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This paper investigates the reliable adaptive observer-based output tracking control problem for a class
of networked control systems subject to actuator faults and external disturbances via equivalent-input
disturbance technique. Notably, the reliable control design based on adaptive mechanism is implemented
to compensate the on-line actuator faults automatically and an observer-based controller is introduced
through communication networks to drive the output of controlled plant to track the output of a reference
model. Moreover, due to the effect of network-induced delays and packet dropouts in the controller-to-
actuator channel, the inputs of controlled plant and observer-based tracking controller are updated in an
asynchronous way. Then, based on the asynchronous characteristic, the resulting closed-loop networked
control system is formulated with two interval time-varying delays for obtaining the required result. In
particular, the equivalent-input disturbance approach improves the disturbance rejection performance and
it does not require any prior knowledge of the disturbances. By constructing a suitable Lyapunov—
Krasovskii functional and using free-weighting matrix approach, a new set of sufficient conditions for the
solvability of the addressed problem is derived in terms of linear matrix inequalities. At last, the proposed
result is validated through two numerical examples and also a comparison study is presented which shows
the effectiveness of the developed control scheme over some existing conventional control schemes.
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1. Introduction

Networked control systems (NCSs) are control systems in which the signal transmission
between sensors, actuators, and controllers is implemented through communication networks
[3,4,37-39]. Due to its important advantages such as low cost, simple installation, reduced
system wiring and high reliability, NCSs have successful applications in a wide range of areas
such as in environmental monitoring, autonomous robots, industrial automation, smart grids,
mobile communications and so on (see [5,6,42,43] and references therein). In recent years, NCSs
have attracted much attention and many important results are available on NCSs about stability
analysis [41], quantization [43], packet dropouts and network-induced delays [11], stabilization
via sampled-data control [47], reliable control [50], Hs control [48,49] and so on. An observer-
based fault detection filter design criterion has been obtained for a continuous-time NCSs with
packet dropouts and network-induced delays in [1], where the designed fault detection filter can
guarantee the sensitivity of the residual signal to faults. The quantized stabilization for event-
triggered NCSs with packet losses has been addressed in [36], where a new set of sufficient
conditions for the stabilization is derived by using the Lyapunov functional approach and control
synthesis of event-triggered NCSs is established in terms of linear matrix inequalities. The H
control problem for a class of wireless NCSs with time delays and packet losses has been studied
in [42].

In many practical applications, the NCSs are often required to have high reliability, especially
for safety critical systems such as aircraft systems, autonomous mobile robots and medical
systems [31-33]. In particular, control of any plant depends on the availability and quality of
sensor measurements and the performance of system relies heavily on the quality of sensor for
feedback. Due to broken or bad communication in feedback control problems, sensor
characteristics may change over time so there may be partial or complete failure occurs in
controller which can degrade the performance and even destroy the stability of the overall system
[34,40]. Also, the actuators may subject to failures in real processes due to sudden environmental
disturbances [17,18]. Therefore, in order to increase NCSs reliability, it is necessary and
important to consider the actuator failures in control input. Reliable control has been considered
as one of the most important and promising control approaches for maintaining certain
prespecified safety performance in NCSs in the presence of unexpected faults [16,29]. The robust
H, reliable control problem for a class of switched neutral systems with distributed delays
which involve uncertainties and unknown disturbances has been reported in [44], where the
uncertainties under consideration are norm-bounded and the disturbances are bounded in energy.
The fault estimation and accommodation problem for a class of NCSs with nonuniform uncertain
sampling periods has been investigated in [2], where a novel fault estimation is developed to
observe both continuous-time faults and system states by using non-uniformly discrete-time
sampled outputs. Moreover, adaptive technique is one of the significant practical approaches for
fault compensation in dynamical control systems (see [12,19] and references therein). Adaptive
control design technique is used for a more general actuator fault model which covers the cases
of normal operation, loss of effectiveness and outage [13,14]. The problem of sliding mode
control has been studied in [30] for uncertain switched systems subject to actuator faults, where
an adaptive sliding mode controller is designed for on-line estimating the loss of effectiveness of
the actuators. The adaptive fault-tolerant control problem for a class of switched Takagi—Sugeno
fuzzy systems containing unmeasured states and actuator failures has been examined in [35]. In
[51], the authors addressed the H, reliable control problem for linear systems based on adaptive



mechanism. Further, the adaptive reliable control mechanism is discussed for both linear and
nonlinear systems with time-delay and actuator saturation in [12].

It is well known that the unknown external disturbances strongly affect the control
performances in NCSs. Also from the practical view point of the NCSs, it is more reasonable to
estimate a disturbance on the control input channel than to estimate the disturbance itself because
the usage of control input is to improve the disturbance rejection performance in NCS [25]. Also,
it is noted that the trade-off between reference tracking and disturbance rejection always exists in
the controller design of NCSs. Therefore, we should pay great attention in controller design for
obtaining satisfactory disturbance rejection performance and high requirement of output tracking
performance even in the presence of huge amount of disturbances in NCSs. The equivalent-input
disturbance (EID) strategy is an active disturbances rejection approach which was proposed in
[24] and it can effectively reject both matched and unmatched disturbances. It should be pointed
out that EID does not require any prior knowledge of the disturbance still the estimated signal on
the control input channel produces the same effect on the output as an actual disturbance does,
thus the external disturbances can be compensated effectively in the EID approach [25]. For the
past few years, based on EID approach, a considerable number of studies have been devoted to
estimation and rejection of an unknown disturbance in various control systems (see [26,27] and
the references therein). The disturbance rejection for a modified repetitive control system that
contains a strictly proper plant with time-varying uncertainties has been studied in [28], where an
EID-based modified repetitive control system compensates for all types of disturbances and also
guarantees tracking of a periodic reference input. Thus the incorporation of an EID estimator in
the controller enables rejection of unknown periodic and aperiodic disturbances. Nevertheless,
most of the existing results have been focused on the estimation of faults and disturbances
separately in the derivation of reliable control law for NCSs. In addition, it should be pointed out
that, no work has been reported dealing both estimation of faults and disturbances
simultaneously. Therefore, the present study focuses on the derivation of controller for the
system model under consideration in the presence of estimation of faults and disturbances
simultaneously.

