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ABSTRACT This paper addresses an approximation-based adaptive event-triggered control problem against
unknown injection data in full state measurements and an actuator of systems with unknown strict-feedback
nonlinearities. It is assumed that full state variables measured for state-feedback control are corrupted by
unknown injection data that denote cyber attacks or fault signals, and all system nonlinearities are unknown.
Owing to the corrupted state feedback information, error surfaces using exactly measured state variables
become unknown during the recursive control design procedure for strict-feedback nonlinear systems. Thus,
they cannot be used to implement the adaptive event-triggered controller. To address this problem, an
approximation-based adaptive recursive event-triggered control design using the corrupted state variables
is established to ensure that error surfaces using exactly measured state variables converge to an adjustable
neighborhood of the origin in the Lyapunov sense. The adaptive controller and its event-triggering law using
corrupted states are designed under uncertain injection data where the adaptive injection data compensators
using the neural networks are constructed to deal with the unknown injection data effects. The stability of
the closed-loop systems and the exclusion of Zeno behavior are analyzed.

INDEX TERMS Event-triggered control, corrupted full state measurements, unknown injection data,
dynamic surface design, unknown strict-feedback nonlinearities.

I. INTRODUCTION

The development of information and communication
technology has stimulated the tight interaction of control sys-
tems and cyber components [1], [2]. Under the network-based
control environment, the exact transmission of measured
state variables of physical systems is an important problem
for ensuring the performance of controllers in the network.
During the network transmission of the state information for
the feedback control, unexpected time-varying injection data
can be added to the state information measured by sensors.
The sources of the injection data in the resilient control stud-
ies are largely divided into two categories: (i) measurement
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faults and (ii) adversarial cyber attacks. In the first category,
the sensor faults influence the measurement information
for the feedback control. Many studies have addressed the
resilient control problems of linear and nonlinear systems
with measurement faults [3]-[6]. Especially, some limited
studies have appeared for the recursive control design of
lower-triangular nonlinear systems with measurement faults
where backstepping [7] and dynamic surface designs [8], [9]
have been used to construct the resilient control systems.
In [10], [11], the output functions were regarded as sensor
faults, and output-feedback control approaches were pre-
sented for nonlinear systems. In [12], an output-feedback
stabilizer design problem using a dual-domination approach
was addressed for lower-triangular nonlinear systems with
unknown measurement sensitivity. In [13], an adaptive
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compensation method of sensor failure was proposed for
parametric strict-feedback systems. In [14], a fuzzy adaptive
sensor fault compensation approach was studied for nonlinear
strict-feedback systems. In [15], an adaptive control method
was presented for nonlinear systems with time-varying sen-
sor sensitivities. However, the existing works [10]-[15] for
lower-triangular nonlinear systems considered only an out-
put measurement fault. That is, they cannot be applied to
state-feedback recursive control design and stability analysis
problems in the presence of full state measurement faults
because corrupted state variables, instead of exactly measured
state variables, should be used to implement virtual and
actual controllers. In the second category, the measured state
information is stealthily monitored by adversarial attackers
and deception attack signals for attackers’ desire are mali-
ciously injected into the measured states. Thus, the deception
attack signals may depend on the state variables. For known
cyber attacks, some resilient control approaches have been
presented for linear and nonlinear systems [16]-[21]. To
consider unknown cyber attack signals in state variables
and an actuator, some adaptive control studies have recently
been investigated. In [22], sensor attacks of uncertain linear
systems were considered to design adaptive control architec-
tures. An adaptive control methodology was presented in [23]
where the time-varying parameters in deception attacks were
estimated via the projection algorithm. In [24], an adaptive
resilient control approach using Nussbaum functions was
studied in the presence of unknown control direction. How-
ever, these research results [22]-[24] for compensating for
unknown deception attacks in the adaptive control framework
are only available for linear systems. They cannot be applied
to the recursive design problem against unknown injection
data in full state measurements of lower-triangular nonlinear
systems.

Adaptive control problems of nonlinear lower-triangular
systems with uncertainties unmatched to a control input have
received great attention in the control design field because
of their application to many practical systems such as robot
manipulators, biological systems, power systems, flight sys-
tems, and traffic control systems. Thus, adaptive recursive
control design strategies have been actively developed to deal
with unmatched parametric or nonparametric uncertainties.
During the early stages of the research, the adaptive tech-
nique was combined with the recursive designs to estimate
unmatched parametric uncertainties online (see [25]-[31] and
references therein). Function approximation techniques using
neural networks or fuzzy logic systems have been applied to
design approximation-based adaptive control systems, in an
attempt to deal with unmatched nonparametric uncertainties
(i.e, nonlinear uncertainties) (see [32]-[39] and references
therein). In addition, distributed adaptive control approaches
have been presented for uncertain multi-agent nonlinear sys-
tems in the strict-feedback form [40]—-[44]. In these stud-
ies, unknown nonlinear functions derived from the recursive
control design steps were estimated via radial basis func-
tion neural networks (RBFNNs) or fuzzy logic systems.
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The uncorrupted state feedback information was used as the
input for these function approximators. If the state feedback
information is corrupted by unknown injection data, the cor-
rupted state feedback information should be used as the input
of the function approximators in the adaptive control frame-
work. This problem still persists in the full-state-feedback-
based adaptive control field of strict-feedback nonlinear
systems.

