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ABSTRACT This study proposes a composite nonlinear feedback approach for the robust tracking control
problem of uncertain nonlinear systems with input saturation, Lipschitz nonlinear functions, multivariable
time-delays, and disturbances. The composite nonlinear feedback technique includes two components: a
linear feedback portion constructed in such a way that it changes the damping ratio so as to speed up the
system’s response. A nonlinear feedback controller is designed to further increment the damping ratio in a
way that it ensures the tracking whilst reducing the overshoot created by the linear portion. By creating a
suitable Lyapunov functional and by using the linear matrix inequality (LMI) approach, the LMI conditions
are determined to guarantee system stability and obtain the required design parameters. The performance of
the proposed approach is assessed using a simulation study of a two-dimensional system along with a Chua’s
circuit system. The advantages of the proposed approach are its less-restrictive assumptions, improved
transient performance, and steady-state precision.

INDEX TERMS Composite nonlinear feedback, input saturation, linear matrix inequality, robust tracking,
time delay.

I. INTRODUCTION

Dynamic systems can be subjected to time-delays and input
saturation; problems that can potentially lead to system insta-
bility and malfunctions [1], [2], [3], [4], [5], [6], [7], [8].
Time-varying systems are widely encountered in aerospace
and military applications such as airplanes, satellites, missiles
and rockets. External disturbances are also other factors that
may disrupt the desired performance of these systems [9].
In these systems, since the tracking of the input command is
of particular importance, the ability of the controller to track
the input command and remove the effects of perturbations
from the controlled system is critical [10]. Input saturation
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is a constraint commonly found in practical systems that do
not allow the control input to exceed the specified control
bounds. Ignoring the input saturation constraint in the control
design stage can lead to undesirable behavior and potential
instability of the closed-loop system. Input saturation and
time delay frequently appear simultaneously in control sys-
tems [11], [12]. Various approaches have been devised in the
literature to mitigate these problem, such as adaptive neural
tracking control [13], robust tracking control [14], [15], Hs
output tracking control [16], observer-based adaptive fuzzy
tracking control [17], quantized state feedback [18], and
robust Hy, control [19].

Stabilization and tracking control are critical for systems
requiring robust and optimal performance such electron-
ics, chemical processes, helicopter flight control systems.
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In addition to ensuring system stability and satisfactory
performance, attributes of an ideal controller are a sim-
ple structure, high-speed calculation, and robustness against
uncertainties and unmodelled dynamics. Fast response and
overshoot features are also considered as important criteria in
tracking problems. However, the fast response often results in
high frequency, which is unwanted in many applications. This
can be solved via the composite nonlinear feedback (CNF)
method [20], [21], [22], [23], [24].

The CNF approach is an effective robust control method
for improving the tracking performance of uncertain nonlin-
ear systems with input saturation. A CNF control method
was proposed in [25]for second-order linear systems subject
to input saturation. The main features of the CNF are its
quick response, robustness against uncertainties, and distur-
bances, high transient performance, and small overshoot [26],
[27], [28]. A CNF procedure is used in [29] for the semi-
global stability of discrete-time singular linear systems in the
presence of saturation. However, the system nonlinearities
and disturbances have not been considered in that approach.
An integral sliding mode-based CNF approach was proposed
in [30] for linear descriptor systems without uncertainties
and external disturbances. A composite nonlinear feedback
procedure was proposed in [31] for the robust tracking of
systems under uncertain parameters and time delays; but,
this study did not consider nonlinearities. In [32], a design
process for creating the CNF control is expanded to the tran-
sient performance in the tracking problems for the switched
linear systems with input saturation; however, the parameter
uncertainties and time delays have not been applied to the
system. In [33], a CNF control method was proposed for
the tracking control problem of singular linear systems with
input saturation; however, uncertainties and nonlinearities
were not investigated. In [34], a CNF controller was applied
for the tracking control problem of strict-feedback nonlinear
systems without considering time delays nor nonlinearities.
A sliding mode-based adaptive composite nonlinear feed-
back controller was studied in [35] for nonlinear systems;
however, uncertainties, time delays, and saturations were not
considered.

A major problem in control design is the conflict between
high efficiency and transient response. The CNF method is a
practical and impressive procedure, which is used to improve
the uncertain nonlinear system performance and overcome
the barriers of transient performance [36], [37], [38]. In recent
papers, there is more enthusiasm in applying this method for
a variety of systems in comparison with other methods. For
a specific type of car suspension system, the CNF procedure
is applied to diminish the chattering effects [39], [40]. The
robust CNF procedure is expressed in [41] to enhance quick
and exact set-point tracking for damaged linear systems.
In [42], the CNF procedure with a nonlinear term has been
studied in terms of smooth and quick regulation with the
uncertainty, external disturbances and input saturation ren-
dezvous for the spacecrafts regardless of the nonlinearities
and time delays. The CNF control procedure was studied for a
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category of linear/nonlinear systems with parallel distributed
recovery via sliding mode control method in [43]. In [44],
a quick and precise robust path-following control approxi-
mate has been conducted for a fully-actuated marine surface
vessel with external disturbances. In [45], the quick and
precise chaos synchronization of uncertain chaotic systems
with Lipschitz nonlinear terms and disturbances have been
investigated.

An active front-steering control that combines CNF with
a disturbance observer was proposed in [46], to obtain a fast
damping rate tracking response and yield robustness to exter-
nal disturbances. An adaptive nonlinear gain-based CNF con-
troller was proposed in [47] to optimize the system dynamic
efficiency. However, disturbances, uncertainties, and time
delays were not considered in the design. A CNF technique
was proposed in [48] for the tracking problem of a class
of single-input single-output nonlinear systems subject to
input saturation. The CNF control problem based on the
event-triggered strategy was investigated in [49], for saturated
systems. In [50], the adaptive tracking control problem of
uncertain large-scale nonlinear time-delayed systems in the
presence of input saturations is studied. In [51], the bound-
edness property of the robust tracking CNF controller has
been studied for time-delay uncertain systems with input
saturation. In [52], a hybrid controller design for a quar-
ter car is developed. A design that combines active distur-
bance rejection control with a fuzzy control approach was
proposed in [53].

For the intermittent control, its control signal is updated
in a continuous manner on control time intervals. To over-
come the limitation, time-triggered intermittent control is
considered in [54]. In [55], the time-triggered intermittent
control is proposed to examine the exponential synchro-
nization issue of chaotic Lur’e systems. In [56], a control
approach is suggested for the robust stabilization of the iner-
tial wheel inverted pendulum, with norm-bounded parametric
uncertainties and both motion constraints and actuator satu-
ration. The robust stabilization of a class of continuous-time
nonlinear systems via an affine state-feedback control law
using the linear matrix inequality approach is studied in [57].
In [58], an enhanced composite nonlinear feedback technique
using adaptive control is developed for a nonlinear delayed
system subject to input saturation and exogenous distur-
bances. In [59], the precise tracking problem for electrostatic
micromirror systems with disturbances and input saturation is
studied. A composite nonlinear feedback-based adaptive inte-
gral sliding mode controller with a reaching law for fast and
accurate control of a servo position system subject to external
disturbance is presented in [60]. In [61], an Ly—Lso/Hoo
optimization control issue is studied for a family of non-
linear plants by Takagi-Sugeno (T-S) fuzzy approach with
actuator failure. In [62], the problem of resilient event-
trigger-based security controller design is investigated for
nonlinear networked control systems described by interval
type-2 fuzzy models subject to non-periodic denial of service
attacks. In [63], an adaptive performance guaranteed tracking
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control problem is studied for multiagent systems with power
integrators and measurement sensitivity. To the best of the
authors knowledge no work has investigated CNF-based
control designs for systems with the simultaneous presence
of uncertainties, input saturation, time delay, and Lipschitz
disturbances.

