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Abstract. In this paper, event-trigger based adaptive control scheme is developed to ad-
dress the robust fault-tolerant compensation control problem for Lipschitz nonlinear sys-
tem with actuator failures and multiple state time delays. While both eventual faults and
delayed-state perturbations are unknown, the adaptive laws are constructed to estimate
the unknown controller paraments online. Then, by using a positive control gain function
and an integrable auxiliary signal, a class of robust adaptive event-triggered controllers is
designed to compensate the effects of time-delay functions, compound disturbances, and
actuator faults. In addition, by introducing the event-trigger control strategy can reduce
the system redundancy greatly. On the basis of Lyapunov-Krasovskii theory, it is shown
that the proposed control method can ensure all the closed-loop signals of the system
are bounded and the system states converge zero asymptotically. Finally, the simulation
results are considered to illustrate the efficiency of the adaptive event-triggered control
scheme.
Keywords: Adaptive fault-tolerant control, Unknown time delay function, Event-trigg-
ered control, Asymptotic stability, Lipschitz nonlinear systems

1. Introduction. In recent years, with the development of industrial technology, the
complexity of the actual systems model is getting higher and higher. The analysis of
the corresponding control systems and the design of adaptive fault-tolerant controller are
also widely considered in various fields, such as network systems [1, 2, 3], power systems
[4, 5], and aircraft systems [6, 7, 8]. On the one hand, in the actual industrial systems,
due to components aging, failure and other factors, the actuator or sensor in the process
of high load operation is inevitable failure, if the systems cannot be maintained timely
and effectively, it may lead to systems performance decline, even instability phenomenon.
Therefore, many adaptive fault-tolerant control (AFTC) schemes have been studied to
solve this problem [9, 10, 11, 12]. In [9], a robust adaptive fault-tolerant control was
considered for a class of linear systems with actuator faults and parameter uncertainties.
Then, a class of robust adaptive state feedback controllers was designed in [10] to solve the
problem of robust fault-tolerant control for linear systems with mismatched parameters.
In [11], a neural networks-based fault tolerant controller was designed for fault models
with unknown control inputs. The work in [12] provided a robust adaptive fault-tolerant
controller for a closed-loop reference model with actuator faults. However, the problems
they considered were limited to linear systems and cannot be applied to nonlinear systems
studied in this paper.
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On the other hand, the above problems are all considered without time delay. As we
all know, time delay often makes the systems unstable or performance degradation in the
actual control systems, so it is necessary to study the systems with time delay. Zhang et
al. [13] considered a robust adaptive control scheme for a class of nonlinear systems with
time delays and dead zones and guaranteed the accurate tracking of reference signals. In
[14], Qi et al. studied the finite-time adaptive control problem for a class of nonlinear
systems with quantized input signals and unknown time delays. However, there exist a
few works to address the FTC problem with time delay such as [15, 16]. Li and Yang [15]
studied a robust adaptive control problem of nonlinear systems with time-varying delay.
Wu and Park [16] addressed the FTC problem for a class of uncertain switched nonlinear
systems with time delay and actuator failure.
In reality, continuous signals in the control systems will lead to waste of resources,

and increase the burden and loss of the system. Therefore, in order to reduce unneces-
sary redundancy of the system and save system resources, the control method based on
event-triggered control (ETC) scheme came into being. In recent years, a large num-
ber of event-triggered control strategies have been proposed. For example, two kinds of
event-triggered cooperative controller strategies were proposed in [17] for strict feedback
nonlinear systems, and the proposed cooperative control strategy canceled the assump-
tion of the input-to-state stability (ISS). For a class of linear systems with time delay and
disturbance, Chen et al. [18] designed an event-trigger based adaptive controller to guar-
antee the asymptotic convergence of the system state to zero. In [19], Li et al. designed
an ETC method for a class of nonlinear systems with gain function. Then, the problem of
event-triggered control was concerned for stochastic nonlinear systems in [20]. The work
in [21] studied a class uncertain nonlinear systems development events triggered by the
adaptive tracking controller problem. In [22], an event-triggered controller which used
dynamic gain was designed to solve the problem of adaptive output feedback control for
a class of switched stochastic nonlinear systems. Moreover, the authors in [23] designed
an event-triggered controller based on the model for a continuous time nonlinear systems.
Motivated by the observations above, this paper tries to solve the problem of adaptive