The event-triggered control technique is particularly
popular in the network-based control field of linear and
nonlinear systems, for ensuring the efficient use of the
network bandwidth [45]-[48]. In event-triggered control,
a control input is updated when a triggering law is satis-
fied. Thus, the computational and communicational resources
required for implementing the controller can be conserved.
Therefore, event-triggered control problems have been stud-
ied for systems with nonlinearities unmatched to the con-
trol input. In [49]-[51], adaptive event-triggered control
designs were developed for lower-triangular nonlinear sys-
tems with parametric uncertainties. In [52], the finite-
time stabilization problem of uncertain nonlinear systems
was addressed in the event-triggered control framework.
In [53]-[56], approximation-based adaptive control tech-
niques for estimating unknown nonlinear uncertainties were
combined with event-triggered control designs. Despite these
efforts, no studies have been reported thus far on the event-
triggered control problem against unknown injection data in
full state measurements and an actuator of lower-triangular
nonlinear systems.

On the basis of the above discussion, the main difficul-
ties in designing an adaptive event-triggered resilient control
scheme against the aforementioned unknown injection data
are as follows.

(D1) Because full state measurements for feedback control
are corrupted by unknown injection data, the corrupted state
variables can be only used in the adaptive control scheme
using backstepping or dynamic surface techniques and thus
the error surfaces using the exactly measured state variables
for the recursive design are unknown for the control design.
Accordingly, the first difficulty is how to design an adaptive
controller using the corrupted full state variables to ensure
the convergence of the error surfaces using the exactly mea-
sured state variables for achieving the control objective in
Lyapunov-based recursive stability analysis.

(D2) Since the exactly measured state variables are not
available, the second difficulty is how to design the triggering
law using corrupted state variables in the adaptive event-
triggered control framework. Furthermore, the stability of
the closed-loop system and the exclusion of Zeno behavior
should be analyzed by the triggering law using the corrupted
state variables.

The objective of this paper is to propose a remedy for
difficulties (D1) and (D2), that is, to establish an adap-
tive resilient event-triggered control design strategy using
corrupted full state measurements for uncertain nonlinear
strict-feedback systems with unknown injection data in full
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state measurements and an actuator. It is assumed that full
state measurements corrupted by unknown injection data
are available for feedback, and system nonlinearities are
unknown. To overcome difficulties (D1) and (D2), auxil-
iary signals using corrupted full state variables are designed,
and an approximation-based adaptive event-triggered con-
troller and its triggering law are recursively constructed
using the auxiliary signals. For the proposed control scheme,
dynamic injection data compensators using RBFNNs are
designed to compensate for unknown injection data effects.
Although the proposed adaptive event-triggered controller
is based on corrupted full state variables, it is shown that
the convergence of the error surfaces using the exactly
measured state variables is ensured for achieving the con-
trol objective in the Lyapunov-based stability sense. Finally,
simulation examples including a practical application are
given for testifying the validity of the proposed theoretical
result.

The rest of this paper is outlined as follows. An adaptive
resilient event-triggered control problem of uncertain non-
linear strict-feedback systems with unknown injection data
in full state measurements and an actuator is formulated in
Section 2. The proposed event-triggered control design using
corrupted state variables and its stability analysis are pre-
sented in Sections 3. Simulation studies are given in Section
4. Finally, we conclude in Section 5.

Il. PROBLEM FORMULATION
Let us consider the following uncertain nonlinear strict-
feedback systems with unknown injection data in full state
measurements and an actuator

Xk = X1 + he ()
Xn = u+ ka(t, X5) + hu(X,)

Xig = Xi + ki s(t, X;) (D
where & = 17-"7n - l’ i = 1,...,}1,
X = [x1.x2,....x]" € RFK are state variable vectors,

hi(x;) R! — R are unknown C! nonlinear functions,
kq and k; ¢ denote injection data in the actuator and the ith
state measurement, respectively, x; , is the corrupted state
variables, and u € R is an event-triggered control input that is
intermittently updated by a triggering law to be designed later.
The injection data are represented by «; ¢(f, x;(¢)) = &i(t)x;(t)
and k,(t, x,(t)) = &()6(x,(¢)) where ¢; and & are unknown
time-varying signals and § is a continuous nonlinear function.
Assumption 1: Instead of the exactly measured state vari-
ables x;, the corrupted state variables x; , are available only
for the feedback control design.
Assumption 2: [23], [24] Therfe exist unknown constants
& Tia and E such that |G < 3, |6l < Gia, and €] < E.
Assumption 3: [23] The time-varying signals ¢; satisfy
Ci + 1 # 0 and the sign of & + 1 is assumed to be positive.
Problem 1: Consider system (1). Our problem is to design
an adaptive resilient event-triggered control law u using
corrupted state variables so that system (1) is stabilized in

VOLUME 8, 2020

the presence of unknown strict-feedback nonlinearities and
unknown injection data in full state measurements and an
actuator while all other signals remain bounded.