This paper presents an LMI-based composite nonlinear
feedback control method for nonlinear systems subject to
time delay, uncertainties, external disturbances, and input
saturation. Its main contributions are as follows:

e A CNF control design that ensures the system’s robust-
ness against nonlinearities, parametric uncertainties,
and external disturbances whilst guaranteeing transient
performance.

e Compared to the existing results, the proposed method
can be applied to a wider class of uncertain systems.

The rest of the paper is organized as follows: In Section II,
the problem formulation and required assumptions are pre-
sented. In Section III, the original theoretical outcomes are
expanded and proper choice of the nonlinear function in
CNF is studied. Simulation results are provided in Section IV.
Conclusions are lastly drawn in Section V.

Il. PROBLEM FORMULATION AND PRELIMINARIES
Consider the following nonlinear system with time delay,
input saturation, uncertainties and disturbances:

x() =f (x(@),x = (01(1), ..., x (. — v (@)
+ (A4 AA (r(1)) x(1)

N
+ Zi:l (Ad; + DA (V1) x (1 — 7i(1))
+ Bsat(u(t)) + W(q(1)), () = Cx(2), (D

where 1 € [fg, 00), x(t)€R" is the state vector, u(t)eR™
denotes the control signal, A, Ag;, B, and C signify matrices
of proper dimensions, matrices AA(.), AAg(),i=1,---\N
represent the uncertainties, ¢ (t), r(t), v(¢) are uncertain
scalar functions, W (g(t)) is disturbance, f is an uncertain non-
linear function and 7;€R™ is the time-delay. The saturation
function is described by

sat(uy (1))
sat(ua(t))

sat(u(t)) =
sat (1))
sat(u(t)) = sign(u;(t))min(|u;(t)|, u;(t)) 2)

where u;(t) is the maximum value of the i control input.

The main control purpose is to synthesize a CNF law so
that the output y(¢) can follow the reference output y, (),
as quickly and smoothly as possible. The reference model is
represented by:

Xn(t) = ApXm(t)
+fm Cm(@), X ¢ — T1(@)) 5 - -+ X (8 — TN(D)))
Ym(®) = Cuxm(t), 3)
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where A, and C,, are constant matrices, x,,,(f)€R™ represents
the state vector of the reference model with |x,,(¢)|| <M,
where M is a positive scalar. The reference model is selected
so that there exist two matrices GER"*"m and HeR™*"m

satisfying:
AB||G GAp
ol e

Assumption 1: There are matrices with continuous bound-
ary conditions N(.), Ng;(.), Lg;, and W (.) so that
AA(r(1)) = BN(r(1)),
AA4(V(t)) = BNg;(v(1)),i=1,...,N
W(g() = W(g(®))
Ay =BLg,i=1,...,N 5)

which the bounds of the uncertainties are provided by

pr = sup [IN(r())]l,
pvi = sup |[Ng()[| 1, i=1,--- N
pg = sup [[W(g®))Il, (6)
Remark 1: Assumption 1 illustrates that the uncertain
nonlinear system with time-delay and input saturation (1)
contains a special structure which is commonly denominated
by a matching condition for parametric uncertainties; a stan-
dard assumption in robust control problems. According to
the matching conditions, all external disturbances, and uncer-
tainties must be controlled in the control vector space, thus
limiting the structure of the system. The boundary conditions
are continuous and bounded matrix functions, meaning that
the arguments of the matrix are bounded and continuous
functions.
Assumption 2: The nonlinear function f is uncertain and
Lipschitz for all x(¢)eR" and x,,(t)€R" so that [64], [65]:

IIf (@), x ¢ —T1(1)), ..., x (t — TN (1))
= Gfin Com(@), X (1 — T1 (@) 5 -+ s X (t — TN (O]
< (N + D (Lo (x(?) = Gxm()) |
L1 (x(t— 71(2)) — Gx (t — 71 (1)) ||
+ I = v (@) — Gxy (t — Tn(@))) |])
@)

where LieR"™ " | = 0,1,...,N are constant matrices.
In other words, it is stated as

(f @), x (¢ — (D), ..., x (t — T§ (1))
— G Con(®), X (t = T1(D)) 4+, Xt — TN (D))
X (f (@), x(t — 1), ..., x(t— 5 ()
= Gf (@), Xt — 71 (@), .., X (& — TN (D))
< (N + D) = Gxn®) LoL§ (x(t) — Gxn(1))
+ (x(t = T1(1) — G (t — 1) LT Li(x(t — 71(2))
— Gy (t — 71(1)))
o (= () — G (t — N
x LyLy(x(t — () — Gx (t — TN (1)) (8)
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The tracking error e(f) and auxiliary vector tilde x(¢) are
defined by:

e(t) = y(t) — ym(1), )
X(t) = x(t) — Gxp(2), (10)
where G is obtained using (4). From (4), (9), and (10),
we have:
eIl = [ly(®) = ym(l
= [1Cx(#) — Cuxm(@)]|
= |Cx(t) — CGxm(D)|
= [ICx@)l
< IClix®l, (1D

Since ||C| is bounded, then |X(¢)]] — O implies
lle(r)]l — O. Hence, to prove the perfect tracking one has
to show that ||X(¢)|| is convergent.

Ill. MAIN RESULTS

The CNF control design method is suggested for the tracking
control of uncertain nonlinear systems with time delay and
input saturation. The aim of the tracking controller design is
to minimize the tracking error. To this end, define the linear
control part of the system (1) as follows [66]:

ur(t) = Kx(t) + (H — KG)xp (1), 12)

where G and H are obtained from (4), and K denotes a gain
matrix that is specified in the LMI form. Then define the
nonlinear function as:

un(t) = Y(F(0)BT P(1), (13)

where P denotes a positive-symmetric matrix, and ¥ (x(¢)) is a
selection of non-positive Lipschitz function in tilde x(¢), that
is applied to regulate the damping ratio of the system as the
output converges to the reference to diminish the overshoot
created by the linear portion. The CNF controller is the sum
of the linear and nonlinear parts as follows:

u(t) = ur(t) + un(t)
= Kx(t) + (H — KG)x,(t) + Y (X(1)BT PX(1).  (14)
From (1), (3), (4), (10), and (14), it can be obtained
(1)
=f O, x(t—n1@),...,x{— )
— Gy (1), X (t — T1(D)) - . ., X (t — TN (2)))
+ (A + AA(r(1)) + BK)x(1)
+ AA(r(1))Gxp(t) + Bsat(u(t)) + W(q(1)) — B (KX(t)

+ Hx (1)) + Z,Nzl (Ag, + AALO(0)) G (1 — 1)
+ G (t — 1))
=f @, x(t =), ....x [ — (@)
= Gfin e (8), X (8 — T1 () 5 - .o, X (2 — TN (D))
N
+(A+BN +BK)X(1) + ) (Aq + BNg) ¥(t — %(0))

+Bw+g(r,s,q,v, Xn) (15)
where
g(r’ s, q, vam)

= AA (r(t)) Gx(2)

N
+ 3 g+ DAGOONGx(t — )+ W(g(0)
(16)

and

w = sat(K% + Hxp + Yy (x)BT PX) — KX — Hx,,. (17)

By applying Assumption 1, Eq. (16) is stated as

g(r,s,q,v,xy) = BF(r,s,q, Vv, Xy) (18)
where
F(r,s,q,v, xy)
= N(r(t))Gxp(t)
N

+ Z(Ld,» + Ny, (0())Goxm(t — ) + W(g(t)). (19)
i=1
Then, from (6) and (19), and determining the bounds
p = sup [F(r, s, v, ¢, x|l and [[xu(t)]| <M, the following
inequality is obtained

N
p=prIGIM + 3 (ILa]| + puid IGI M + pg. (20)

The nonlinear function ¥ (x(¢)) in (13) is defined as in (21),
shown at the bottom of the page, where o (X(t))eR™ is any
positive uniform continuous bounded function with

t
lim [ o(x(1))dt <0y, (22)
t—00 fo
where op is a bounded constant.

