer-based neural control
for MIMO pure-feedback non-linear systems with input saturation and
disturbances,” IET Control Theory Appl., vol. 10, no. 17, pp. 2314-2324,
Nov. 2016.

H. Wang, W. Liu, J. Qiu, and P. X. Liu, “Adaptive fuzzy decentral-
ized control for a class of strong interconnected nonlinear systems
with unmodeled dynamics,” IEEE Trans. Fuzzy Syst., vol. 26, no. 2,
pp. 836-846, Apr. 2018.

(271

[28]

[29]

[30]

[31]

[32]

(33]

(34]

[36]

Maolong Lv received the B.Sc. degree in automa-
tion and the M.Sc. degree in control science and
engineering from Air Force Engineering University,
Xi’an, China, in 2014 and 2016, respectively. He is
currently pursuing the Ph.D. degree with the Delft
Center for Systems and Control, Delft University of
Technology, Delft, The Netherlands.

His current research interests include adaptive
control and switched systems.

Mr. Lv was a recipient of the Descartes Excellence
Fellowship from the Institut Francais des Pays-Bas
(first Asian student receiving this award), which allowed him a research visit
and a cooperation with the University of Grenoble on the topic of adaptive
networked systems in 2018.

11

‘Wenwu Yu (S°07-M’12-SM’15) received the B.Sc.
degree in information and computing science and
M.Sc. degree in applied mathematics from the
Department of Mathematics, Southeast University,
Nanjing, China, in 2004 and 2007, respectively,
and the Ph.D. degree in electronic engineering from
the Department of Electronic Engineering, City
University of Hong Kong, Hong Kong, in 2010.

He is currently the Deputy Associate Director of
the Jiangsu Provincial Key Laboratory of Networked
Collective Intelligence with Southeast University,
where he is an Associate Director of the Research Center for Complex
Systems and Network Sciences, the Associate Dean with the School of
Mathematics, and a Young Endowed Chair Professor with the Distinguished
Honor with both the School of Mathematics and School of Cyberspace
Security. He held several visiting positions in Australia, China, Germany, Italy,
The Netherlands, and the USA. He received the National Natural Science
Fund for Excellent Young Scholars in 2013, the National Ten Thousand
Talent Program for Young Top-Notch Talents in 2014, and the Cheung Kong
Scholars Programme of China for Young Scholars in 2016. His current
research interests include multiagent systems, complex networks and systems,
disturbance control, distributed optimization, neural networks, game theory,
cyberspace security, smart grids, and intelligent transportation systems.

Dr. Yu was a recipient of the Highly Cited Researchers Award in
Engineering by Thomson Reuters in 2014-2017, the Second Prize of State
Natural Science Award of China in 2016.

Simone Baldi (M’16) received the B.Sc. degree in
electrical engineering, the M.Sc. degree in automatic
systems control engineering, and the Ph.D. degree
in systems and informatics from the University of
Florence, Florence, Italy, in 2005, 2007, and 2011,
respectively.

He is currently a Professor with the School of
Mathematics, Southeast University, Nanjing, China,
and also affiliated with the Delft Center for Systems
and Control, Delft University of Technology, Delft,
The Netherlands. He was a Post-Doctoral Researcher
with the University of Cyprus, Nicosia, Cyprus, and with Information
Technologies Institute, CERTH, Thessaloniki, Greece. His current research
interest includes adaptive and switched systems with applications in networked
control and multiagent systems.