Tracking control is one of the most fundamental problems in control engineering and is widely
used in industries, which can be classified into two categories namely, state tracking and output
tracking controls [20-22,46], in which output tracking control has wide applications in real world
problems. The main advantage of output tracking control is that it can significantly minimize the
error between the output of the plant and the output of the given reference model [23]. Recently,
several authors have proposed various techniques and some useful results on output tracking
control problems for dynamical systems with time delay [9,10,15]. Network-based output
tracking control problem for T-S fuzzy system which cannot be stabilized by a non-delayed
fuzzy output feedback controller, but it can be stabilized by a delayed fuzzy output controller has
been studied in [7], where a new delay-dependent criterion for tracking performance is derived
by using the deviation bounds of asynchronous normalized membership functions and Lyapunov
technique. Zhai et al. [8] investigated the output tracking control problem for a class of switched
nonlinear systems with multiple time-varying delays by using the average dwell-time technique
together with free-weighting matrix method and in which a state feedback tracking controller is
obtained by solving a set of linear matrix inequalities to satisfy the H., model reference tracking
performance. Based on average dwell-time approach and Gronwall-Bellman inequality
technique, a new stability criterion has been established for a class of switched nonlinear
systems with time-varying delay in [45], where a state feedback controller and a switching signal
are proposed to satisfy the H,, model reference tracking performance.



More precisely, controllers that ignore actuator faults may cause undesirable responses and
even closed-loop system instability. Therefore, it is necessary and highly desirable to develop an
effective controller that can tackle actuator failures at the design outset. However, to the authors’
best knowledge, up to now, no work has been reported in output tracking adaptive reliable
control problem for NCSs in the presence of actuator faults and external disturbances via EID
technique which motivates this study. The main contributions of this paper can be summarized as
follows.

(i) Based on EID approach and a communication network channel consisting packet dropout
and network induced delays, a novel output feedback adaptive reliable control strategy is
proposed to the NCSs under consideration.

(i) The proposed approach estimates the disturbances directly by using observer and the
estimated disturbances are injected through control input channel which makes easy to deal
with the disturbance rejection performance without knowing prior knowledge about
disturbances.

(iii) The proposed adaptive reliable controller not only compensates the external disturbances but
also tolerates the on-line actuator faults so that the proposed control scheme is more
significant.

(iv) The developed adaptive reliable control algorithm is very simple and disturbances are also
considered in its design. According to this control algorithm, some new delay-dependent
stability criteria are derived for the addressed NCSs.

Finally, two numerical examples including a moving mobile robot model are provided with
simulation results to illustrate the effectiveness of the proposed control design.

2. EID formulation for an NCS and its preliminaries

In this paper, we consider a class of networked control systems (NCSs) described by the
continuous-time systems with actuator faults and external disturbances as follows:

i(t) = Ax(t) + Bu’ (t) + Biw(t),

(1) = Cx(1), (1)

x(to) = xo,
where x(f) € R" is the state vector; u’ (f) € R™ is the control input vector; w(f) € R is the bounded
disturbance input; y(f) € R? is the measured output, A,B,B; and C are system matrices with
compatible dimensions; x, is an initial condition.

Also, it is assumed that the external disturbance w(f) is converted into the input disturbance

w(t). Therefore, the system (1) can be rewritten as

(1) = Ax(1) + B (1) + we(1)),

(1) = Cx(v),

x(t9) = xo,

In particular, the fault type considered in this work is the loss of actuator effectiveness. In order
to formulate the fault tolerant control problem, the following actuator fault model is adopted as



follows [51]:
ub(ty=(I—pDui), i=1,2,...m, j=12,...N,

where 0 < p’ < 1 is an unknown actuator fault constant; the index j denotes the jth faulty mode
and N is the total faulty modes. Let uF (¢) represent the signal from the ith actuator that has failed
in the jth faulty mode. For every faulty mode, p’ and p’ represent the lower and upper bounds of
pl, respectively. It should be noted that when p’ p’ 0, there is no fault for the ith actuator u; in
the jth faulty mode. When p’ p’ =1, the ith ‘actuator u; is outage in the jth faulty mode. When
0< p/ p’ <1, the ith actuator has partial failure in the jth faulty mode.

Define the following sets for lower and upper bounds Qo pi):

S= {p tp=diag{p;,py, .- pnts Pi€lp.pl i=1,2, m}

N, = {p:p=diag{p1,ﬂz,~-.,pm}, Pi=P; Pi=Pis i=1,27---,m}-

Thus, the set A/, contains a maximum of 2" elements.
For all possible faulty modes N, a uniform actuator model is defined as follows:

W' (y=U—pur), pefp',...p"}. )

In this paper, we will consider a reliable output tracking control for the NCSs (1). The tracking
control purpose is to drive the output of the NCSs (1) via a reliable output feedback controller to
track a reference signal as close as possible. Further, in parallel to Eq. (1), we consider the
reference output vector y,(f) given by the reference model

xr(t) =Arxr(t) + Brr(t)’
y() = Crx, (), (3)

xr(t()) = X0,

where x,(f) e R" is the reference state vector which is to be used for control signals; 7() € R” is
the energy bounded reference input vector; y,(f) € R? is the reference output; A, is a Hurwitz
constant matrix, B, and C, are known constant matrices with appropriate dimensions; x,¢ is the
initial condition of the reference state.

On the other hand, the above-mentioned networked control system (1) consisting of sensor and
actuator nodes which are connected to the controller through a communication network. For
system analysis and controller design, we assume that the following hypotheses are hold [11]:

(A1) The sensor is clock-driven with the sampling period /4, and the controller and the actuator are
event-driven.

(A2) The time-delay is unavoidable one when the signals transmit through network. Thus the
sensor to controller delay denoted as 7°° and the controller to actuator delay represented as
7°“. The total time delay in the control system is 7% = 7° 4 7 which is bounded.