Remark 1 (The following statements are noted): (i) In
contrast to the existing resilient control results [23], [24] for
linear systems, uncertain nonlinear strict-feedback systems
are considered in this paper. A recursive resilient event-
triggered control design strategy using the corrupted state
variables is established in the presence of unknown injection
data in full state measurements and an actuator;

(i) Assumption 3 is reasonable for ensuring the control-
lability of the system (1) with injection data in full state
measurements [23]. This implies the existence of a nominal
solution for Problem 1;

(iii) Contrary to the existing recursive designs [10]-[15]
against output measurement faults, this paper considers full
state variables corrupted by unknown injection data (i.e,
Xiq = X;i + ;i s(t, x;) in (1)) and the adaptive event-triggered
control problem using the corrupted state variables. Thus,
Problem 1 is the first trial in the adaptive control branch of
uncertain lower-triangular nonlinear systems.

Remark 2: System (1) in the strict-feedback form can rep-
resent many nonlinear practical applications such as aircraft
wing rock models, jet engines, flight systems, biochemical
processes, and flexible-joint robots [7]. The state variables
measured for the network-based feedback control of these
practical systems can be corrupted by sensor faults or cyber
attacks. The resilient event-triggered control strategy pro-
posed in this paper can then be applied to these practical
control problems.

IIl. MAIN RESULTS

A. FUNCTION APPROXIMATION USING RADIAL BASIS
FUNCTION NEURAL NETWORKS

In this paper, RBFNNs are employed to approximate
unknown continuous nonlinear functions to be specified
in the adaptive event-triggered control design procedure.
Consider continuous real-valued nonlinear functions W;(y;):
R% + R where i = 1,...,n. RBFNNs can approximate
W;(y;) over a compact set IT,, C R% as [57], [58]

Wi(y) = 6, Giyi) + () 2)

wherei = 1, ..., n, y; is the input vector, €; is the approxima-
tion error, 6; € R¥ is the optimal weighting vector defined as
6 = argming [sup,,cpy, |Wi(y)—0," Gi(y)I1; 0; is an estimate

of 6;, and Gi(y;) = [gi1(i), - .., & (¥)]T € RY; Gaussian

functions g; j(yi),j = 1, ..., l;, are defined as
—(vi — 0i)) T (vi — 0ij)
8ij(vi) = exp [ — 3)

ij
with the center of the receptive field 0; ; € R% and the width
of the Gaussian function r; ; € R.

Assumption 4: [59] 6; and €; are bounded as ||0;|| < 6;
and |€j| < €;, respectively, wherei = 1,...,n, 0; > 0 and
€; > 0 are unknown constants.
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Lemma 1: [59] It holds that ||Gi(y;)| < G; where

i=1,...,nand G;is a constant.

B. RECURSIVE ADAPTIVE EVENT-TRIGGERED CONTROL
DESIGN
In this section, a recursive design strategy using the corrupted
state feedback information is presented for the adaptive event-
triggered control of system (1).

Let us consider the following coordinate transformation on
the basis of the dynamic surface design technique

el =X 4
e = Xp — Vg (5)
Ok = Vg — Vg (6)

wherek = 2, ..., n, e] and e are error surfaces using exactly
measured state variables x| and xx, px and vy denote boundary
layer errors and virtual control signals, respectively, and v
are signals provided by the first-order low-pass filters

k(0) = vk (0) (N

with small time constants t; > 0. Since the exactly measured
state variables x;, i = 1, ..., n, are corrupted by unknown
injection data «; 5, the error surfaces e¢;, i = 1,...,n, are
not available for designing the virtual control laws v and the
actual control law u. Thus, we propose auxiliary signals using
corrupted state variables x; 4, i = 1, ..., n, as follows:

T Vg + Vg = Vi,

W = Xl,q (8)
Tk = Xk,a — Vk — CkVk 9

where k = 2,...,n, and é:k is the estimate of ¢ which is
provided by the injection data compensator to be designed
later.

Remark 3: Tt is well known that the convergence of the
error surfaces e; should be analyzed for stable control design
based on the Lyapunov stability theorem in conventional
dynamic surface control where i = 1, ..., n. However, the
error surfaces e; are unknown for our control design because
the exactly measured state variables x; are corrupted during
the feedback procedure. Thus, we present a recursive event-
triggered control design using the available auxiliary signals
w;, instead of the unknown error surfaces e¢;, to ensure the
convergence of the error surfaces e; in the Lyapunov sense.