event-triggered control for a class of Lipschitz nonlinear systems with actuator faults and
multiple state-time delays. The main contributions of this paper can be summarized as
follows.
(i) The system considered in this paper contains unknown external disturbances, un-

predictable actuator faults and multiple state-time delays which are different from recent
articles [9, 10, 11, 12, 18, 26]. Based on a positive gain function, the effects of compound
disturbances and actuator faults were compensated perfectly. Meanwhile, the system
states asymptotically converge to zero.
(ii) This paper expanded on the work of [15], the problem of the adaptive event-triggered

control co-design was considered, and reduced the systems redundancy effectively.
(iii) Different from the results in [16, 18], the unknown time-varying delay was allowed

in this paper. The display expression for the control gain function was provided to address
the errors which were caused by time-varying delay.
The paper is organized as follows. The system model and control objective are pro-

posed in Section 2. In Section 3, the adaptive event-triggered fault-tolerant controller with
adaptation updated laws is designed. Section 4 gives the main result and the analysis of
the closed-loop system, and two simulation results are presented in Section 5. Finally,
conclusions are drawn in Section 6.
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2. Problem Formulation and Problem Statement. Consider a class of nonlinear
systems as follows:

ẋ(t) = Ax(t) + g(x(t)) + B(u(t) + f(xτ )) + Bdd(t) (1)

where x(t) ∈ Rn is the state vector, u(t) ∈ Rm is the control input and d(t) ∈ Rl is
the bounded unknown disturbance. In addition, xτ = [x(t− τ1(t)), x(t− τ2(t)), . . . , x(t−
τn(t))]

T ∈ Rn is a delayed-state vector, τi(t), i = 1, 2, . . . , n, is the time-varying time
delay satisfying τi(t) ≤ τ ∗i , τ̇

∗
i ≤ τ̄i < 1, x(t) = ψ(t), t ∈ [−τ ∗, 0], ψ(t) is the initial condi-

tion, and τ ∗ = max1≤i≤n τ
∗
i . Matrices A and B are known constant matrices. Matrix Bd

satisfies Bd = BD with D ∈ Rm being a known matrix. f(·) represents the system un-
certainty, which contains the multiple delayed states. g(·) ∈ Rm denotes the mismatched
nonlinearity satisfying the Lipschitz condition, namely, there exists a Lipschitz constant
γ > 0, that is

||g(x)− g(y)|| ≤ γ||x− y|| (2)

where ∥ · ∥ denotes the Euclidean norm.

Remark 2.1. The fault-tolerant control problem based on event triggering in [18] is only
applied to linear systems and cannot be applied to more general nonlinear systems, so its
method will be limited in actual systems. Moreover, it does not consider the influence of
time-varying delay on system stability, which poses a challenge to the design of event-
triggered fault-tolerant controllers.

The fault models in [9] are considered as follows:

uFij(t) = ρjiui(t) + κjiusi(t),

ρjiκ
j
i = 0, i = 1, 2, . . . , nu, j = 1, 2, . . . , L

(3)

where ρji ∈ [0, 1) is the unknown actuator efficiency factor, the index j represents the jth
faulty mode and L is the number of total faulty modes. usi(t) is the unparametrisable
bounded time-varying stuck fault in the ith actuator.

It is worth mentioning that (3) implies the following four cases:

1) ρji ̸= 0 and κji = 0: In this case, uFij(t) = ρjiui(t), where 0 < ρji < 1. This indicates
partial loss of effectiveness.

2) ρji = 0 and κji ̸= 0: ρji = 0 indicates that uFij(t) can no longer be influenced by
the control inputs ui(t). This means that ui(t) is stuck at unparametrisable bounded
time-varying function usi(t).