It is assumed that the states of the NCSs (1) are not completely measurable, so that an observer-
based controller should be constructed to estimate the states and perform output tracking control
task. Therefore, in order to estimate immeasurable states, we consider the following observer-



based controller:

X(1) = Ax(1) + Biau(t) + L(y(1) — 3(1)),
(1) = Ci(t),
ii(r) = Ko(&(r) — x,(1))

¥H)=0, t<to,

where £(¢), $(f), u”(¢), L and K, are state estimate, observer output, control input, observer gain
and controller gain, respectively.

Based on Assumption (Al), the measurements y(kh) and x.(kh) (k€ z) (h is a sampling
period) are augmented as a single packet with a time stamp and transmitted to the controller in
the sensor-to-controller channel [11]. During the data transmission from sensor to controller,
there may be packet dropouts due to the unreliability of the network. Considering this fact, in this
paper, it is assumed that the data are successfully transmitted at instants y(b;h) and x,(b;h) (i € N)
and the packet dropouts happen at instants other than y(b;#) and x,.(b;h) (i € N). Moreover, the
time delay which arises between sensor and controller is denoted as 7;;. Then, the observer-based
controller on [b;h + 77, biv1h + rifﬂ) can be expressed as follows:

X(1) = AX(1) + Biau(t) + L(y(bih) — 3(1)),
$(0) = Cx(bih),

i(t) = Ko(&(bih) —x,(b;h))

=0, 1<t

“4)

where b; (Vi € N) represent some nonnegative integers that indicate the packets that successfully
update the controller, {b;, b,, ...} =7, and the sequence {b;} is strictly increasing.

Similar to controller, the actuator also has a hardware that can actively drop outdated packets.
In consequence, u(syh) (k € N) is available to update the actuator after the controller-to-actuator
delay 7°“. The actuator holds the signal until next update. Then the control input (2) of the plant
(1) with actuator fault can be described by

u' (1) = (I — p)a(s;h)

Considering the system (4) with actuator faults, the design problem under consideration in this
paper is to find an adaptive fault-tolerant control scheme. When some actuator faults occur,
namely some actuators loss partial control effectiveness, a reliable control scheme based on
adaptive compensation control should be considered. To handle the actuator fault, we choose the
following adaptive tracking controller [51]:

u(t) = KP@)E(D) —x,(1)
= (Ko + Ka(p(0) + Ko(pO)G(seh) —x,(sch)), 1 €lseh + % si1h +7 ), ke,

where Kj is the fixed feedback control gain, p(7) is the estimation of p, K,(p(t)) = >_7"_ | pi()K i
and Kp(p(1) = > 1 | pi()Kpi.

Now, as discussed in [11], the discrete-time samples b;;, will be equivalently converted into
continuous time-varying delays. Let 7, (1) = 1 —b;h for t € [bih + 7)), bit1h + 7)), T2(f) =1 —sih

for te[sih+ 75, skpth + 7 ) k€N and define 71y = max;c N{(bH—l —b)h+ 1) }, Tim =

Sk+1

min; e {735} 7o = maxy ey {(Sk+1 —sh+17 }, Tom = maxy ey {75 }. Therefore, time delays



71(f) and 7,(¢) satisfy the following conditions:
O<tim<ti(t) <7y, te[bih+ T;:,bprlh + T}Y)f“)’ VieN
0<ton <2(t) <72m, t€[sih+7,skp1h+ 75 ), YKEN

Sk+1

Based on the above discussion the sampled control inputs can be rewritten as delayed continuous
inputs that are given by:

u(t) = Ko(x(t—71(1)) —x,(t—71(1))) and u(t) = K(p()(X(t —72(2)) — x,(t — 72(2)))
Further, the observer system can be rewritten as
x(1) = A%(1) + BKo((t —71(1)) — x:(t — 71 (1)) + LC(x(t —71(1)) — &(t — 71 (1))). (5)

It should be noted that the bounded external disturbance cannot be compensated by equivalent
input disturbance in the control channel. Further, the EID signals on the control input channel
produce the same effect on the control output as an actual disturbance does. As explained in [25],
we obtain an estimate of the EID by

T
we(t) = %LC(X(I —11(1) =&t —71(1) —u" (1) + i(2). (6)

In general, the estimated disturbance w,(f) contains the output measurement noise of the
system. In order to reject this noise, the estimated disturbance w,(f) passes through the low pass
filter F(s) with cut-off frequency w,and obtain the noiseless disturbance Ww(t). Moreover, the filter
F(s) satisfies the following relation:

[F(jw)| =1, Ywel0,w,],
where w, is the highest angular frequency of the disturbance estimation. The state-space form of
the low pass filter F(s) is given by

XF(t) = Apxp(t) + Brwe(?)

W(t) = Cpxp(1). (7)
Combining the disturbance estimate w(r) together with original reliable feedback control law
yields the following controller:

uf (1) = u(t) —w(2). (8)

Based on the aforementioned description and considering Eqgs. (3)—(8), closed-loop form of
networked control system (1) can be described by

5(0) = Ax(0) + BU—p) Ko+ Y pl0Kai+ ZA-(r)Kbi) (R = 72(0) —x, 1 = 72(1))

i=1 i=1

—BCFXF(I) +Blw(t) (9)

In order to obtain the required result, it is assumed that the exogenous signals r(f) and w(z) to be
zero. Define the tracking error between state of the plant (9) and the state of the observer (5) as

Ax(t) = x(t) — x(¢) (10)
From Egs. (6), (8) and (10), Eq. (7) can be rewritten as

T
Xp(t)=(Ar + BrCp)xp(t) + lZFTl; LCAX(t—171(2)). 11)



By combining Egs.(3), (5), (9), (11) and using controller (8), the augmented state-space
representation of the closed-loop system is described by the states x(¢), Ax(), x¢(f) and x,(¢) such
that

v’ (0 =370 A () 2T(0) xE0)]

and the corresponding state-space equation can be written as

yr (1) = Aw(t) + Bow(t —71(1)) + By (t— (1)) (12)
where
A0 0 0 0 BKy+LC —BK, 0
_ o A 0 —BrCr 0 —BKo—LC BK, O
A=10 o A, 0 A ) 0 0 ol
0 0 0 Ap+BrCr 0 BpB*LC 0 0
0 0 0 0
B - 0 (I—p)BK(p(t)) —(—p)BK(p(t)) O
o 0 0 0 0
0 0 0 0

Before proceeding further, we provide the following lemmas which are needed to derive main
results.