The liberty in choosing a nonlinear expression o (X(t))
causes the control law to be adjusted and the perfor-
mance is improved as the system output converges to the
reference input. The nonlinear expression o (X(¢)) applies to
the following features

(1) Because o(x(t)) a function of [|x(#)]|, the following

equation is established:

o (x(1)) = o(—=x(1))=0. (23)

Y1) = —

(0 + o IFON + XN puillEc — w)lI)?

2D

100492

IBT PE@)I(o + o IFO] + 31y puillE — ml) + 0 (F(@)

VOLUME 10, 2022



L. S. Rizi et al.: LMI-Based Composite Nonlinear Feedback Tracker for Uncertain Nonlinear Systems

IEEE Access

(2) If the system output is not close to the reference out-
put, the function o (x(#)) becomes larger, as a result,
the function shrinks and the efficacy of the nonlinear
portion of the CNF law reduces.

If the system output converges the reference output,
o (x(t)) function becomes very small and reaches its
lowest value, thus increasing the |y (x(¢))| value and
therefore, the efficacy of the nonlinear controller will
be evident.

3

Since the choice of the nonlinear function o (x(¢)) is free so
it can be expressed in different ways. To compatible alteration
of the tracking aim, a nonlinear function is defined as follows:

o (1)) = Be T 24)

where

) Iy@0) —ym@I, y(10) 7 ym(2)
oy =

25
L Y(t0) = ym(?) )

The nonlinear expression ¥ (x(¢)) converges from the pri-
mary value Be™ to the steady state value 0, thus the function
ly(t0) — ym(t)|| converges to zero. From (25), we conclude
that the parameter o changes for different tracking purposes
ym(t) so the primary value of the nonlinear function is not
dependent on y,, ().

Theorem 1: Consider the system (15) with f(0,0,...,
0) = 0 and the CNF law of (14) satisfying assumptions 1-2.
Also, assume that the time delays t;(t) are bounded by
scalares ¢; holding |7;(¢)|<¢;. For any §€(0, 1), the following
properties hold:

Proof: To prove the sustainability of the system, we con-
struct the Lyapunov candidate functional as

N
VE ) =3 0OPF0) + ) / T (ORiE(s)ds,  (29)
=1 7T

where P and R;,i = 1, - - -, N are the weighting matrices that
is characterized by LMI. By deriving (29) along the directions
of the system in (15) outcomes
V(, 1) ‘
= xT()Px(t) + ¥T (1)Px(1)
N
+ Zi:l T (ORE()
=3 - R~ TR~ ()
= (1)[(A +BK) P+
x (PBN)T + PBN + P(A + BK)]i(t)
+ FTBTPx(1) + 3T (t)PBF + (f(x(t), x(t — 71(1))
vee s X(t = TN (@) — G (1), Xm(t — T1(1))
e Xt — TN ) PE()
+ 3T OPF (V) x(t — T1(0), . .., x(t — TN (1)) —
X G(m(t), Xt — T1 (1)), . ., Xt — TN (1))
N N T
+(BY . Nai(t — () Px

+XTPBY Nyl — uio)
3 AT~ ()PR)
i ()P Zivzl A4t — (1)
+25" (1)PBw + ZZI T (ORE(1)

N T .
K| < (-8 izL...m 26) = 2 A= — wOREC — (1)) (30)
L — 1y - 9 ey -
|Hixp| < 8uwi, i=1,...,m Q27) According to Assumption 1, it can obtain that:
If there exist matrices S; > 0,i=1,---,N, Q= Q0T > 0, V({’Tt) . N
and Y with suitable dimensions so that, (28), as shown at the =X (OIPA + ANP + PBK + K" B" P]x()
bo}\t}om of the page, where ¥ = AQ + QAT +BY +YTBT + —i—ch(t)P Ziil Agx(t — (1))
> i1 Si and by applying g, = yi !, for i = 0,1,...,N N T T oo
and P = Q! in (28), the CNF control (14) guarantees that + (Zizl Agx" (8 — (1)) Px(1)
the system output y(¢) follows the reference output y,,(t) as — ZN (1 — )3T (1 — t()RE(E — Ti(t))
a result the tracking error e(#) would be ultimately bounded. ’:; _
Then, the control feedback gain K is obtained by K = YQ~!. +2pl1B” PX(1)l|
[z A40 AanQ Bl 0 0 0 N+10L! 0 0 0 7
* —(1=¢)S; 0 0 0 Bl 0 0 0 YN 1oL, T 0 0
x x e 0 0 0 0 0 0 0
* * x« —(1—¢y)Sy 0 0 0 Byl 0 0 0 VN+10LyT
* * * * —Bol O 0 0 0 0 0 0
* * * * * —piI 0 0 0 0 0 0
<0 (28)
* * * * * * 0 0 0 0 0
* * * * * * —Bn1 0 0 0 0
* * * * * * % * —PBol 0 0 0
* * * * * * * * * B! 0 0
* * * * * * * * * * 0
L * * * * * * * * —BnI1
VOLUME 10, 2022 100493
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+ 20, [FOIIBT PXD)|| + (F(x(V), x(t — 71(2)),
e x(t = N(D)) = (1), Xt — T1 (1)),
o Xt — O PR(D)

+ 3 OPF (e, x(t — T1(D)), ..., x(t — TN (D))
= Gl (1), 5 = 71O, it = T (1))

+2||BT PX(1)|| Z oy E(t — (1)) + 257 (t)PBw

i=1
N ~ ~
+ ) FORED) 31)
The following equation holds for all y;, i =0,1,..., N

@), x@t —71(@), ..., x(t — 7))
— G (@), Xm(t — T1(2))
N e () 21 0))
+ 3T (OP (x(0), x(t — T1(1))
e x(t = TN () = GfnCom (), Xt — T1(2))
et — () < %”(r)fﬂfc(r)
+y(F @), x(t — T (@), ..., x(t — TN (1))
— G Com(®), Xi(t — T1(O)), + ., Xt — TN ()T
X (f(x(1), x(t — 71(1))
ey x(t = TN(D))) = GCom (), Xt — T1(2))
e Xt = TN(D))

lch(t)szc(t)
14

IA

+ /N + 1ox T (OLE Lok (1)
+yix’ (¢ = TOL] Lix@ — 71(1)
+ oI (= v O) LyLyE@ — () (32)
In the following, we investigate four states of the saturation
function.