For the recursive design based on the Lyapunov stability
analysis, (8) and (9) can be rewritten as

€1

= — 10
@ ¢1 (10)
oy = Ek + Ckxp — Sk vk + Sk Vk — Sk Vk

= qu'i'CkUk (1D

wherek =2, ..., 0,5 = ;k—ék, and ¢ = 1/(1+¢x). From
Assumption 3, (10) and (11) are well defined. In addition,
from Assumption 2, there exist unknown positive constants

¢ ¢’u and ¢zd such that (b < ¢l < ¢l and |¢l| = ¢ld
Where i=1,...,n.
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From now on, the approximation-based adaptive event-
triggered stabilizer using the auxiliary signals w; is recur-
sively designed. The control design procedure is based on
the Lyapunov stability theorem [7]. This theorem provides a
design methodology to deal with the adaptive control design
and stability analysis, simultaneously. In the first design step,
a Lyapunov function Vj consisting of the error surface e
and the weight estimation error §; for RBFNN is chosen to
analyze the convergence of the error surface e; and the bound-
edness of 0. In the kth design step, a Lyapunov function Vj
consisting of the error surface ey, weight estimation error ék
for RBFNN, and compensation error ¢ for the injection data
is selected to analyze the convergence of the error surface ex
and the boundedness of Gk and ¢ where k =2,...,n.

Step 1: Differentiating the first error surface e; with
respect to time yields

er = x3 + hi(xy). (12)

Consider the Lyapunov function V| = e?/(2¢>1) +
QIT 01/(211) where 61 = 01 — 0. Its time derivative is

Vi = —d)—lze% + i61(62 +p2+v2+hi(x) — ié]—rél
2¢; ?1 Al
1 I 14
< —ei(ea+p2+v2+e1)— —6; 01 (13)
1 Al

where @1 = hi(x1) + (1.4/Q2¢1))er.
Then, there exists a continuous nonlinear function W (y1)
such that

%em < %elwl(m (14)

where W (y1) = hi(x1) + (1, a/(2¢ ))e1 and y; = ey. From
(2), employing the RBFNN GTG1(y1) to estimate W(y1)
yields

Wi(n) =0 Gi(y1) + €. (15)

Based on the auxiliary signal @, the first virtual control
law is derived as

vy = —(B1 + m)w — 0] Gi(y1.0) (16)
0 = M@1G1(Y1,0) — A016; (I7)
where 81 > 0, m; > 0, A1 > 0, and o1 > O are design
constants, and y; , = e1 4 with e1 4 = X1 4.
Then, substituting (14) and (15) into (13) gives
. 1 T I 14
Vi < Eel(eZ + o2+ v2+60; Gi(y1) +€1) — )\_191 o1.
(13)

From (10), it holds that ¢;
el = g1, (18) becomes

= ¢11. Using (16) and

. 1 -
Vi< a@l(ez + p2) + @1(—=(B1 + m)@1 + 6, Gi(y1.0)
1 ~+=x
+60] Y1 +e1) — 719?91 (19)
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where |
term (,31/47%)6% to (19), and using e

= G1(y1) — G1(¥1,4)- Adding and subtracting the

= ¢ and (17) yield

. 1 B,

Vi< ael(ez + o)+ Ti(—mw +61) — Fe]
1

+010, 0 (20)

where ¢; = 91Tw1 + €;.
Step k (k = 2,...,n — 1): The time derivative of the kth
error surface (5) is given by

ek = X1 + (i) — vk 21)

wherek =2,...,n— 1.
Consider the Lyapunov function Vj = € 2 /Q2¢r) + ;k /2 +
e,j O /(2A) where k = 2, . —1,% = & — &k, and

Gk = 6 — Qk Its time derlvatlve along (6) and (21) is
represented by

. ok 2 1

Vi = —eg(ert1 + Pr1 + Vi1 — Uk + he (%))

ek+
k

2¢ D
X 1 ~T A
+ &Gk — &) — A_Qk Ok
k

1 -
< —ep(ekt1 + Pr+1 + Vir1 — Uk + @p) — ex—1€k
Pk )

1 - . 2 1 -~ _A
+ —ex(Br + )k + Gk — &) — —0 6 (22)
Ok Ak

where g = hy (X)) +(Pr,a/ Cdi))er +(dr /dr—1)er—1—(Bx +
)V ks Bre > 0 and ¢ > 0 are constants.
From the boundedness of i, ¢r and ¢_1, there exists a
continuous function W (yx) such that
1

1
—erpr < —eprWir(yk) + ax (23)
Pk Dk

where a; > 0 1is a constant and y;, = [)_c,;'—, ek—1, €k, Uk, bl T
with a constant b > 0. By employing the RBFNN 9,: Gr(vk)
to estimate W (yx), we have

Wy (vi) = 0 Ge(yi) + €k 24)

An adaptive injection data compensator is presented as

ék =0 Gr(Yk.a)k — (B — mi — (B + w)* D7) vr oo
— (B + Vil — ol (25)

where k = 2,...,n, Br > 0, m > 0, > 0, and
ar > 0 are design parameters, Yk, = [)"c,j—a,ek_l,a,ek,a,
5 T. % T ' 5

Ve, bkl Xka = [Xa oo s Xkal s €k—1,a = Xk—1,a — Vk—1

with vy =0, and ek 4 = Xk 4 — Vk.
The kth virtual control law using the auxiliary signal @y is
designed as