Lemma 2.1 (/52]). Given constant matrices =\, Z, and Z3 with appropriate dimensions, where

E =3

:}<O, or

E/=E5T>0 and E,=EY>0 then =, +EZ2;'5;<0, if and only if, [* TE

Lemma 2.2 (/28]). For a given matrix M € RP*", where rank(M) = p, there exists a matrix
X € RP*P such that MX = XM holds for any X € R™" if and only if it can be decomposed as

X=WXWT, X=diag{X,X2»)},

where W € R is a unitary matrix, X1, € RP*P, and X, e R =P)*(=p),

Lemma 2.3 (/51]). If there exists a symmetric matrix @ with

011 On
0, On

>

where ©11, Oy € R™™" such that the following inequalities hold:
02i;i<0, i=12,..s

with @y € R™" is the (i, i) block of @y,. For any 6€ S
011 + OnAB) + (01,4(8))" + A(B)O,A(S) >0



and

0 E , , _
g | TUTU+GOG<0 forall b€ (5,5)

then for all &; €[5, 5,

) T )
W(5)= 0+ i:(%Ei + 25iEi> =+ i: zs:éiéjF,j
i=1 i=1

i=1j=1

T
—I—(Uo + Z(SiUz) (Uo + Z5iUi> <0

where i=1 i=1

Q=0 Fy=F}, A®)=diag{s/] ... 5},

E=[E\ E, ... Ej, U=[Uy U, ... Uy,

Fy Fp ... Fy 1
Fy Fan ... Fy : 0
F: . . . 9 G:
: : : I
Fsl Fs2 Fss 0 1

3. Main results

In this section, we will develop a new set of sufficient conditions for the solvability of the EID
based adaptive reliable augmented NCSs which contains the actuator faults and external
disturbances. In particular, the required controller will be obtained based on an Lyapunov
technique together with EID approach. More precisely, a new set of sufficient conditions in terms
of linear matrix inequalities is obtained which ensures that closed-loop augmented NCSs (12) to
be asymptotically stable.

Before presenting main result of this paper, we assume that the output matrix C € R7*" has a
full row rank and its singular value decomposition is defined as

c=U[s ov7,

where U, V are unitary matrices and S is the semi-positive definite diagonal matrix.

Moreover, it should be noted that the main task of the adaptive reliable controller is to estimate
the fault of the actuator in the control precessing time. For this purpose, we have to split the
controller expression as follows:

(I=p)K(p@)e(t —2(1)) = (I = p)[Ko + Ka(p(1)) + Kp(p(1)]e(t — 72(1))
= (K1(p) + K2(p(1) + K3(p(1)))e(t — 7a2(2), (13)
where  e(r—72(0)) = x(1 = 02(1)) —x, (1 =02(1)),  p(O)=p()—p, Kilp) =[—p)Ko + Kau(p)]
Ky (p(1)) = [—pKa(p(1)) + (I = p())Kp(p(1))] and K3(p(1)) = [Kap (1) + H(OK(p(1))].

With the use of Eq. (13), the matrix B,, can be written as

B.,=B, +B. +B., (14)



where

0 0 0 0 0 0 0 0
B _ 0 BKi(p) BKi(p) 0 B _ 0 BK>(p(1)) BKx(p() O
== l0 0 0o o "= o 0 0 0l
0 0 0 0 0 0 0 0
0 0 0 0
B 0 BK3(p(1)) BK3(p(r)) 0
2710 0 0 0
0 0 0 0

The following theorem plays a key role in the design of the adaptive reliable output tracking
controller.

Theorem 3.1. Consider the closed-loop augmented NCSs (12). For the given scalars
€ (i=1,2,3,4), 0< 1y, <71y and 0 < 1y < 1oy, the closed-loop augmented NCSs (12) is
asymptotically stable if there exists symmetric matrices P>0, Q;>0, R;>0 (i=1,2,3,4) and
O with

O O
01, Ox

and @y, € RMMCr2x1Umn+2) g, ¢ Rmnxmn guch that the following LMIs hold:
60,,;<0, i=1,....m

where Opj; € R™ ™ is the (i,i) block of ©,.

611 + AP(1)O12 + (A(P(1))O12)" + A(P(1))OnAP(t) =0, for p(1) € Ay (15)
A 1 N 1 4 1 -
R<e X, —— R<e)X, —R<e3X, R <ey4X, (16)
™1 — Tml M2 — Tm2 Tml Tm2
n+GeG T, 0 L en 7
rr | forpelp ...o"}, p eNy, (17)
where
ﬁ: l[ﬁo]llxll 1?1]
£ I,

with



(i1, i, B,x 0 s BLx 0 XA 0 0 i
% Iy [y Iy s 0 0 0 17EYS 0 e
£ % Iy My 0 0 0 XB, [y 0 0
® % % 4y O 0 0 0 I 0 0
% % % % IlIss IMsg Ms; 0 0 1Is 0 s,
% % % % % Ilgy Ilg7; O 0 g0 0
% % % * % % Il;7 0 0 70 0
% % % % % % % [lgg 0 0 0
% % % * % % * x —aX 0 0
% % % * % % % % % —eX 0
% % % % % % % % % % —e3X—eX

- — —T o ~ N - AT = A
I =AX+XA +03+04+2Zy, Hip=Z,—Z\+Zy,

[Ty =0, =03+ 2M | =271y + 22, 172,3=M1T2—M11+M21,
172,4=MIT3—M21, [T33=—2M; +2Mp, 173,4=—1‘;11T3+M§3—M22
ﬁ4,4:_Q1_2M239 ﬁ1,5=21T3—221, ﬁ2,5=—21T3+Z§3—222,
ﬁs,s=Qz—sz—ZNn—2223,175,6=NIT2—N11+N21, Ms7=N;;—Na,
Mg = —2N 13+ 2N, ﬁ6,7:_N1T3+{§’2T3_1({22» 1~77,7=—AQ2—2AN23,
Iss=e X+ eaX+eaX+teaX, Hoy=Mn+My, Iynu=Zn+Za,
1~73,9=M12+M22, 174,9=M12+M22, ﬁ5,10=N11+N21,
175,11=Z13+223, ﬁ6,10:N12+N22, 177,10=N12+N22,