Case 1: In this case, all input channels are higher than the
upper bound, that is, u > u; for this situation, we have

Ki% + Hixy + ¥ (0)B! PX >, (33)
Given inequality (26) and (27) we obtain

Kix + Hixyy < |KiX + Hixpl

< |KiX| + |Hixpm|
< (1 — 8)iy; + 8it;
< i (34)

for all x € X5, where X; signifies an invariant set of dynamics.
Therefore, all paths from the inside of X5 will approach the
reference, and hence

wi = sat(K;X + Hixy + ¥ (¥)B! PX) — KiX — Hixy,
= u; — K;X — Hix;;,>0. (35)

From (33), we obtain
¥ (x)B! P¥>; — Ki¥ — Hix;n>0. (36)

100494

since ¥ (x(¢)) is a nonpositive expression, it results:
B! P¥ = 37 PB; <0, 37)

Case 2: In this case, all input channels are assumed to
be smaller than their lower bound, that is, 1 < —u; then,
we have:

K% + Hix,, + v(X)BT P¥ < —ii;. (38)
Similarly, we obtain:
Kix + Hix;, > —u;, (39)
therefore, we have

w; = sat (Kifc + Hix, + w(fc)BiTPfc) — K% — Hix,,

= —it; — Ki¥ — Hix,y < 0, (40)
which yields that
Y (x)B] PX< — ; — (Ki¥ + Hix;n) <0, (41)
and
B! Pt = " PB;>0. (42)

Case 3: In this case, we will have the combination of
modes 1 and 2 which means that some of the control inputs
are saturated and some are not. In order to represent the
unsaturated factors, we have:

T PBw; = y(x)x! PB;B! px <0, (43)

and for the saturated factors exceeding their upper bounds,
from w;>0 and X7 PB; <0, we have

)ZTPBin'fO. (44)

Eventually, for the unsaturated factors exceeding their
lower bounds, from w; <0 and JETPB,ZO, we get:

)?TPB,'W,'SO. (45)

Case 4: If all input factors are not saturated, that is, |u|<u;.
So, from (17), it gives

w = ¥ (x)BT Px, (46)
where substituting (46) into (31) yields
V(E D) < W01 +2(p + |10
+ ZL py; |I% (¢ = ()] DIIBT P||
+ 25T (1)PBy ()BT Px (47)
where
W= [E0)i0—n@) ... 2 —w@)]

and, (48), as shown at the bottom of the next page, where
A = PA+ AP + PBK + KTB"P + YN R +
VN + 1yoLo" L. Substituting (21) into (47), we achieve
a||B" PX||o (%(1))
al||BT PX|| + o (X(1))

VE, D <wlow 42 (49)

where & = sup (p + pAIFOI + LI, o, 117 (¢ = o)1)
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Considering the following fact:

OG0z VeG() > 0.6 >0 (50)
~“oG@)+0 ’ ’
From(49) and (50), we have
VE D) < W 0iW +20(G(1)) (51)
Then, it follows that
VE, D <WTOW+25, VieXs (52)

since o (X¥(t)) <o, and overline (o is a bounded constant.
Based on the equation (52), all of the responses of the system
are bounded, and also according to inequality (22), we con-
clude that tilde x(t) — 0.

s0, the auxiliary vector tilde (x(¢)) of the system (15) tends
uniformly to zero and thereby it follows from (11) that the
tracking error e(¢) reduces asymptotically to zero.

The condition dot V(%,7) < 0 holds if there exists a
scalar y so that Q; < 0. In order to satisfy the inequality
(48) with the form of LMIs assuming Q = P~!', K =
YO~!, S; = OR;Q, and pre-and post-multiplying (48)
by diag (0O, ..., 0, yo_ll, yl_ll, R yN_ll) obtained as in
(56), shown at the bottom of the page, where M = AQ +
QAT + BY + YTBT + YN8 + VN + 0L LoQ.
By applying the Schur complement, the following inequality
is obtained as in (57), shown at the bottom of the page, where
% = AQ + QAT + BY + YTBT + Y | §; and defining
B = yi_l for i=0,1,...,N, LMI (28) is achieved. Thus,
completing the proof.

, l_lfglox ) = Gxm, (53) Note that, the proposed robust tracking controller by CNF
lim u(t) improves the transient efficiency and steady-state precision
=00 T " at the same time. Obviously, the CNF control law leads
- t;n;ox(t) + Hxm to a linear controller when the nonlinear portion tends to
+ lim ¥(®)BTPX(t) = Hxp, (54) zero. As a result, the added nonlinear expression allows
) 1=00 modifying the linear control law to recover system tran-
tllf'goy () sient performance and the error converges to zero. Selec-
= C lim %(t) = CGXyy = CinXn = Ym(). (55) tion of the nonlinear feedback part is important because the
—00
A PAg PAGN P 0 0 0 ]
* —(1—¢DR +V/NF+1nLiTLy 0 0 0 P 0 O
* * . 0 0 0 P 0
o * *« —(1—¢N)RyV+VN+1ywIn"Ly 0 0 0 P
01 = * * * * -yl 0 0 0 (48)
* * * * * =yl 0 0
* * * * * * 0
| * * * * * * * —ynI i
M AnQ AgNQ w7 0o 0 0 T
x —(1—=2)S1 ++N+1y0LTLiQ 0 0 0 yliroooo
* * . 0 0 0 . 0
—(1—¢n)Sy + /N + 1yy oLy L, 0 0 0 ywlu
* * * —(1—=¢n)Sv + +1yn QLN Ly Q - YN <0 (56)
* * * * -y 1 0 0 0
* * * * * 7;/171[ 0 0
* * * * * * 0
L * * * * * 7}/];11 _
(s 4410 AgnQ w1 0 0 0 0 JN+I1oLyT 0 0 0 T
x —(1—¢)S; 0 0 0 n o0 0 0 0 VN +10L,T o 0
* * 0 0 0 0 0 0 0 . 0
* s * —(1—¢v)Sy 0 0 0 w 'l wlu 0 0 0 VN +1oLyT
* * -l 0 0 0 0 0 0 0
1
- 10 0 0 0 0 0 0
* * * * Y1 <0 (57)
0 0 0 0 0
* * * * * * 0 _1
—1 -yw 1 0 0 0 0
* * * * * * * —yn 1
* v 1 0 0 0
k * * k * * k k 1
* * -y 0 0
k * * k * * % k
* * * * * * * * * * * 0
| * * * * * * * * * * * * -wl i
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nonlinear part affects the performance of various parts of the
system. In this work, we tried to select a nonlinear function so
that the system achieves optimum transient and steady state
performance. The extra nonlinear component aims to help
the controller further improve the system’s performance and
ensure its robustness to external disturbances and parametric
uncertainties.

IV. SIMULATION RESULTS
The performance and efficiency of the proposed approach
are assessed using two different examples. The first example
considers a two-dimensional system with input saturation,
time delay in the presence of perturbations, and uncertainties.
A comparison with the methods proposed in [51] and [31] is
also carried out. The second example considers the uncertain
Chua’s circuit system with nonlinearity and compares the
performance of the proposed method to that of the methods
proposed in [51] and [31].