3) ρji = 0 and κji = 0: This case corresponds to outage.

4) ρji ̸= 0 and κji ̸= 0: This means there are no errors in the systems.

For the convenience of description, the above fault model is expressed as follows:

uF(t) = ρu(t) + κus(t) (4)

where ρ ∈ {ρ1, ρ2, . . . , ρL} and κ ∈ {κ1, κ2, . . . , κL}.
Then the system (1) with actuator faults (4) can be written by

ẋ = Ax+ g(x) + B(ρu+ f(xτ ) + κus) + Bdd (5)

Before starting the process, the following assumptions and lemma are made.

Assumption 2.1. There exist unknown constants η and d̄ such as ||us|| ≤ η, ||d|| ≤ d̄,
respectively. This means that the actuator stuck fault and the external disturbance are
bounded by unknown constants.

Assumption 2.2. rank[Bρ] = rank[B].
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Assumption 2.3. [13] There exist unknown positive constants ν, ϖ, such that the fol-
lowing inequality holds:

||f(xτ )|| ≤
n∑

i=0

ϖiαi(|x(t− τi)|) + ν (6)

where α(ζ) satisfying ζ ≥ 0 is a known and continuously differentiable class-K function.

Lemma 2.1. [9] The following inequality holds:

xTPBρBTPx ≥ µ
∥∥xTPB∥∥2 (7)

where µ is an unknown positive constant.

Remark 2.2. According to Assumption 2.2 and matrices A and B, there exists a constant
matrix K ∈ Rm×n such that A+BρK is stable. Therefore, we can select a positive definite
matrix P satisfying the following inequality

P (A+BρK) + (A+BρK)TP + γ2P 2 + I < 0 (8)

where γ is the same positive constant as in Lipschitz condition (2).

Based on the above description, the control objective of this paper is to design an adap-
tive event-triggered fault-tolerant controller for a class of Lipschitz nonlinear systems with
time-varying delays. The presented method not only can ensure that all closed-loop sig-
nals are bounded but also can guarantee the system states converge to zero asymptotically
under the condition of time-varying delays, actuator failures and external disturbances.
To this end, the controller design is given in the next section.

3. Adaptive Event-Triggered Fault-Tolerant Control Co-Design. In this part,
the adaptive FTC controller is designed as follows

α(t) = K̂x− θ̂21ψ(S)B
TPx

||BTPx||θ̂1 + σ
− 1

2
θ̂2ψ(S)B

TPx (9)

where K̂ is the estimate ofK satisfying K̂ = K+K̃ and K̂ =
[
K̂1, K̂2, . . . , K̂m

]T
∈ Rm×n,

with the following adaptive control laws:

˙̂
Ki = −Γiψ(S)xx

TPbi − Γiσ(t)K̂i (10)

˙̂
θ1 = −l1σ(t)θ̂1 + 2l1ψ(S)

∥∥BTPx
∥∥ (11)

˙̂
θ2 = −l2σ(t)θ̂2 + 2l2ψ(S)

2
∥∥BTPx

∥∥2 (12)

where S = xTPx, Γi, i = 1, 2, . . . ,m are positive parameter matrices. bi is the ith column
of the matrix B, such that B = [b1, b2, . . . , bm]. l1 and l2 are any positive constants. θ1
and θ2 are all unknown constants, and θ̂1 and θ̂2 are the estimates of θ1 and θ2 satisfying

θ̂1 = θ1+ θ̃1 and θ̂2 = θ2+ θ̃2. In addition, ψ(χ) = c1+c2
∑n

i=0 α
2
(√

(χ/λmin(P ))
)
, χ ≥ 0,

c1, c2 are positive constants to be designed. σ(t) > 0 is a positive uniform continuous and

bounded function satisfying limt→∞
∫ t

t0
σ(τ)dτ ≤ σ̄ <∞, where σ̄ is a positive constant.