I1,=[00000 [—BpYa +BYy ... —BpYup +BY,] 000 0 0],
—B'Yy —(B'Ypy)" ... =B —(B"Yp)"
I, = : : : ,
—B"Yy —(B'Yp)" ... —B"Yp—(B"Yp)"
Luxn
0
=1 1 ’
0 Inxn

r=[00000[CiX+DpI—p)Yo ) ... £,] 000 0]
N=aX+eaX+eaX+eaX, E=Dpl-p)(Yu+Yy),

A(p) =diag{plnxn - Pmlnxn}, X =diag{Xy, X2, X3, X4},

0, =diag{Q;;, 0, 0i3.Qu}, Ri=diag{R;1,Rio, Rz, Ris}

My = diag{M 1, My, M3, M}, Nig = diag{Ny1, N, Nz, Naa}
Zu=diag{Zw, Zur, Zus, Zia},  (k=1,2, 1=1,2,3),



0 BYo+CW —BYy O
B 0 —-BYy—CW BYy O
) 0 0 0]’
0 BB"CW 0 0
0 0 0 0
o |0 (Yot Y pYa ] (=Kot pi¥a] O
BTZX = i=1 i=1
0 0 0 0
0 0 0 0

Further, p(t) can be determined according to the following adaptive estimation algorithm:
p= m_in{pé} and L;; <0
Fa
A . 09 lf ~ —j
p)=  Proj {Liu}= or p =max{p;} and {L,;} = 0; (18)
[min; {7}, max; (7] !
Ly;, otherwise

where Ly; = — Iix" (t)[PB'K,(p) + PBK ,]x(t), here P=X "', K, =Y, X', Kpi =Y, X! and
;>0 (i=1...m) is the adaptive learning gain to be determined according to the lower and
upper bounds of actuator faults; Proj{-} denotes the projection operator, whose role is to project
the estimates p(t) in the interval [min; {d }, max;{p’}]. Moreover, the adaptive controller gain can
be calculated by
m m
K@) =YoX '+ > pi¥uX '+ pi)¥uX "

i=1 i=1

and the state observer gain can be determined by L=17Y, USXfllS* tur,

Proof. Consider the Lyapunov—Krasovskii functional (LKF) candidate for the closed-loop NCSs
(12) in the following form:

4
V()= > Vilw(2), (19)
i=1
where
Viw(0) =y () Py(t),
Vo) = / O+ / V00w s+ /  e0ws
+ / ) w' (5)Quw(s)ds,
Vsp() = /ngT(s)le(s)dsdﬂ / /M T (5) R (5)dsd0



t 0 t
/ / yr " (5)Rayr(s)dsdo + / / W (s)Ryyr (s)dsdO
Ty J 140 — Tom J 146

m ~2
Vawy =Y 20,

i=1 li

By taking time derivative of the LKF (19) along the trajectories of the augmented closed-loop
system (12), we obtain

V(1) =y ()P (t) + g (OPy (1) + w' (t —T1,m) @yt —T1m) =y (t — T1p) Q1 (t —T1mr)
" (t = 72m)Quy(t — T2) — Y (1 — 1) Q1w (1 — 1) + ¥ (D(Q5 + Oy (D)
— T (t = 11) Q3 (t — T1m) — W (t = T2) Qur(t — T2)) + 4 (D21 — TR
+(TM2 - TmZ)RZ + TmlR3 + Tm2R4]l/./(t)

T—7Tim t—Toy
- / T (R (s)ds + / i ()R (5)ds (20)
t—1T\m t—7Towm
t t
- [ iR | TR (5)ds +2 3, ;. @)
t—Tim t—1Toy i=1

On the other hand, by Newton-Leibniz formula for any arbitrary matrices M; = [M ﬂ M 17; M 17;] T,
N;= [Nﬁ NIT2 NIT3] , Ni= [ZlTl Zg Zg] ,i=1,2, k=1,2,3 with compatible dimensions, we
have the following equalities:

2a1 ()M [w(t—nm) —y(t—7,(1) — _() l/k(s)ds] =0, (22)
t—11(1)
2a] ()M, [l//(t—fl(f))—l//(f—TMl)— / l/'/(S)ds} =0, (23)
205 ()N, [w(r —Tom) —y(t —72(1)) — / _() li/(s)ds] =0, (24)
t—15(1)
2 (N {w(f — o) -w—ae) - | t/'/(S)dS] ~o, (5)
205 (12, [w(t) —y(t—T1m)— / v'/(s)ds} =0, (26)
t—d,
2 (02 [w(r) vi—em- [ y'/(s)ds] —o, @)
t—doy
(r1(t)— T]m)alT(t)MlRf 1MlTozl (- o alT(t)MlRf 1Mchrl (Hds =0, (28)
t—1i(1)
t—1y(1)
(i — 71 ())al (MR "My (1) — / al (OMR; 'ME ay (t)ds = 0, (29)



=12,

(22(t) — T2m)a3 (DN2R; ' NY ar (1) — o (DN2Ry 'NYan(1)ds =0, (30)
t—1(1)
t—1(t) T
(ea1 — 2Otk (ON2R5 ' NSy (1) / o (ONRy NS ay(1)ds =0, (1)
I—1N
t
Tlmag(t)Zlelleog(t)— / ag(t)Zlelleag(t)ds =0, (32)
t—1
t
Tom0y () ZoRy ' Z5 a3 () — / as()ZaR; ' ZY as(t)ds = 0, (33)
t—1Tom

where af (1) = [y (t—71) " (t—71(0) w(t—7100)], & () = [y (1—72m) Y (1—72(0)) (1 —72m1))]
and o} (1) = [y" (1) " (t—71m) W(t—12m)].
It follows from Eqs. (20)—(33) that
V(1) <y OPy (@) + v " (OPw (@) + ' (t —11m) Qu(t — Tim) =y (t — 11a) Quyr(t — T1r)