Vi1 = —(Br +mi + (Br + w)* 0wk
AT Vk — Vg
— 0 Gr(Vk,a) + (26)
b = ok Gi(Vi,a) — Mok by 27

where A; > 0 and o3 > 0 are design constants.
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Using ex = ¢u(mx — &k vx) in (11) and ves g in (26), (22)
becomes
Vi
1 ﬁ 2 ,Bk 2
< —ep(ek+1 + pr+1) — KT —=5é
br ¢k o7
+ (@k — Lo —(Br + my + (B + w)* Do
+ 0 Ge(vi.a) + 0 Ve + €x}
RV —

o 1
+ulfvf - ek 1ex + ¢_kek(,3k + )V S

1
P
- . X 1 -~
+ &Gk — &) — /\—Gk 9k + ai
k

1
= —eg(ex+1 + Pr+1)

D
+ @i { =B+ + B +u)* D)k +6, Gi(Ve.a)+ k)
— Lk {— B+ + (B +u)* 0ok +-0, Gr(vk.a)+ i)

Br ~ .y .y
- ¢—2€1% + ﬂk(wk2 — 28 vk or) + (B +lk)§k2V13—Lk§k2V13
X

1 - . A
- ek—1ek + —er(Bk + u) vkl + &k (S — Ck)
Pr—1 Ok

1 ~+2x
——9,?91( + ag
Ak

1
= —e(ex+1 + Pk+1)

oI
+ o {—mmy — (B + w) Vo + 0 Gr(vik.a) + i)
— Lo Brook —myg g — (Br + ) Vg ok +(Br ) 0k Lk

+§CmMH1u—%%+m+%w&g
k

220 1 !
— W GEVE — ek 1€k + —er(Br + )ik
Dr— O
- . 1 ~ A
+mq—m—ﬁ¢@+@ (28)

where Y = G(vi) — Gi(yk,a) and gk = 6] Yi + €.
Then, from ¢ vy = @y — (ex/Pk), we have

(Bre + u)Eeese = (Br + )it <Wk — %)
fk
4

1
— —e(Br + )k G- (29)
Dk

Substituting (25), (27), and (29) into (28) yields

< (B +Lk) kak + —

. 1
Vi < aek(ekﬂ + k1) + o (—myp @i + Gk

— &0 Ge(Via) + 1) — 3 et — w2t

k

1 ~ . ~ A

- ex—1ex + Te(Gr + andi) + onby b
Pr—1
)

+w+%. (30)
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Step n: Consider the Lyapunov functlon Vie=e / Q¢n) +
{n 2/246,10,/(2x,) with &, = Lo — ¢, and 6, = 6, —6,. From
en = u+ EP(x,) + hy(x,) — vy, the time derivative of Vn is
given by

. 1 . 1 1 _
Vi< —en(u — vp+@n)— ——ep_1en+—en(Bn + tn)vnly
(bn ¢n—1 ¢n

by — &) — eTe (31)

where @, = hy(%) + E¢E) + (Pna/Cdn)en +
(@Dn/Pn—1)en—1 —(Bu + tw)Vnln; Bn > O and ¢, > 0O are
constants.

Due to the boundedness of ¢, ¢,—1, ¢n, and &, there exists
a continuous function W, (y;,) such that
1 1
¢_nen(pn = ¢_nen V() + an (32)
where a, > 0 is a constant and y,, = [)'ch, en_1, en, On, byl "
with a constant b, > 0. By employing the RBFNN 6,/ G,(v,,)
to estimate W, (y,), we have

W (yn) = 6,] Gu(yn) + €. (33)

The approximation-based adaptive event-triggered control
law is presented as

ut) = u(ty), tely, tip1) (34)
tip1 = inf{t > #||S, ()] = my 1|@n ()] + my 2} (35)

where for [ € Z™, t; denotes the update time of the controller,
S, = u(t) — u(t) is the measurement error due to the trigger-
ing, @y is defined as @, = x4 — Vy, — fnf)n in (9), and my, 1
and my, o are positive design constants. (34) and (35) imply
that the control law u is set to u(t;) for ¢t € [#,t41), and
when the triggering law (35) is satisfied, its value is updated
at#;41. Here, the signal u with the auxiliary signal @, and the
injection data compensator Zp is designed as follows:

u=—(By+m+ B+ ln)zl_),%)wn

A Vy, — V
- ey:an(Vn‘a) + = z (36)
n

é = L@, Gy (Vn a) — )\ngnén 37

En = 9 Gn(Yn,a)Vn — (B — my — (B + Ln)z\_},%)l_)nwn
— (B + Ln)Vn é‘n — oply (38)
where w, = Xn,a — vy — E”l‘_)fh Yna = [J_C;Ia» €n—1,as €n,as
Vn, bn]T; )_Cn,a = [xl,m ce 9xn,a]T’ €n—l,a = Xn—l,a — Vp—1,
and e,y = Xpq — Vp, mp > 0 and o, > O are design

parameters, and A,, > 0 apd o, > 0 are design constants.
Using e, = ¢p(wy — {pvp) in (11), Sy = u(t) — u(1), and
(36), (31) becomes
Vn < @ {—(Bn +mn+(,3n+Ln)2‘_}y%)wn+9~;an(Vn,a) + S}
— L= (Bu + M + (Bn + 1) 5) 0 + 0, Gulyn, a>
+Gn} — 52 e, + ﬁn(w - 2§nvnwn) + (Bn + ln)§
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—L(zz— ! e e—i—ie(ﬁ + 1)Vl

nSu VY ¢n7 n—1€n ¢nnn n)Vnén

- . 1
+r:n<;n—;n)— eTe o — - enSu. (39)