The event-triggered mechanism is defined as follows:

u(t) = α(tk), ∀t ∈ [tk, tk+1),

tk+1 = inf{t ∈ R||ei(t)| ≥ Ei}
(13)

where ei(t) = αi(t)−ui(t) denotes the measurement error. Ei ∈ {E1, E2, . . . , Em} are the
positive parameters to be designed. tk, k ∈ Z+ is the controller update time, that is the
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time tk will be updated as tk+1 whenever (13) is triggered, and the controller u(t) will be
applied to the system.

In addition, for all t ∈ [tk, tk+1), if |ei(t)| ≤ Ei, there exist continuous time-varying
parameters λi, i = 1, 2, . . . ,m satisfying λi(tk) = 0, λi(tk+1) = 1 and |λi(t)| ≤ 1, such
that

α(t) = u(t) + λ(t) (14)

where λ(t) = [λ1(t)E1, λ2(t)E2, . . . , λm(t)Em]
T and ||λ(t)|| ≤ Ē∗, Ē∗ is an unknown con-

stant.

4. Stability Analysis.

Theorem 4.1. Consider the nonlinear systems (1) with fault-tolerant model (4) satis-
fying Assumptions 2.1 and 2.2, the adaptive event-triggered fault-tolerant controller and
the adaptive laws (9)-(13). Then all the signals of closed-loop systems are bounded. And
the system states converge to zero asymptotically. In addition, the Zeno behavior can be
avoided.

Proof: According to [13], we consider the Lyapunov-Krasovskii function such that

V = V1 + V2 + V3 + V4

V1 =

∫ S

0

ψ(ξ)dξ

V2 =
n∑

i=0

∫ t

t−τi

δα2
i (||x(ξ)||)dξ

V3 =
1

2
µ
(
l−1
1 θ̃21 + l−1

2 θ̃22

)
V4 = ψ(S)

n∑
i=0

ρiK̃i
T
Γ−1
i K̃i

(15)

where δ > 0 is a constant. θ̃1, θ̃2 and K̃i are parameter estimation errors.
From (8), one has

2xTPg ≤ 2γ
∥∥xTP∥∥ ||x|| ≤ xT

(
γ2P 2 + I

)
x (16)

According to (5), (6), (15) and (16), the first derivative of V1 is

V̇1 = 2ψ(S)xTP (Ax+ g(x) + B(ρu+ κus + f(xτ )) +Bdd)

≤ ψ(S)xT
(
PA+ ATP + γ2P 2 + I

)
x+ 2ψ(S)xTPBρα

+ 2ψ(S)xTPB(κus + f(xτ ) + ρλ+Dd)

(17)

By noting Assumption 2.3 and Young’s inequality, it is shown that

2ψ(S)xTPBf(xτ ) ≤ 2ψ
∥∥BTPx

∥∥( n∑
i=1

ϖiαi(||x(t− τi)||+ ν)

)

≤
n∑

i=0

δ(1− τ̄i)α
2
i (||x(t− τi)||) + 2ψ(S)

∥∥BTPx
∥∥ ν

+
n∑

i=1

ϖ

δ(1− τ̄i)
ψ2(S)

∥∥BTPx
∥∥2

(18)
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According to Assumptions 2.1 and 2.2, there exists a positive constant θ1 defined as
follows

2ψ(S)xTPB(ρλ+ κus +Dd) + 2ψ(S)
∥∥BTPx

∥∥ ν
≤ 2ψ(S)

∥∥xTPB∥∥ ||ρλ+ κus +Dd+ ν||
≤ 2µθ1ψ(S)

∥∥BTPx
∥∥ (19)

It is easy to see that, ϖ and τ̄i are both bounded constants, so there also exists a
positive constant θ2 satisfying

n∑
i=1

ϖ

δ(1− τ̄i)
ψ2(S)

∥∥BTPx
∥∥2 ≤ µθ2ψ

2(S)
∥∥BTPx

∥∥2 (20)