Example 1: The unstable nonlinear system with time
delays and disturbance are considered as:

..« 1 0.5¢cosx1(z) — 0.5 1 1.5
X0 = [ 0.5 sinxs (1) ] + ([0.3 —2}

0 0
+ [n (1) rat) D x(®)

2
+ > [Adi+ MGG x (0 = )

[+ [
ye = [1 1]x(z) (58)

where Ag;, i = 1, 2 are constant parameters, r1(t), r»(¢) and
AAgi (v(t)), i = 1,2 are the uncertain parameters and g(t)
is the disturbance. The disturbance and uncertain bounds are
as follows:

(] 0.5, In@®)] < 1, lg@)] < 0.5, | v(t |< 1.5) and
v 0 I RAGKY
A V(1)) = [ 0 Vz(t)i| s AAp(V(@)) = [vz(f) 0i| )
Then, from (5) and (58), we have W (q(1)) = g(t), N(r(1)) =
[r1(D)ra(1)]

The parameter of reference model is given by

—10 0
Am _[ 0 —10}
Cn=[-26-13] (59)
Using (4), the G and H can be determined as G =

—2.206 —1.183 .
[_0'393 —0.116] and H = [2.486 —1.047]. For sim-
ulation use, take r((t) = 0.5sin(37), rp(t) = sin(31),
vi(t) = sin(2t), va(t) = 1 4 0.5sin(2¢), q(t) =
0.5cos(5¢),Aq1 = |:(l) _(1) ,Aga = 0 _(} . The constant

quantities are considered as o = 0.126,

B=112,p=05p =112, p, = p,, = 1.5.
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—Proposed CNF method
~ Method in [51]
~ Method in [31]

— Proposed CNF method
~ Method in [51]
— Method in [31]

2 3 4 5 6 7 8 o 10

FIGURE 2. Trajectory of the system states.

The initial values values are considered as

xO0)=[-11 11717, x,(0) = [-4.5 3] and

1= 0.5sin(rt) 4+ 1, 7o = —cos(2t) + 1. The Lipschitzian
matrix is specified by

05 0
LOZ[ 0 0.5}

The solutions of the LMI (28) are determined using the
LMI toolbox in MATLAB® software as

[ 0.0018 —0.0119
| —0.0119 0.1224

K = [-28.6102 —15.5797 ]

P=10"*

4 [ 0.0139 0.0196
R =10""1 0.0196 02240
s [0.1507 0.0672
Ra =107 0.0672 0.2014

s [4.9164 0.5316
S1=10 [0.5316 0.0584
s [4.1048 0.4105
52 =10 [0.4105 0.0412

Figure 1 shows the state vector of the reference model.
Figure 2 displays a diagram of state vector paths. The trajec-
tories of the tracking error are illustrated in Figure 3 and the
nonlinear state-feedback controller is depicted in Figure 4.
Note that all the state paths approach the origin. So, the
simulation results show that the system is resistant to time
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sk,
Y ‘— Proposed CNF method.
5 - -Method in [51]
\
— -Method in [31]

Time(s)

— Proposed CNF method
= Method in [51]
= *Method in [31]

FIGURE 4. Control input.

delays and disturbances, and also the proposed controller
displays a good convergence efficiency.

The proposed approach exhibits high tracking accuracy
and optimum and stable performance compared to the two
other methods.

Example 2: Consider the uncertain Chua’s circuit system
with nonlinearity considered by [67]:

S1(x(@®)) —10 10 O
i) =0 +[] 1 -1
100
0 0 —=-0
0.2sin(t) 0.3 cos(2¢) 0.1 cos(t)
+ 0 0 0 x(t)
0 0 0
2
+ ) [Adi+ AAGOO)] x (¢ — 1)
1 1
+ [0 fu@+ | 0 |q().
0 0
() = [1 1 1]x(t). (60)
where fi(x(1)) = —lez(t) + 11.42 x1(¢) + 2.14 (] x1(t)+
1| — |x1(¢) — 1]) and Agi;,i = 1,2 are fixed parameters,

r1(t), ra(t) and AA4(v(t)),i = 1, 2 are the uncertain param-
eters and ¢(¢) is the disturbance, and

[(0.1cos(r) 0.2sin(z) 0.2sin(r)
AAy (1)) = 0 02sin) 0 ,
L 0 0 0.2 sin(?)
[70.1sin(z) —0.2cos(?) 0.3 sin(?)
AAL (1)) = 0 03sin(t) 0 The
L 0 0 0.3 sin(?)
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Time(sec)

FIGURE 5. State vector of the reference model.

The parameter of reference model is given by

20 0 0
Aw=1] 0 =20 0
0 0 —20

Cn=[-52-260]. (61)

Using (4), the G and H can be achieved as G =
—-52-260

027 0130 | and H = [49.3 24.7 O]. Assuming
0.19 0.09 0
q(t) = 0.05cos(0.25t) + 1
-1-10 -1 -10.1
Agjp=|1 0050 |, An=| 0020
0 0 0.1 0 0 0.1

The constant parameters are considered as: « = 0.126, 8 =
0.12, p = 0.5, p, = 0.3742, p,, = 0.3, py, = 0.3742. The

initial values are specified as:

x(0) = [0.6500]", x,(0)=[-21.50.2]" and
TN =T = 0.1.

The solutions of LMI (28) are determined by the LMI

toolbox in MATLAB®
P=10"
K=[-11
Ry = 107°
Ry, = 1076
Sy =108
S, = 108

software as

[ 0.2023 0.2255 —0.0291 |
0.2255 0.6197 —0.0508
| —0.0291 —0.0508 0.0331

1072 —34.4317 2.4647]

[ 0.1291 0.1438 —0.0207 ]
0.1438 0.1977 —0.0247
| —0.0207 —0.0247 0.0045 |

[ 0.1335 0.1488 —0.0213]
0.1488 0.1874 —0.0250

| —0.0213 —0.0250 0.0046 |
3.4429 —0.3206 —0.2625 |

—0.3206 0.2817 0.0883 |,

—0.2625 0.0883 1.4204 |

3.4093 —0.1881 —0.2051]
—0.1881 0.1596  0.0486
1.4425 |

—0.2051 0.0486
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FIGURE 7. The tracking errors.
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FIGURE 8. Control input.

The simulation results are illustrated in Figs. 5 through 8.
Fig. 5 shows the dynamics of the reference model. Fig. 6 illus-
trates the state estimation. It is clearly shown that the
estimation error reduces and converges to the reference.
Fig. 7 demonstrates the tracking error. Fig. 8 displays the con-
trol input with reasonable and appropriate values. The above
results confirm the desirable performance and feasibility of
the proposed approach.

The obtained outcomes verified the superior perfor-
mance of the suggested control approach compared to
[51] and [31].

V. CONCLUSION

In this paper, we proposed a robust tracking control proce-
dure based on the CNF technique for uncertain nonlinear
systems with time delay and input saturation. The proposed
control approach provides optimal performance, robustness,
and stability despite external disturbances, time delays, and
saturations. The LMI technique guaranteed the asymptotic
conditions for the tracking controllers and also proved the
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stability of the system and convergence of the tracking errors
to the origin. Implementation of the proposed approach to a
two-dimensional system and the Chua’s circuit system con-
firmed its superior performance and robustness to external
disturbances and parametric uncertainties. Addressing the
design problem of disturbance observer for nonlinear systems
under input saturation using the CNF method can be the topic
for future investigations.

REFERENCES

[1] J. Ma, H. Chen, W. Sun, and J. T. W. Yeow, “Design and appli-
cation of enhanced composite nonlinear feedback control based on
genetic algorithm,” in Proc. 37th Chin. Control Conf. (CCC), Jul. 2018,
pp. 472-476.

[2] Y. Jiang, K. Lu, C. Gong, and H. Liang, ‘“Robust composite nonlinear
feedback control for uncertain robot manipulators,” Int. J. Adv. Robotic
Syst., vol. 17, no. 2, Apr. 2020, Art. no. 1729881420914805.