" (= 72m) Qo (t — T2m) — " (t = Taan) Qo (t — 7ar) + y' (1)(Q5 + Qu)w (1)
=y (= T1m) Q3w (t — Tim) =" (t = T2m) Qawr(t — 72)) + " (D[(za1 — Tt )R
+(tr2 — Tw2)Ra + Tt Rs + T Ralir () + 20 (DM [y (1 — 71,) —y (1 — 71 (1))]
+2ai (OMa[y (1 —71(1)) —w(t — Tan1)] + 203 (N1 [ (t — T2m) — @ (t — 72(1))]
+2a5 (N [y (1 —72(1) — y(t — Tam)] + 2?3T(l)Zl [w (@) —y(t—710)]

+205 () Zow (1) — y(t —Tom)] + 2 i ﬁi% + (T1(t) — Tim)a) (DM Ry "M oy (1)
= b

+(zim —71())a] OMR; M5 (t) + (22(f) — Tam) o ()N2Ry ' NS aa (1)
+(tam — 12(1)ad (ON2Ry ' Ny (1) + t1mas ()Z1 Ry ' Z] o3(1)
+romay (NZoR5 ' Z3 a3 (1) <y" (OP[ Ay (1) + Bew(t—71(1) + Boy(t —12(1))

+ [Zw(t) + Byt — 11 (04 Byt —2(1)] Py (1) + v (1= 71,)Qp(t — 1)

— !l (t =1 @yt —T1n) + ¥ (t — 72) Qo (t — 7o)

— T (t— 7o) Qowr(t — Tanr) + ' (£)(Q5 + Qa)w(2)

- V/T(t = T1m)Qay (t — T1m) — WT(t — 7o) Quyp(t — TZm))

+ {XW@ + Byt — 71 () + Byt —12(1)] "@w1 — TRy + (22— Tu)R2

+ TRy + TioRa] [ Aw(t) + B w(t—71(0) + Bow(t—12(1)]

+2af (WM [y (t = T1) —w(t —71(1))]

+2a] (Mol (t —71 (1) =yt —tan)] + 205 (ON 1 [y (1 — 72) = (t —72(1))]
+2a5 (DN [y (1 — 72(1) =y (1 — am)] + 205 (D Z1 [y (1) —w(t — T1m)]

+2a] (N Zaly () =yt —Tam)] +2 ) ﬁi% + (T —Tim)a] (OMIR] ' M7 (1)
iz b

+(Tim — 1)) (OMaR] ' MY oy () + (tam — T2m)a (ON2Ry ' N aa (1)
+(2an1 — Tam)0 (ON2R; NS o (1) + 1 (DZ1Ry ' ZT as(2)



+72ma§(t)Z2R3_ 125(13 (t)

By using Lemma 2.1 and Eq. (14) into the above inequality, we can obtain an inequality in the
following form:

V< E O 60 + ¥ OB t—0) + (v OPBLy(—0) + 23 L

where (1) = [ T(0) w(t —im) wt—1(0) w(t—7100) Wt —72m) Wit —12(2)) l//(f—sz)]

(m, m, PB, 0 ms PB +PB. 0 A 0 0 o
% Ty Iz Iy Il 0 0 Io 0 I 1
% % Iy Iy O 0 0 B, s, 0 0
x % % Iy O 0 0 s 0 0
* * * % ss IIs¢ IIs; 0 0 IIs 10 IIs 1y
% % % % % e M7 EZZ 0 s 10 0
% % % % % % m;; 0 0 7,10 0
* % * * % % Mgy 0 0 0
* % % %% * ¥ % — LR 0 0
* % * * % % * % * -—1—R 0
* * * * % % * % * % — #R; — $R4

with

H1,1=PX+XTP+Q3+Q4+ZZ“, M,=Z,—Z11 + Za,
Iy =0 — 03 +2M | —2Z15 +2Zy, Ih3=Ml,—M + My,
Ihy=M,—My, I35=—2M+2My, Iiy=—-M,+My;—My
Mya=—Q,—2My, Iis=Z,~Zy, Ihs=—Z1;+2Z—Zn,
Ms5=0,—0,—2Ny —2Zp3, Hsg=N\,—Ny+Nay, IIs7=Nl;—Ny,
Hge= —2N1p +2Nn, Ile7=—N{3+Nj3—Nyp, I77=—0,—2Nny,
~1 —1 —1 —1

Ry i +R3—+R4—, Iho=M +M>, I =2+ 2,

™M1 — Tml M2 — Tm2 Tml Tm2
30 =My +M>, IHyg=Mp+ My, Isijo=Nu+Na, Is;1=213+ 23,
IIs10=Ni2 +Nyp, IlI710=Ni2+ Noyp.

On the other hand, since, p; is unknown constant, we have ) (t) = p(1). Now, if we choose the
adaptive law as
pi)= " Proj  {Ly)
[min; {p/}.max; {7}]
p= mjn{pi:} and L;; <0
F
0, if i
= " or p =max({p}} and {L,;} > 0;
J

Ly;, otherwise

where Ly; = —ix" (1)[PB'K,(p) + PBK yi]x(t — 72(1)), then w”())PB.y(t—12(1)) + (y" (1)PB.,



w(t—12(0)" +2 > ﬁ,-’;—/_" > 0, then we have
V(1) < O ,0,8(0)

To apply concurrent transformation, pre-and-post multiplying [I71],.,; by diag{X,X,X,X, X, X,
X,I,X,X,X} and choose X=P~', 0,=X0X, Ri=XRX, My =XMyX, Ny =XZX,
Z/‘k =XZpX, (i=1,2,3,4, j=1,2, k=1,2,3). By Lemma 2.3, if the LMIs (15)-(17) hold
for any p € N/, and p(7) satisfying Eq. (18) then [I7],,,; <O for all p € S. Hence the LMIs (15)—
(17) hold which implies that V (y(¢)) <0 for any y() # 0 and for all p € S. Thus, the closed-loop
system (12) is asymptotically stable and the controller robustly tracks the reference signal for all
pesS.o

From the above theorem, we can easily deduce the traditional state feedback reliable
controller. For this purpose, we consider the closed-loop system as follows:

0= (1) + Byl —110) + Bt~ 220, (34)
where
0 0 0 0
A 0 (I—p)BK —({—p)BKy O
Bo= |y T TEEPER = [ av) ) )
0 0 0 0

In this consequence we can obtain the following corollary:

Corollary 3.2. Consider the closed-loop system (34). Given constants 0 <7y, <11y,
0< 1, <tom and €; (i=1,2,3,4), the closed-loop system (34) is asymptotically stable if there
exists symmetric matrix P>0, Q;>0, R;>0, (i=1,2,3,4) and © with

611 On
e, 6

>

where O11,Oy € R™ ™ such that the LMIs (15)—(17) hold with Y,; and Yy; (i=1,2,...,m) be
zero.