Substituting (18)-(20) into (17), it can be obtained as follows

V̇1 ≤ψ(S)xT
(
PA+ ATP + γ2P 2 + I

)
x+ 2ψ(S)xTPBρα

+
n∑

i=0

δ(1− τ̄i)α
2
i (||x(t− τi)||) + 2µθ1ψ(S)

∥∥BTPx
∥∥

+ µθ2ψ
2(S)

∥∥BTPx
∥∥2

(21)

According to event-triggered controller (9) and Lemma 2.1, that is

2ψ(S)xTPBρα ≤ 2ψ(S)xTPBρK̂x− µθ̂2ψ
2(S)

∥∥BTPx
∥∥2

−
2µθ̂21ψ

2(S)
∥∥BTPx

∥∥2
∥BTPx∥ θ̂1 + σ

(22)

And then we can get

V̇1 ≤ψ(S)xT
(
PA+ ATP + γ2P 2 + I

)
x

+ 2ψ(S)xTPBρK̂x−
2µθ̂21ψ

2(S)
∥∥BTPx

∥∥2
∥BTPx∥ θ̂1 + σ

− µθ̂2ψ
2(S)

∥∥BTPx
∥∥2 + n∑

i=0

δ(1− τ̄i)α
2
i (||x(t− τi)||)

+ 2µθ1ψ(S)
∥∥BTPx

∥∥+ µθ2ψ
2(S)

∥∥BTPx
∥∥2

(23)

From (15), we can also obtain that

V̇2 ≤
n∑

i=1

δαi(||x||)−
n∑

i=0

δ(1− τ̄i)α
2
i (||x(t− τi)||) (24)

V̇3 ≤ µ
(
l−1
1 θ̄1θ̇1 + l−1

2 θ̄2θ̇2

)
(25)

V̇4 ≤ 2ψ(S)
n∑

i=1

ρiK̃
T
i Γ

−1
i

˙̃Ki (26)

Meanwhile, it is worth noting that

µθ1ψ(S)
∥∥BTPx

∥∥− 2µθ̂21ψ(S)
2
∥∥BTPx

∥∥2
∥BTPx∥ θ̂1 + σ

+ µθ̃1ψ(S)
∥∥BTPx

∥∥
=

2µσθ̂1ψ(S)
∥∥BTPx

∥∥
∥BTPx∥ θ̂1 + σ

(27)
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−µθ̂2ψ(S)2
∥∥BTPx

∥∥2 + µθ2ψ(S)
2
∥∥BTPx

∥∥2 + µθ̃2ψ(S)
2
∥∥BTPx

∥∥2 = 0 (28)

2ψ(S)xTPBρK̂x+ 2ψ(S)
n∑

i=1

ρiK̃
T
i Γ

−1
i

˙̃Ki ≤ µσψ(S)K̃T K̂ (29)

So that is

V̇ ≤ ψ(S)xT
(
P (A+BρK) + (A+BρK)TP + γ2P 2 + I

)
x

+ µσ
(
θ̃21 − θ̃1θ1 + θ̃22 − θ̃2θ2 + K̃2 − K̃K

)
+

n∑
i=1

δαi(||x||)

+
2µσθ̂1ψ(S)

∥∥BTPx
∥∥

∥BTPx∥ θ̂1 + σ

(30)

For Inequality (30), which is equivalent to P (A+BρK)+(A+BρK)TP +γ2P 2+I < 0
in light of Schur complements. Define −Q = P (A+BρK)+(A+BρK)TP+γ2P 2+I < 0,
it follows from (30) that

V̇ ≤− ψ(S)xTQx+
n∑

i=1

δαi(||x||) +
2µσθ̂1ψ(S)

∥∥BTPx
∥∥

∥BTPx∥ θ̂1 + σ

+ µσ
(
θ̃21 − θ̃1θ1 + θ̃22 − θ̃2θ2 + K̃2 − K̃K

) (31)

According to the inequality 0 ≤ ab
a+b

≤ a, ∀a, b > 0, we can obtain

V̇ ≤ −ψ(S)xTQx+
n∑

i=1

δαi(||x||) + µσ

(
θ21
4

+
θ22
4

+
||K||2

4

)

≤ −λmin(Q)ψ(S)||x||2 +
n∑

i=1

δαi(||x||) + ση

(32)

where λmin(Q) denotes the minimum eigenvalue ofQ, and η = µ (2 + θ21/4 + θ22/4 +K2/4).