Owing to S,(y) = 0 for/ € Z' and w,(t) =

En‘_)n + (en/¢n), we have

1 1
_aensu =< ¢_n|en|(mu tlon(t)] + ny, 2)
my,1 2
< v |+ 2Je,]
62 ¢ " ¢n !
2my, 1 2
wl 2y
< e (40)
¢2 nt ¢2 z
where A, > Oisa constant. N .
Using (40) and (B, + tn)Z,7 05 = (Bn + tn)Cn v (Cn — Cn), We

obtain

Vn < op{—myw, — (By + Ln)z‘_),%wn + éy—,an(Vn,a) + Gu}
— LVl By — mpwy — (B + tn)217,%w,,
+(Bn + t)Vnln + ey—ern(Vn,a) + Gu}

2
— By — 2mu1 — xu);—’; + (B + )2t

Myl \~2-2 1
— <Ll’l — T)é-n Vn - ¢n71 €n—_1€n

1 -~ . X
+ —en(Bu + t)Vnln + n(Cn — &)

®n
I 12 mg,z
_ Een 6, +a, + I, a1
where V,, = Gn~()/n) - Gn(yn,a) and ¢, = Qr:rl/fn + €n.
Then, using ¢, v, = @y, — (en/dn) gives
(Bn + Ln)vngngrz <(But Ln) V CD’ + %1
1 _
— —en(Bn + )Vl (42)
®n
Substituting (38), (37), and (42) into (41) yields
Vn < wu(—muwy, + Gu) — En‘_)n(QTGn(Vn,a) + Sn)
2
my,1\=o-
— By — 2my,1 — u)¢2 <n—%>§,12v5
| en—1€p + En(gn + an&n)
—
. 2 mk,
+ 0,0, 0, + ay : 4/\ (43)

Remark 4: Compared with the existing event-triggered
control results [53]-[55], this paper considers the event-
triggered control problem against unknown injection data
in full state measurements and an actuator. Moreover, the
adaptive controller (34) and its event-triggering law (35) are
designed using the auxiliary signal @, with the corrupted
state variable x, , and the injection data compensation 2,,
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Although the corrupted state variables are used in the pro-
posed adaptive event-triggered control scheme, the conver-
gence of the error surfaces e; using the exactly measured state
variables x;, the boundedness of all closed-loop signals, and
the exclusion of Zeno behavior are successfully analyzed in
the following section.

C. STABILITY ANALYSIS
For the stability analysis, the dynamics of the boundary layer
errors (6) are considered as

. Pk+1 _ X =
Pk+1= —H+77k+1(6’k+1’ 02, -y Pha1s Oks Sis D) (44)
+

where k = 1,....,n — 1, exy1 = [el,...,ek_H]T,
O = [01.....007. & = [&1.....4]" with & = 0,
A = [0, & Cry e &l Ty and . = (B + my)ar +

07 Gy + 0] (0G1/dy1.00%1.0 and my1 = (B + mp +

Br + WD — 2B + w)’u(or/w)mk + 6] Gr +
é,j(aGk/f?)/k,a))}k,a + px/Tx are continuous functions.

A total Lyapunov function V is selectedas V = ) 7| V;+
St PR /2

Theorem 1: Consider uncertain nonlinear strict-feedback
systems (1) with unknown injection data in full state measure-
ments and an actuator. The proposed adaptive event-triggered
controller (34)—(38) with an event-triggering condition (35)
achieves that for any initial conditions satisfying V(0) < u
with a constant i > 0,

(1) all signals of the closed-loop system are semi-globally
uniformly ultimately bounded;

(ii) the error surfaces ¢;, i = 1,...,
adjustable neighborhood of the origin;

(iii) the minimum inter-event time ¢,
ltis1 — 11| > 1, for I € ZT exists.

Proof: The time derivative of V using (20), (30), and

(43)is

n, converge to an

> 0 satisfying

V< Z ( — —e — rn,-w,~2 + wigi + o,-@?é,-)

)
+ Z < — &ivixi — 4P 0]+ GG+ il + ;_,)

4
2
+ Z < a— + 771+1Pz+1> + (2mu 1+ )\u)d)z
m 1
L ;n 2 (45)

where 7,11 = nix1 + (1/¢i)e; and x; = 9 Gi(¥i,a) + si.
Consider the sets A; := {ZJ 1((ez/qb]) + (OTGJ/A ) +