Remark 3.3. It should be noted that in Theorem 3.1, the feedback controller and observer gains
(Ko, Kui,Kpi and L (i=1,2,...,m)) are calculated by off-line, while the estimation p is
automatically updating the gains through online according to the adaptive law (18). Thus, due
to the introduction of adaptive mechanism, the proposed reliable controller gain in u’(¢) act as
variable controller gain. The positive scalar /; can be chosen to meet the low-energy control input
requirement since a high-gain controller may be unstable for the NCS. It can be seen that if
K,=0and K;; =0 (i=1,2,...,m), then the adaptive reliable controller equivalently turns to the
conventional one, which reveals that the proposed adaptive reliable controller is more
general one.



Remark 3.4. Generally, it is difficult to measure the state of the networked control system at
each instant, but the proposed adaptive reliable controller design contains the observer which
estimates the state for the feedback loop. Moreover, by using EID technique the estimated
disturbance is given into the control channel which helps to highly suppress the effect of the
external disturbances which yields the proposed controller is robust one. The sufficient

conditions for the existence of the controller (17) and (18) are based on the solvability of LMIs,
which can be easily solved by using available numerical software.

4. Numerical examples

In this section, two numerical examples are presented to demonstrate the developed results and
validate the effectiveness of the obtained adaptive reliable controller over the conventional
controller.

Example 4.1. To demonstrate the proposed controller under more than one actuators with

different fault modes, we consider this example with two actuators and two different fault modes.
Consider the networked control system (12) with the following matrices:

—2 2 1 3.0 10
A=|-1 0 —1|, B=1|0 3|, B=|1 0|, c=[100].
5 1 —6 31 10

Now, to track the state of the system to the reference output, we consider the adaptive reliable

controller u”(¢) with two actuators in the presence of normal mode and two possible fault modes.
In order to do this, we take the parameters as 7y, =0.1, 71y =0.568,
Tom = 0.3, 70 =0.732, €, =0.01, €, =0.015, e3=04, ¢,4=02, [y, =75 and , =75. For
simulation purpose, we consider the reference model by

0 1 0 0
=] -6 =5 1 |x@®O+ |0|r@
0 0 -4 1
yA()=[1 0 Ohx:(2).

0.5
d —— Reference y (t)
0.4 - = = Output y(t) (Corollary 3.2)
H - = = Output y(t) (Theorem 3.1)
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Fig. 1. Tracking performance of the EID based adaptive reliable controller (Theorem 3.1) and conventional reliable
controller (Corollary 3.2) under normal mode.
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Fig. 2. Tracking performance of the EID based adaptive reliable controller (Theorem 3.1) and conventional reliable
controller (Corollary 3.2) in Fault mode 1.
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Fig. 3. Tracking performance of the EID based adaptive reliable controller (Theorem 3.1) and conventional reliable
controller (Corollary 3.2) in Fault mode 2.

Furthermore, reference and disturbances input are taken as

2sin (),
r) =< —2,

cos (1),
() = { (5) sin (1)

5<tr<15
15<t<25
t>25

0<r<20

otherwise

The main purpose is to obtain an EID based adaptive reliable controller by solving the LMIs in
Theorem 3.1 and Corollary 3.2. Furthermore, to illustrate the applicability of the developed
control technique, we consider the actuator faulty modes in both outage and normal cases which

are given as follows:

Normal mode: Two actuators are normal, it means that p; =p, =0.
Fault mode 1: The first actuator is outage and second actuator may be normal, that is,

pl=1, 0<pl<07

Fault mode 2: The second actuator is outage and first actuator may be normal, that is,

pPi=1, 0<p3<0.85
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Fig. 4. Tracking performance of fault free system with EID based reliable controller. (For interpretation of the references
to color in this figure caption, the reader is referred to the web version of this paper.)

With the constant gain up(t) = Ko(x(r—12(f)) —x,(t—72(¢))) and the initial condition
x0=[0.50 —1]", x,0=[0 0 0], the tracking performance of the developed EID based adaptive
reliable controller based on Theorem 3.1 and conventional reliable controller based on Corollary
3.2 when the actuator is normal is shown in Fig. 1. Further, based on Theorem 3.1 and Corollary
3.2, the tracking performances under EID based adaptive reliable and conventional reliable
controllers for the aforementioned two faulty cases (i.e. fault mode 1 and fault mode 2) are
shown in Figs. 2 and 3 respectively.

From the simulation result, it can be seen that when the actuator meets some failures, the
conventional reliable controller is not able to perform well. In this situation, EID based adaptive
reliable control proposed in Theorem 3.1 is compensate fault effect in on-line and improves the
control performance. From Figs. 2 and 3, it is clear that the classical reliable controller could not
estimate the fault in the actuator, but adaptive reliable controller estimates the fault and improves
the tracking performance in better way. In summary, from Figs. 1-3, it is revealed that the
traditional reliable controller could not be used to achieve a stable tracking performance for the
system in a network environment. From the simulation result, it is concluded that a stable and
satisfactory tracking effect can be achieved by the developed EID based adaptive reliable
controller.