The following facts hold: xTQx ≤ λmin(Q)
λmax(P )S

and α2
i (||x||) ≤ S

λmin(P )

(
ᾱ2
√
(S/λmin(P ))

)
.

So we have

V̇ ≤ S

(
λmin(Q)

λmax(P )
ψ(S) + ση +

δ

λmin(P )

n∑
i=1

ᾱ2

(√
S

λmin(P )

))

= S

(
−c̄1 − c̄2

n∑
i=1

ᾱ2

(√
S

λmin(P )

))
+ ση

(33)

where c̄1 = c1λmin(Q)
λmax(P )

, c̄2 = c2λmin(Q)
λmax(P )

− δ
λmin(P )

. Here, for any given c1, c2, P , Q, we can

choose δ sufficiently small such that c1 > 0, c2 > 0. Therefore, the derivative of V becomes
as follows:

V̇ ≤ −c̄1xTPx+ ση ≤ −c1λmin(Q)||x||2 + ση (34)

Let x̄(t) =
[
xT , θ̃T1 , θ̃

T
2 , K̃

T
]T

, and then integrating (15) over [t0, t] yields

V (t) ≤ V (t0)−
∫ t

t0

V̇ (s)ds

≤ V (t0)−
∫ t

t0

c1λmin(Q)||x(s)||2ds+
∫ t

t0

σ(s)ηds

≤ V (t0) + σ̄η

(35)
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which means x̃ is uniformly bounded; furthermore, x(t) is uniformly bounded and uni-
formly continuous. Furthermore, by (33), we also obtain that

lim
t→∞

∫ t

t0

c1λmin(Q)||x(s)||2ds ≤ V (x̃(t0)) + σ̄η (36)

which implies that λmin(Q)||x(s)||2 is uniformly bounded.
According to (34) and the Barbalat Lemma [24], we have

lim
t→∞

||x(t)|| = 0 (37)

That concludes the proof.

Remark 4.1. The work of [18] was extended in this paper, where the FTC problem did not
consider the influences of multiple state time-varying delays on the systems. In this paper,
the time delay is allowed unknown and delayed-state perturbation satisfies a very general
growth condition. By introducing an integrable auxiliary signal, the effects of time-varying
delay can be counteracted successfully.

Finally, we show that there exists a t∗ > 0, such that ∀k ∈ z+, {tk+1 − tk} ≥ t∗. To
this end, according to ei(t) = αi(t)− ui(t), ∀t ∈ [tk, tk+1), we have

d

dt
||ei|| ≤

d

dt
(ei ∗ ei)

1
2 = sign(|ei|)ėi ≤ |α̇i| (38)

According to (9), we obtain that

α̇ =
∂α

∂x
ẋ+

m∑
i=1

∂α

∂K̂i

˙̂
Ki +

∂α

∂θ̂1

˙̂
θ1 +

∂α

∂θ̂2

˙̂
θ2 +

∂α

∂σ
σ̇ (39)

Since the x, K̂, θ̂1, θ̂2 are continuous and uniformly bounded, we can obtain that σ
and α̇ are also continuous and bounded functions. So there exists a constant ϕ > 0, such
that ∥α̇∥ ≤ ϕ. By noting that |ei(tk)| = 0, and limt→tk+1

|ei(t)| = |Ei|, we conclude that
there exist the inter-execution intervals t∗i that must satisfy t∗i ≥ Ei/ϕ, namely, the Zeno
behavior [25] is successfully excluded.

5. Simulation Examples. In this section, two simulation examples are investigated to
show the effectiveness of the proposed method.