[3] Q. Wang, H. E. Psillakis, and C. Sun, “Adaptive cooperative control with

guaranteed convergence in time-varying networks of nonlinear dynamical

systems,” IEEE Trans. Cybern., vol. 50, no. 12, pp. 5035-5046, Dec. 2019.

S. Song, J. Liu, and H. Wang, “Adaptive neural network control for

uncertain switched nonlinear systems with time delays,” IEEE Access,

vol. 6, pp. 22899-22907, 2018.

[5] H. Shen and Y.-J. Pan, “Improving tracking performance of nonlin-
ear uncertain bilateral teleoperation systems with time-varying delays
and disturbances,” IEEE/ASME Trans. Mechatronics, vol. 25, no. 3,
pp. 1171-1181, Jun. 2019.

[6] H. Wu, “Adaptive robust tracking and model following of uncertain
dynamical systems with multiple time delays,” IEEE Trans. Autom. Con-
trol, vol. 49, no. 4, pp. 611-616, Apr. 2004.

[7]1 Z.-Y. Sun, S.-H. Yang, and T. Li, “Global adaptive stabilization for high-

order uncertain time-varying nonlinear systems with time-delays,” Int.

J. Robust Nonlinear Control, vol. 27, no. 13, pp. 2198-2217, Sep. 2017.

S.-H. Yang, Z.-Y. Sun, Z. Wang, and T. Li, “A new approach to global

stabilization of high-order time-delay uncertain nonlinear systems via

time-varying feedback and homogeneous domination,” J. Franklin Inst.,

vol. 355, no. 14, pp. 6469-6492, Sep. 2018.

O. Mofid and S. Mobayen, “Adaptive finite-time backstepping global

sliding mode tracker of quad-rotor UAVs under model uncertainty, wind

perturbation, and input saturation,” IEEE Trans. Aerosp. Electron. Syst.,

vol. 58, no. 1, pp. 140-151, Feb. 2021.

[10] H. Karami, K. A. Alattas, S. Mobayen, and A. Fekih, “Adaptive integral-
type terminal sliding mode tracker based on active disturbance rejection for
uncertain nonlinear robotic systems with input saturation,” IEEE Access,
vol. 9, pp. 129528-129538, 2021.

[11] L.S.Rizi, S. Mobayen, M. T. Dastjerdi, V. Ghaffari, W. Assawinchaichote,
and A. Fekih, “An observer-based composite nonlinear feedback controller
for robust tracking of uncertain nonlinear singular systems with input
saturation,” IEEE Access, vol. 10, pp. 59078-59089, 2022.

[12] Q. Zhu, S. Mobayen, H. Nemati, J. Zhang, and W. Wei, “A new con-
figuration of composite nonlinear feedback control for nonlinear sys-
tems with input saturation,” J. Vibrat. Control, vol. 2022, Feb. 2022,
Art. no. 10775463211064010.

[13] Y. Yang, D. Yue, and D. Yuan, “Adaptive neural tracking control of a
class of MIMO pure-feedback time-delay nonlinear systems with input
saturation,” Int. J. Syst. Sci., vol. 47, no. 15, pp. 3730-3740, Dec. 2016.

[14] G. Gao, J. Wang, and X. Wang, “Robust tracking control for an air-
breathing hypersonic vehicle with input constraints,” Int. J. Syst. Sci.,
vol. 45, no. 12, pp. 24662479, Dec. 2014.

[15] J.-S. Fang, J. S.-H. Tsai, J.-J. Yan, C.-H. Tzou, and S.-M. Guo, “Design
of robust trackers and unknown nonlinear perturbation estimators for a
class of nonlinear systems: HTRDNA algorithm for tracker optimization,”
Mathematics, vol. 7, no. 12, p. 1141, Nov. 2019.

[16] C.Li, Y.Li, and G. Wang, “Hy output tracking control of uncertain and
disturbed nonlinear systems based on neural network model,” Int. J. Syst.
Sci., vol. 48, no. 10, pp. 2091-2103, Jul. 2017.

[17] H. Wang, B. Chen, C. Lin, and Y. Sun, “Observer-based adaptive fuzzy
tracking control for a class of MIMO nonlinear systems with unknown
dead zones and time-varying delays,” Int. J. Syst. Sci., vol. 50, no. 3,
pp. 546-562, 2019.

[4

=

[8

—

[9

VOLUME 10, 2022



L. S. Rizi et al.: LMI-Based Composite Nonlinear Feedback Tracker for Uncertain Nonlinear Systems

IEEE Access

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

B. M. Kim and S. J. Yoo, “Approximation-based quantized state feed-
back tracking of uncertain input-saturated MIMO nonlinear systems with
application to 2-DOF helicopter,” Mathematics, vol. 9, no. 9, p. 1062,
May 2021.

Y. Huo and J.-B. Liu, “Robust Hy control for uncertain singu-
lar neutral time-delay systems,” Mathematics, vol. 7, no. 3, p.217,
Feb. 2019.

H.-D. Chiang, M. W. Hirsch, and F. E. Wu, “Stability regions of non-
linear autonomous dynamical systems,” IEEE Trans. Autom. Control,
vol. AC-33, no. 1, pp. 16-27, Jan. 1988.

A. Vannelli and M. Vidyasagar, “Maximal Lyapunov functions and
domains of attraction for autonomous nonlinear systems,” Automatica,
vol. 21, no. 1, pp. 69-80, 1985.

A. Bacciotti and L. Rosier, Liapunov Functions and Stability in Control
Theory. London, U.K.: Springer, 2005.

M. Malisoff and F. Mazenc, Constructions of Strict Lyapunov Functions.
London, U.K.: Springer, 2009.

M. Sassano and A. Astolfi, “Dynamic Lyapunov functions: Proper-
ties and applications,” in Proc. Amer. Control Conf. (ACC), Jun. 2012,
pp. 2571-2576.

Z. Lin, M. Pachter, and S. Banda, ‘“Toward improvement of tracking per-
formance nonlinear feedback for linear systems,” Int. J. Control, vol. 70,
no. 1, pp. 1-11, 1998.

B. M. Chen, T. H. Lee, K. Peng, and V. Venkataramanan, “Composite non-
linear feedback control for linear systems with input saturation: Theory and
an application,” IEEE Trans. Autom. Control, vol. 48, no. 3, pp. 427-439,
Mar. 2003.

Y. He, B. M. Chen, and C. Wu, “Composite nonlinear control with
state and measurement feedback for general multivariable systems with
input saturation,” Syst. Control Lett., vol. 54, no. 5, pp.455-469,
May 2005.

D. Lin, W. Lan, and M. Li, “Composite nonlinear feedback control for
linear singular systems with input saturation,” Syst. Control Lett., vol. 60,
no. 10, pp. 825-831, Oct. 2011.

X. Lin, D. Lin, and W. Lan, “Semi-global output regulation for discrete-
time singular linear systems with input saturation via composite nonlinear
feedback control,” Trans. Inst. Meas. Control, vol. 39, no. 3, pp. 352-360,
Mar. 2017.

P.S. Babu and B. Bandyopadhyay, ““Integral sliding mode based composite
nonlinear feedback control for descriptor systems,” IFAC-PapersOnLine,
vol. 51, no. 1, pp. 598-603, 2018.

S. Mobayen, “An LMI-based robust tracker for uncertain linear systems
with multiple time-varying delays using optimal composite nonlinear
feedback technique,” Nonlinear Dyn., vol. 80, nos. 1-2, pp. 917-927,
Apr. 2015.