Example 4.2. In the second example, a moving mobile robot model whose dynamic equation is
presented in [11] is considered in the context of NCSs to demonstrate the effectiveness and
superiority of the proposed EID based adaptive reliable controller by performing output tracking
over a network. The identification phase of the mobile robot model is given by

x(t) = Ax(t) + Bu(t) + Biw(?),
y(1) = Cx(1)

where x(t) = [x(¢) x2(¢)] with x;(¢) and x,(¢) are the displacement and velocity of the mobile
robot, respectively; u(f) and w(r) are the control and disturbance input vectors, respectively. Now,
we take the parameter values as provided in [11]

0 1 0 0
A= , B= , Bi=|_|, c=[ 0]
0 —11.32 11.32 1
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Fig. 5. Trajectories of the actual disturbance w(f) and estimated disturbance w(¢) of fault free system with EID based
approach.
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Fig. 6. Tracking performance of the closed-loop system in the presence of fault with EID based reliable control.

For the considered NCSs, the reference model and low pass filter are taken, respectively, as

101 0
wo=| % oo
Y O=I1 0 (1)

and

2p(f) = — 101xx(r) + 100w, (1)
yr(t) = xr ()

In order to compare the performance of EID based reliable controller with the existing
observer-based controller proposed in [11], we assume that actuator has no fault and choose the
delay bounds as provided in [11], 7,; =20 ms, 7 =60 ms, 7,, =40ms, 75, =120 ms,

€1 =0.02, e,=0.01, ¢3=0.2, e¢4=0.8. Also, for simulation purposes, we choose the
disturbance input as w(r) =5sin(r) and the initial condition as x(0) =[0.5 0], %(0)=[0 0]"
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Fig. 7. Tracking performance of the closed-loop system in the presence of fault with EID based adaptive reliable control.
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Fig. 8. Tracking error responses in the presence of fault under EID based reliable control.

and x,(0) =[—0.5 0]". By solving the LMISs in Corollary 3.2 we obtain the feedback controller
gain as Ko=[—5.3241 —0.8732] and observer gain as L=[—5.89781 0.68721]". Fig. 4
depicts the tracking performance of the proposed EID based reliable controller in Corollary 3.2
and the observer-based controller designed with the methodology proposed in [11]. In Fig. 4, the
solid red lines represent the state response results with the proposed EID based reliable control
law, while the dotted gray curves represent the state responses with the control law designed with
the methodology presented in [11]. In particular, the tracking performance of the controlled
output to reference output of the closed-loop system with EID based approach provided in Fig. 4.
From Fig. 4, it is concluded that the EID based reliable controller effectively remove the external
disturbances in an active manner without knowing any prior knowledge of the disturbance signal
compare with the controller proposed in [11]. The result reveals that the proposed EID based
reliable controller achieves satisfactory tracking performance in the network environment better
than the controller proposed in [11] which ensures the effectiveness of the proposed EID based

reliable controller. Moreover, Fig. 5 shows the trajectories of the actual disturbance w(#) and

estimated disturbance w(¢) based on the proposed EID based reliable controller. It is noted that

from the above gain values that it is possible to obtain the controllers with less control effort with
the proposed EID based reliable controller than the conventional controller in [11]. Thus, we can
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Fig. 9. Tracking error responses in the presence of fault under EID based adaptive reliable control.

conclude that EID based reliable control output tracking performance is effective one due to its
less control gain and better rejection of the external disturbances.

Suppose there exist actuator faults in the control system, it will affect the system desired
performances significantly. We assume that the actuator fault will be in the range of
0.2 <p <0.9. Further, by choosing the remaining parameters as mentioned above in the no
actuator failure case and solving the LMIs in Egs. (15), (17) of Theorem 3.1 and estimate the
actuator fault p based on the adaptive fault estimator p in Eq. (18). Figs. 6 and 7 depict the EID
based controller tracking performance of the NCSs in the presence of actuator fault without and
with adaptive mechanism. From Figs. 6 and 7, it can be seen that adaptive controller yields better
tracking performance against actuator fault. Figs. 8 and 9 show the tracking error responses in the
presence of fault based on the EID based reliable controller without and with adaptive
mechanism. It can be seen from Fig. 9 that despite the actuator failures, the states of the
controlled plant still track well those of the tracked plant, which demonstrates the effectiveness of
the proposed EID based adaptive reliable controller.

The result reveals that the satisfactory tracking performance is achieved by using the proposed
EID based adaptive controller with no actuator fault case as well as the actuator fault occurred in
the presence of external disturbances. In particular, all satisfactory performance such as stability
and tracking performance can be achieved by using this simple control structure with better
performance. From the simulation result, it is revealed that the proposed EID based adaptive
reliable control is more superior and estimates both the external disturbance and the internal
actuator faults on-line and rejects them effectively.

Remark 4.3. It should be pointed out that the proposed controller contains two safety layers in
which EID helps to product the controller from the external disturbances and adaptive
mechanism in the controller provides the automatic update against the actuator fault.

Remark 4.4. In [11], the authors designed the observer based H, tracking controller in the
presence of network-induced delays and packet dropouts in the controller-to-actuator channel. In
this paper, EID based adaptive reliable control design is proposed in the same network
environment. In order to show the advantage and efficiency of the proposed controller, a
comparison is provided with the controller proposed in [11]. From the simulation results in
Example 4.2, it is concluded that the proposed EID based reliable controller yields better tracking



performance in the network environment with less control effort over the controller proposed in
[11]. Thus, the proposed method is conservative.

5. Conclusion

In this paper, we have investigated an output tracking control problem for NCSs subject to
actuator faults and external disturbances by using EID based adaptive reliable control technique.
In particular, the proposed output feedback adaptive reliable controller has been designed to
guarantee the asymptotic stability of resulting closed-loop NCSs. By choosing a proper
Lyapunov functional, a new set of sufficient conditions have been derived in terms of linear
matrix inequalities to obtain the required result. As a result, stability and robust tracking property
can be achieved simultaneously by the developed EID based adaptive reliable controller.
Simulation results have been provided to verify the benefits and effectiveness of the proposed
control scheme. The result shows that the EID based adaptive reliable controller can reduce the
effect of external disturbance significantly and consume less control effort to achieve the desired
tracking performance.
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