5.1. Example 1. In this section, a time delay nonlinear system with external distur-
bances and actuator faults is considered as follows

ẋ(t) = Ax(t) + g(x(t)) + B(u(t) + f(xτ )) + Bdd(t) (40)

where

A =

[
−6 0
0 −6

]
B =

[
1 0 1
0 1 1

]
D =

 2
0
0


The unknown time delay f(xτ ) and nonlinear function g(x, t) are given as

f(xτ ) =

 ς1x
T (t)x(t− τ1) + ς1x

T (t− τ1)x(t− τ2)
ς2

ς3x
T (t)x(t− τ2) + ς3x

T (t− τ1)x(t− τ2)


g(x, t) =

[
0.33 sin(x1) 0

]T
where the nonlinear function g(x) satisfies Lipschitz condition and Lipschitz constant
γ = 0.33, the unknown time delay function satisfying ||f(xτ )∥ ≤

∑2
j=0ϖjαj(|x(t−τj)|)+ν

where ϖj (j = 0, 1, 2), ν are unknown positive constants. We choose α0(ζ) = α1(ζ) =
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α2(ζ) = ζ, ᾱ0(ζ) = ᾱ1(ζ) = ᾱ2(ζ) = 1, ζ ≥ 0, ς1 = sin(t), ς2 = 0.1 sin(t) + 0.1, ς3 = sin(t),
τ1 = 0.1(1 + sin(t)), τ2 = 0.1(1 + sin(t)), and the external disturbance ω(t) = sin(t).

Some simulation parameters are chosen as x(0) = [0.2,−0.3]T , θ̂1(0) = 0.5, θ̂2(0) = 0.5,

K̂i(0) = [0, 0]T , i = 1, 2, 3, σ(t) = 0.1 + 0.5e−0.2t, c1 = 5, c2 = 10, Γi = 25, i = 1, 2, 3,
l1 = 100, l2 = 100, us = sin(t), ρ = diag(0.65, 1, 0), κ = diag(0, 0, 1), E1 = 1.2, E2 = 1.5,
E3 = 1.8.

By solving the matrix inequality (8) with LMI toolbox of MATLAB, the matrix P is
given as

P =

[
1.4448 −0.0000
−0.0000 1.4448

]
We consider the following fault model: before 10s, the system does not show faults.

After 10s, the first actuator loses 35% of its effectiveness and the third actuator is stuck
at sin(t).

The results of the simulation are as follows. Figure 1 shows that all the system states
can converge to a neighborhood of origin with the controller. Figure 2 and Figure 3 show
the estimates of the control parameters K̂ and θ̂i, i = 1, 2. From Figure 2 and Figure 3,
one can know that all the control signals are bounded, which indicates that the parameters
can be used to design the controller. Finally, the controllers signals ui, i = 1, 2, 3 and
the corresponding event-triggered events are presented in Figures 4-6. Meanwhile, the
number of event triggers is shown in Table 1.

Table 1. The numbers of triggering events

Control input α1 α2 α3

Number 83 96 110
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Figure 1. Response of system states x1, x2
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Figure 2. The estimates of the matrix K
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Figure 3. Adaptive parameters θ̂1, θ̂2
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Figure 4. The control input signals u1, α1 and the corresponding trigger-
ing event
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Figure 5. The control input signals u2, α2 and the corresponding trigger-
ing event

5.2. Example 2. In this section, we consider an FTC model in [15], where the system
and input distribution matrices are

A =


−2.98 0.93 0 −0.0340
−0.99 −0.21 0.035 −0.0011

0 0 −2 1
0.39 −5.55 0 −1.89



B =


−0.032 0.5 1.55

0 0 0
0 0 0

−1.6 1.8 −2

 D =

 1
0
0


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Figure 6. The control input signals u3, α3 and the corresponding trigger-
ing event