Y@+ pp) < 2u) and B = (Y (G + D) < di}
wherei=1,...,nand d; = Z]’;](ij + g:j%d). A; and B; are
compact in R4MA) and R? | respectively. Since A; x B; is
also compact in RIMAN+2 (7. | < 4.1 on A; x B; where
gi+1 > 0 are constants and dim(A;) denotes the dimension of
the set A;.
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From Assumption 4 and Lemma 1, there exist constants
¢i > 0and Xz > 0 such that |¢;| < & and |X,| < xi- Using
DiGi = leD + g /(4mz) CthXZ = Ll; V + X,Z/(4lt) with
aconstanti; > 0,6, 6; < —(1/2)8,76; + (1/2)9f9,, Gt <
GCE 4 TRy /(). Gt < —(1/2)87 +(1/2)87, and fii1 i1 <
Zi+1ﬁi2+1 ,ol.zJrl +1/(4t;41), and choosing B; = 2my, 1 + Ay, + B
with a constant B > 0, ; = 1; + my1/4, a@; = 2i; + o
with a constant o > 0, and 1/7;11 = Z,-Hqiz+1 + 7/}, witha
constant 7% > O give

. " /3* T Xn: aF -
V< <_—’.——9 el> L2 4o
— 271 1 1
i=1 ¢i 2 i=2 2
n—1 ﬁ2
2 i+1
+2 <_fij—1'0i+1 - (1 5

i=1 qit1

)zmq%ﬂp,a]) (46)

where ¢g = Y ! l(gl /(4m;) + (ol/z)eTel) + 3 a +
Y (RF /@) + &y /(4T + (/DI + T4+ 1/(40) +
my, 5 /().

meg to [Mix1l < giy1 on V. = u, (46) becomes
V < —ciV +¢with0 < ¢ < m1n{2(,31/¢1)
2(ﬂ /), 21, .21, O1A, - O, 0, ) Thus
V<OonV=pu When c1 > co/u. This implies that V < p
is an invariant set, i.e., if V(0) < u, then V(¢) < u for all
¢ > 0. Integrating both sides of V < —¢{V + ¢o with respect
to time yields V(¢) < e 'V (0) + (co/c1)(1 — e €1"). Using
(1/gm) iy €7/2 < V(1) with ¢y = maxi=1, (i}, the
stabilization error vector e = [ey, ..., e,]! is exponentially
bounded to the compact set Q = {eIIIeII < V2¢uco/c1)
where the set 2 can be adjusted arbitrarily small by c1. Thus,
Theorems 1-(i) and 1-(ii) are ensured. This completes the
proofs of Theorems 1-(i) and 1-(ii).

The existence of the minimum inter-event time ¢; sat-
isfying |t41 — | > t; is checked to show the exclu-
sion of Zeno behavior. Differentiating the measurement error
S.(), vVt € [1, l‘z+1) with respect to time, it holds that
d|S,|/dt = sgn(Su)Su < |u| where sgn(S,,) is the sign of S,
and & is defined as

= —(Bu +mu + (By + [n) 2ann)zvn
—(Bn +my + (B + ln) v )wn

Vn

— 0 Gy — 6] Gy + 47)
Tn
From the proofs of Theorems 1-(i) and 1- (11) all closed- loop
signals are bounded. Therefore, we obtain |liu| < d, where d,,
is a constant. Let us integrate |u| <d, during ¢ € [#, tj+1) and
use the event-triggering law (35). Then, the inter-execution
times fy1 —f; satisty [f111 — 1] = (my, 1 |@n(0)] +my2)/dy =
my2/dy,. Thus, the minimum inter-event time is defined as
ty=my2/ d,. This completes the proof of Theorem 1-(iii). W
Remark 5: From the proof of Theorem 1, the stabilization
performance can be improved by reducing the compact set €2.
From this standpoint, the design parameters can be selected.
The choice of the design parameters is only a sufficient
condition for Theorem 1. The guidelines for the choice of the

design parameters are as follows.
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(i) Increasing the design parameters B;,i = 1, ..., n helps
to increasing of the convergence rate of the error surfaces e;
(i.e., increasing c1), and thus €2 can be reduced.

(i) As the design parameters m;, i = 1,...,n and
tj,j = 2,...,nincrease, ¢y is reduced. Therefore, 2 can be
reduced.

(ii1) As the design parameters A; denoting the tuning rate
increase and the design parameters o; for the o-modification
are fixed as small values, the tuning speed of the adaptive
parameters é,- can be increased where i =1, ..., n.

(iv) According to the limited resources of the network, the
number of released data during the transient and steady-state
responses can be adjusted by choosing the design parameters
my,1 and my, » in the event-triggering law (35).

Remark 6: The control gain functions and the event-
triggered state variables are not considered in the strict-
feedback nonlinear systems (1). The problems caused by the
control gain functions reported in [60] and the event-triggered
state variables reported in [61] should be reformulated under
the state feedback information corrupted by unknown injec-
tion data. Thus, the proposed approach cannot be applied in
a straightforward manner to these problems. Future work can
explore the extension of the proposed approach to complex
systems in the strict-feedback form.