J. Wang and J. Zhao, “On improving transient performance in tracking
control for switched systems with input saturation via composite nonlinear
feedback,” Int. J. Robust Nonlinear Control, vol. 26, no. 3, pp. 509-518,
Feb. 2016.

L. Xiaoyan, C. Lingmei, L. Dongyun, and L. Weiyao, “Output regulation
of singular linear systems with input saturation by composite nonlinear
feedback control,” J. Syst. Eng. Electron., vol. 29, no. 4, pp. 834-843,
Aug. 2018.

L. Tao and W. Lan, “Composite nonlinear feedback control for strict-
feedback nonlinear systems with input saturation,” Int. J. Control, vol. 92,
no. 9, pp. 2170-2177, 2019.

H. E. Mollabashi and A. H. Mazinan, “Adaptive composite non-linear
feedback-based sliding mode control for non-linear systems,” Electron.
Lett., vol. 54, no. 16, pp. 973-974, Aug. 2018.

Y. Li, S. Tong, and T. Li, “Composite adaptive fuzzy output feed-
back control design for uncertain nonlinear strict-feedback systems with
input saturation,” IEEE Trans. Cybern., vol. 45, no. 10, pp. 2299-2308,
Oct. 2014.

S. Tong, Y. Li, and S. Sui, “Adaptive fuzzy tracking control design for
SISO uncertain nonstrict feedback nonlinear systems,” IEEE Trans. Fuzzy
Syst., vol. 24, no. 6, pp. 1441-1454, Dec. 2016.

B. Zhang and W. Lan, “Improving transient performance for output reg-
ulation problem of linear systems with input saturation,” Int. J. Robust
Nonlinear Control, vol. 23, no. 10, pp. 1087-1098, Jul. 2013.

W. Lan, C. K. Thum, and B. M. Chen, “A hard-disk-drive servo system
design using composite nonlinear-feedback control with optimal nonlin-
ear gain tuning methods,” IEEE Trans. Ind. Electron., vol. 57, no. 5,
pp. 1735-1745, May 2009.

P. Nikdel, M. Hosseinpour, M. A. Badamchizadeh, and M. A. Akbari,
“Improved Takagi—Sugeno fuzzy model-based control of flexible joint
robot via hybrid-Taguchi genetic algorithm,” Eng. Appl. Artif. Intell.,
vol. 33, pp. 12-20, Aug. 2014.

VOLUME 10, 2022

(41]

[42]

(43]

[44]

(45]

[46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

[54]

[55]

[56]

(571

(58]

[59]

[60]

[61]

[62]

[63]

G. Cheng and K. Peng, “Robust composite nonlinear feedback control with
application to a servo positioning system,” IEEE Trans. Ind. Electron.,
vol. 54, no. 2, pp. 1132-1140, Apr. 2007.

H. Namdari, F. Allahverdizadeh, and A. Sharifi, “Robust composite non-
linear feedback control for spacecraft rendezvous systems under parameter
uncertainty, external disturbance, and input saturation,” Proc. Inst. Mech.
Eng., G, J. Aerosp. Eng., vol. 234, no. 2, pp. 143-155, Feb. 2020.

H. E. Mollabashi, A. H. Mazinan, and H. Hamidi, “Application of compos-
ite nonlinear feedback control approach to linear and nonlinear systems,”
J. Central South Univ., vol. 26, no. 1, pp. 98-105, Jan. 2019.

C. Hu, R. Wang, F. Yan, M. Chadli, Y. Huang, and H. Wang, “Robust
path-following control for a fully actuated marine surface vessel with
composite nonlinear feedback,” Trans. Inst. Meas. Control, vol. 40, no. 12,
pp. 3477-3488, Aug. 2018.

S. Mobayen, “Chaos synchronization of uncertain chaotic systems using
composite nonlinear feedback based integral sliding mode control,” ISA
Trans., vol. 77, pp. 100-111, Jun. 2018.

H. Z. S. A. Saruchi, N. Zulkarnain, and M. H. Mohammed, *“‘Composite
nonlinear feedback with disturbance observer for active front steering,”
Indonesian J. Electr. Eng. Comput. Sci., vol. 7, no. 2, pp. 434441, 2017.

A. Kulkarni and S. Purwar, “Adaptive nonlinear gain based composite
nonlinear feedback controller with input saturation,” IMA J. Math. Control
Inf., vol. 35, no. 3, pp. 757-771, Sep. 2018.

T. Lu, W. Lan, and Z. Li, “Transient performance improvement in tracking
control for a class of nonlinear systems with input saturation,” J. Syst. Sci.
Complex., vol. 31, no. 1, pp. 200-214, Feb. 2018.

Z. Zuo, H. Cheng, Y. Wang, and H. Li, “Event-triggered composite non-
linear control for saturated systems with measurement feedback,” Trans.
Inst. Meas. Control, vol. 41, no. 14, pp. 3943-3951, Oct. 2019.

Z. Duan, L. Kong, D. Fan, and X. Zhang, “Adaptive tracking control of
uncertain large-scale nonlinear time-delay systems with input saturation,”
Int. J. Syst. Sci., vol. 52, no. 15, pp. 3254-3265, Nov. 2021.

V. Ghaffari, S. Mobayen, S. Ud Din, T. Rojsiraphisal, and M. T. Vu,
“Robust tracking composite nonlinear feedback controller design for time-
delay uncertain systems in the presence of input saturation,” ISA Trans.,
Feb. 2022, doi: 10.1016/j.isatra.2022.02.029.

A. Turnip and H. J. Panggabean, ‘“Hybrid controller design based magneto-
rheological damper lookup table for quarter car suspension,” Int. J. Artif.
Intell., vol. 18, no. 1, pp. 193-206, Mar. 2020.

R.-C. Roman, R.-E. Precup, and E. M. Petriu, “Hybrid data-driven fuzzy
active disturbance rejection control for tower crane systems,” Eur. J. Con-
trol, vol. 58, pp. 373-387, Mar. 2021.

Q. Wang and Y. He, “Time-triggered intermittent control of continuous
systems,” Int. J. Robust Nonlinear Control, vol. 31, no. 14, pp. 6867-6879,
Sep. 2021.

Q. Wang, B. Fu, C. Lin, and P. Li, “Exponential synchronization of
chaotic Lur’e systems with time-triggered intermittent control,” Commun.
Nonlinear Sci. Numer. Simul., vol. 109, Jun. 2022, Art. no. 106298.

H. Gritli and S. Belghith, “LMlI-based synthesis of a robust saturated
controller for an underactuated mechanical system subject to motion con-
straints,” Eur. J. Control, vol. 57, pp. 179-193, Jan. 2021.

H. Gritli, “LMI-based robust stabilization of a class of input-constrained
uncertain nonlinear systems with application to a helicopter model,” Com-
plexity, vol. 2020, pp. 1-22, Jan. 2020.

S. Singh and S. Purwar, “Enhanced composite nonlinear control technique
using adaptive control for nonlinear delayed systems,”” Recent Adv. Electr.
Electron. Eng. Formerly Recent Patents Electr. Electron. Eng., vol. 13,
no. 3, pp. 396-404, May 2020.

J. Wu, W. Zhu, B. Guan, and H. Chen, “Design of a novel integral
sliding mode-based composite nonlinear feedback controller for electro-
static MEMS micromirror,” Int. J. Antennas Propag., vol. 2022, pp. 1-8,
Mar. 2022.