The unknown time delay f(xτ ) and nonlinear function g(x, t) are given as

f(xτ ) =

 ς1x
T (t)x(t− τ1) + ς1x

T (t− τ1)x(t− τ2)
ς2

ς3x
T (t)x(t− τ2) + ς3x

T (t− τ1)x(t− τ2)


g(x, t) =

[
sin(x1) 0 0 0

]T
where ς1, ς2 and ς3 are unknown parameters, and τ1 and τ2 are unknown time varying
delay. It is observed that the function g(x, t) satisfies Lipschitz condition with γ = 1, and
the unknown time delay function satisfies ||f(xτ )∥ ≤

∑2
j=0ϖjαj(|x(t − τj)|) + ν, where

ϖj (j = 0, 1, 2), ν are unknown positive constants. Let α0(ζ) = α1(ζ) = α2(ζ) = ζ,
ᾱ0(ζ) = ᾱ1(ζ) = ᾱ2(ζ) = 1, ζ ≥ 0, and then Assumption 2.3 is satisfied. For the
simulation purpose, the unknown parameters are chosen as ς1 = sin(t), ς2 = 0.1 sin(t)+0.1,
ς3 = sin(t), the time delay parameters are chosen as τ1 = 0.1(1+sin(t)), τ2 = 0.1(1+sin(t)),
and ω(t) = 0.1 sin(t) is the disturbance.
By solving the matrix inequality (8) with LMI toolbox of MATLAB, the matrix P is

given as

P =


0.0142 −0.0620 −0.0011 0.0000
−0.0620 4.8217 0.0842 0.0011
−0.0011 0.0842 0.3818 0.0058
0.0000 0.0011 0.0058 0.0157


We consider the following fault model: before 10s, the system works in fault free case.

After 10s, the first actuator loses 20% of its effectiveness and the third actuator is stuck at
0.1 sin(t). The following parameters are chosen in the simulation: x(0) = [−4,−1, 2,−1]T ,

θ̂1(0) = 5, θ̂2(0) = 5, K̂i(0) = [0, 0, 0, 0]T , i = 1, 2, 3, σ(t) = 0.1e−0.1t, c1 = 10, c2 = 5,
Γi = 50, i = 1, 2, 3, l1 = 25, l2 = 25, us = 0.1 sin(t), ρ = diag(0.8, 1, 0), κ = diag(0, 0, 1),
E1 = 0.6, E2 = 0.8, E3 = 0.8.
The results of the simulation are shown in Figures 7-12. It is shown in Figure 7 that

all the system states can converge to a neighborhood of origin. The estimates of K̂ are
revealed in Figure 8. Furthermore, the boundedness of parameter estimates θ̂1 and θ̂2 is
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shown in Figure 9. Finally, the controllers signals ui, i = 1, 2, 3 and the corresponding
event-triggered events are presented in Figures 10-12.

Different from the results [15, 16, 18], in this paper, we consider the problem of the
event-triggered FTC under time-varying conditions. By the detailed simulation com-
parison, we conclude that the computation burden of the communication procedure is
effectively alleviated.

Table 2. The numbers of triggering events

Control input α1 α2 α3

Number 33 46 63
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Time (sec)
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Figure 7. Response of system states x1, x2, x3 and x4

Figure 8. The estimates of the matrix K
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Figure 9. Adaptive parameters θ̂1, θ̂2
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Figure 10. The control input signals u1, α1 and the corresponding trig-
gering event

6. Conclusion. In this paper, we have considered an adaptive event-triggered control co-
design for a class of nonlinear systems with actuator faults, multiple time-varying delays
and external disturbances. To compensate the effects of unknown systems parameters and
multiple delay perturbation functions and reduce the systems redundancy, the adaptive
event-triggered fault-tolerant control co-design and the adaptive laws are investigated.
It can not only effectively eliminate the effects of faults, time-delays and disturbances,
but also significantly alleviate for the communication burden. Finally, two simulation
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Figure 11. The control input signals u2, α2 and the corresponding trig-
gering event
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Figure 12. The control input signals u3, α3 and the corresponding trig-
gering event

results show that the presented control scheme can guarantee that all the system states
are asymptotically stable and all the closed-loop signals are globally bounded.
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