IV. SIMULATION RESULTS
Two simulation studies including a wing rock model with
ailerons are presented to illustrate the validity of the proposed
theoretical result against unknown injection data in full states
and an actuator. In these simulations, the triggering law (35)
is checked periodically with the sampling time 1 ms.
Example 1: Consider the following second-order nonlinear
system with unknown injection data in full state measure-
ments and an actuator:

X1 = x2 + hi(x1)
Xo = u+k4(t, x2) + ha(x2)
Xia = Xi + ki s(t, x;) (48)

where i = 1,2, by = x?sin(x)) + x2, and 7 = x1x2 +
x2 cos(x1). Then, the injection data are given by k1 s = (0.5+
cos(1.2t))x1, k2,5 = (0.54sin(1.81))x2, and k, = x1x2 cos(?).
It is assumed that the inherent nonlinearities 4 and h,, and
the injection data « g, k2,5, and «, are unknown. The initial
values are set to x1(0) = 1.5 and x(0) = —1 where i = 1, 2.
The design parameters are selected as B = o = 1, m; =1,
my =4,1p =0.1, b0 = 0.1, p = 0.001, A1 = A = 0.02,
o1 =03 =0.001, ap = 0.5, my,1 = 0.4, and m, > = 0.04.
Fig. 1 shows the stabilization result and the event-triggered
control input. Fig. 2 displays the outputs of RBFNNs and
the injection data compensator. The inter-execution times and
the cumulative number of events are displayed in Fig. 3.
The total triggering number is 163 and thus only 1.087%
of the total 15000 sampled data are used to implement the
proposed adaptive controller. Thus, the control efforts can
be reduced using the event-triggering laws. Although the
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FIGURE 1. Control results and input for example 1 (a) x; and x, (b) u.
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FIGURE 2. Outputs of RBFNNs and injection data compensator for
example 1 (a) 6 Gy and 6, G, (b) &,.

corrupted state variables are only used in the controller and its
event-triggering law, the proposed recursive event-triggered
design against unknown injection data in full state measure-
ments and an actuator achieves the stabilization of uncertain
nonlinear strict-feedback systems.

Example 2: The stabilization problem of the wing rock
model with ailerons in the presence of unknown injection data
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FIGURE 3. Inter-execution times and the cumulative number of events for
example 1 (a) inter-execution times ;. ; — ; (b) the cumulative number
of events.
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FIGURE 4. Control results and input for example 2 (a) x;, i =1,2,3 (b) u.

in full state measurements and an actuator is considered in
this example. The model dynamics is described by

X1 = x4+ hi(x1)
X2 = x3 4+ ha(x2)
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FIGURE 5. Outputs of RBFNNs and injection data compensators for
example 2 (a) 6] Gy, 6] G, and 6;] G (b) £, and Z5.
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FIGURE 6. Inter-execution times and the cumulative number of events for

example 2 (a) inter-execution times t;,; — ; (b) the cumulative number
of events.

X3 = u+ kq(t, X3) + hz(x3)

Xia = Xi + Kis(t, X;) (49)
where i = 1,2,3, x; is the roll angle, x» is the
roll rate, x3 is the aileron deflection angle, hy = O,
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hy = pixi + pax2 + palxilxa + palxalx, + psxi, and
hs = —x3. Here, the model parameters of the delta wing
for a 25° angle of attack are set to p; = —0.01859521,
p2 = 0.015162375, p3 = —0.06245153, p4 = 0.00954708,
and ps = 0.02145291 [62]. The unknown injection data
k1s = (1 +cos(®)xy, k25 = (1 + sin())xz, k35 = (1 +
sin(?))x3, and k, = (x12)x3 sin(x»t) cos(?) influence the system
(49). It is assumed that hy, hs, ki, i = 1,2,3, and «, are
unknown for the adaptive event-triggered control design. In
the uncontrolled system (49) with u = 0, the roll angle x; is
divergent for the large initial condition [62]. Thus, the large
initial conditions are chosen as x1(0) = 0.52359 rad, x,(0) =
0.17453 rad, and x3(0) = O rad. The design parameters for
the proposed event-triggered controller are chosen as 8; = 1,
mp = 1,m2 = m3 = 5,[2 = 3 = 0.2,b2 = b3 = 0.1,
7 =13 = 0.001, A1 = 0.06, A, = A3 = 0.02, 0; = 0.001,
a = a3 = 0.5, m,,; = 0.1, and m,» = 0.01 where
i=1,2,3.

The control result and event-triggered input are displayed
in Fig. 4. Fig. 5 shows the outputs of RBFNN and the injection
data compensators. Fig. 6 displays the inter-execution times
and the cumulative number of events where the total trigger-
ing number is 243. Therefore, only 1.62% of the 15000 sam-
pled data are used to achieve good stabilization performance
against unknown injection data in full state measurements and
an actuator, and unknown system nonlinearities.

V. CONCLUSION

An adaptive event-triggered control approach has been pro-
posed for uncertain nonlinear strict-feedback systems with
unknown injection data in full state measurements and an
actuator. The approximation-based adaptive controller and its
event-triggering condition have been constructed using state
variables corrupted by unknown injection data in full state
measurements. To this end, auxiliary signals using corrupted
state variables and dynamic injection data compensators
using neural networks have been designed to compensate
for unknown injection data effects. It has been shown that
the proposed event-triggered control scheme using corrupted
state variables ensures the convergence of the error surfaces
using exactly measured state variables. Further extension to
the decentralized resilient event-triggered control problem
of interconnected nonlinear systems with unknown injection
data is conceivable. This remains as a meaningful subject for
future research.
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