H. Chen, M. Xiang, B. Guan, and W. Sun, “Composite nonlinear
feedback-based adaptive integral sliding mode control for a servo position
control system subject to external disturbance,” Trans. Inst. Meas. Control,
vol. 44, no. 9, pp. 1794-1801, Jun. 2022.

Y. Pan, Q. Li, H. Liang, and H.-K. Lam, ““A novel mixed control approach
for fuzzy systems via membership functions online learning policy,” IEEE
Trans. Fuzzy Syst., vol. 30, no. 9, pp. 3812-3822, Sep. 2021.

Y. Pan, Y. Wu, and H.-K. Lam, “Security-based fuzzy control for non-
linear networked control systems with DoS attacks via a resilient event-
triggered scheme,” IEEE Trans. Fuzzy Syst., early access, Feb. 7, 2022,
doi: 10.1109/TFUZZ.2022.3148875.

H. Liang, Z. Du, T. Huang, and Y. Pan, ‘“‘Neuroadaptive performance guar-
anteed control for multiagent systems with power integrators and unknown
measurement sensitivity,” IEEE Trans. Neural Netw. Learn. Syst.,
early access, Mar. 29, 2022, doi: 10.1109/TNNLS.2022.3160532.

100499


http://dx.doi.org/10.1016/j.isatra.2022.02.029
http://dx.doi.org/10.1109/TFUZZ.2022.3148875
http://dx.doi.org/10.1109/TNNLS.2022.3160532

IEEE Access

L. S. Rizi et al.: LMI-Based Composite Nonlinear Feedback Tracker for Uncertain Nonlinear Systems

[64] A.Zemouche and M. Boutayeb, “On LMI conditions to design observers
for Lipschitz nonlinear systems,” Automatica, vol. 49, no. 2, pp. 585-591,
2013.

[65] Y. Shen, Y. Huang, and J. Gu, “Global finite-time observers for
Lipschitz nonlinear systems,” IEEE Trans. Autom. Control, vol. 56, no. 2,
pp. 418-424, Feb. 2010.

[66] M.-L. Ni and G. Li, “A direct approach to the design of robust tracking
controllers for uncertain delay systems,” Asian J. Control, vol. 8, no. 4,
pp. 412416, Oct. 2008.

[67] M. Afshari, S. Mobayen, R. Hajmohammadi, and D. Baleanu, “Global
sliding mode control via linear matrix inequality approach for uncertain
chaotic systems with input nonlinearities and multiple delays,” J. Comput.
Nonlinear Dyn., vol. 13, no. 3, pp. 737-744, Mar. 2018.

LEYLI SABOKTAKIN RIZI received the B.Sc.
degree in applied mathematics from the Payame
Noor University of Isfahan, Isfahan, Iran, in 2007,
and the M.Sc. degree in applied mathemat-
ics (numerical analysis) from the Institute for
Advanced Studies in Basic Sciences Gavazang,
Zanjan, Iran, in 2010. She is currently pursuing
the Ph.D. degree in applied mathematics (optimal
control) with the University of Zanjan, Iran.

SALEH MOBAYEN (Senior Member, IEEE) was
born in Khoy, Iran, in 1984. He received the
B.Sc. and M.Sc. degrees in electrical engineering,
area: control engineering, from the University of
Tabriz, Tabriz, Iran, in 2007 and 2009, respec-
tively, and the Ph.D. degree in electrical engi-
neering, area: control engineering, from Tarbiat
Modares University, Tehran, Iran, in January 2013.
From January 2013 to December 2018, he was an
Assistant Professor and a Faculty Member with the
Depanment of Electrical Engineering, University of Zanjan, Zanjan, Iran.
Since December 2018, he has been an Associate Professor of control engi-
neering at the Department of Electrical Engineering, University of Zanjan.
From July 2019 to September 2019, he was a Visiting Professor at the Univer-
sity of the West of England (UWE), Bristol, U.K., with financial support from
the Engineering Modelling and Simulation Research Group, Department of
Engineering Design and Mathematics. Since 2020, he has been an Associate
Professor at the National Yunlin University of Science and Technology
(YunTech), Taiwan, and collaborated with the Future Technology Research
Center (FTRC). He has published several articles in the national and inter-
national journals. He is a world’s top 2% scientist from Stanford University,
since 2019, and has been ranked among 1% top scientists in the world in the
broad field of electronics and electrical engineering. He is also recognized
in the list of Top Electronics and Electrical Engineering Scientists in Iran.
His research interests include control theory, sliding mode control, robust
tracking, non-holonomic robots, and chaotic systems. He is a member of
the IEEE Control Systems Society and serves as a member of program
committee for several international conferences. He is an associate editor of
several international scientific journals and has acted as a symposium/track
co-chair in numerous IEEE flagship conferences.

100500

MOHAMMAD TAGHI DASTJERDI received the
B.Sc. degree in applied mathematics from the
University of Mashhad, Mashhad, Iran, in 1987,
the M.Sc. degree in applied mathematics from
the University of Tarbiyat Moallem, Tehran, Iran,
in 1991, and the Ph.D. degree in optimal control
from Gazi University, Ankara, Turkey, in January
2006. Since February 2006, he has been an Assis-
tant Professor and a Faculty Member with the
Department of Mathematics, University of Zanjan,
Zanjan, Iran. He has published several articles in the national and interna-
tional journals. His research interests include dynamical systems, control
theory, sliding mode control, neural networks, and fuzzy systems. He was
as member of the program committee for several national conferences. He is
an Editor of Journal of Applied Mathematics.

VALIOLLAH GHAFFARI received the B.Sc.,
M.Sc., and Ph.D. degrees in electrical engineer-
ing from Shiraz University, Shiraz, Iran, in 2006,
2009, and 2014, respectively. He is currently an
Associate Professor at the Electrical Engineering
Department, Persian Gulf University. His research
interests include robust control, nonlinear control
systems, model predictive control, adaptive con-
trol, and hybrid control systems.

ANDRZEJ BARTOSZEWICZ received the Ph.D.
degree from the Lodz University of Technology,
Lodz, Poland, in 1993. He is currently a Professor
of control systems with the Faculty of Electrical,
Electronic, Department of Computer and Control
Engineering, the Head of the Electric Drive and
Industrial Automation Unit, and the Director of the
Institute of Automatic Control. He has authored
three monographs and over 320 articles, primarily
in the field of discrete time sliding mode control,
inventory management, and congestion control in data transmission net-
works. He is a Corresponding Member of the Polish Academy of Sciences
and the Vice-President of the L6dz Branch of the Academy.

WUDHICHAI ASSAWINCHAICHOTE (Member,
IEEE) received the B.Sc. degree (Hons.) in elec-
trical engineering from Assumption University,
Bangkok, Thailand, in 1994, the M.E. degree
in electrical engineering from Pennsylvania State
University (Main Campus), State College, PA,
USA, in 1997, and the Ph.D. degree in electri-
cal engineering from The University of Auckland,
New Zealand, in 2004. He is currently an Asso-
ciate Professor with the Department of Electronic
and Telecommunication Engineering, King Mongkut’s University of Tech-
nology Thonburi, Bangkok. He has published a research monograph and
more than 20 research articles in international refereed journals indexed
by SCI/SCIE. His research interests include fuzzy control, robust control,
optimal control, system and control theory, and computational intelligence.
He serves as an Associate Editor for the International Journal of Innovative
Computing, Information and Control.

VOLUME 10, 2022



