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Extended Disturbance-Observer-Based Data-Driven
Control of Networked Nonlinear Systems

With Event-Triggered Output
Mouquan Shen , Xianming Wang, Ju H. Park , Senior Member, IEEE, Yang Yi , and Wei-Wei Che

Abstract—This article is dedicated to data-driven control of
networked nonlinear systems with event-triggered output. An
improved extended state observer is constructed to estimate
unknown disturbances. An output estimator is built on the trig-
gered output and the estimated output. Consequently, triggering
conditions for single-input single-output and multiple-inputs and
multiple-outputs systems are individually proposed by integrating
the estimated disturbances, the true and the estimated tracking
errors. Sufficient conditions are established to guarantee that
the resultant tracking error systems are uniformly ultimately
bounded. The proposed strategies are verified by illustrative
numerical examples.

Index Terms—Data-driven control (DDC), dynamic lineariza-
tion, event-triggered (ET) control.

I. INTRODUCTION

ENJOYING the attractive features of reducing physical
wiring, simplified maintenance, and increasing flexibility,

much attention has been devoted to networked control systems
not only on theory but also for practical applications [1], [2],
[3], [4], [5]. Usually, periodical sampling has been frequently
employed to coordinate digital signal transmission [5]. While
this sampling method is readily implemented, unnecessary
transmission occupies limited bandwidth when systems run at
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equilibrium points. Consequently, system performance could
be deteriorated by packet dropouts [6], time delays [7], fading
channels [8], and so on. As an alternative solution, event-
triggered (ET) control comes into the sight of researchers
since transmissions are determined by the prescribed trigger-
ing rules [9], [10], [11], [12]. Around this topic, fruitful ET
results have been reported in [13], [14], and [15]. Particularly,
the input to state stability is employed by [13] to get an
absolute triggering measurement. In [14], a periodical ET
strategy is built on the conventional periodic sampling-data
control and ET control to get a minimum interevent time
for global exponential stability of impulsive systems, piece-
wise linear systems, and perturbed linear systems, respectively.
Gu et al. [15] proposed an adaptive ET condition for net-
worked nonlinear interconnected systems. It should be pointed
out that system models in most of the above mentioned results
are known beforehand. Moreover, Lyapunov functions adopted
to stability analysis for triggered closed-loop systems are
required to decrease monotonically.

Due to inherent unmodeled dynamics, it is hard to meet the
dependency on the system model [16], [17], [18]. Therefore,
data-driven control (DDC) methods are widely adopted to con-
struct control schemes. Until now, some representative DDC
strategies have been proposed, such as model free adaptive
control (MFAC), data-based control [19], lazy learning con-
trol [20]. Among them, MFAC has been favored by [21], [22],
and [23] since it needs less computational cost. Consequently,
the established ET rules with perfect system models should
be reconsidered in the MFAC framework. Regarding to ET
MFAC, [24] provides ET mechanisms for compact form, par-
tial form, and full form, respectively. Along this line, the
Lyapunov-like method is exploited by [25] and [26] to get an
ET model-free iterative learning control (ETMFILC) for repet-
itive nonaffine nonlinear systems. Different from [24], [25],
and [26], an adaptive ET mode is developed by [27] with
the help of neural network (NN) to estimate pseudo-gradient
vector. Although the aforementioned results have contributed
to the research on ET MFAC, attention is only paid to
the mechanism on system inputs. On the other hand, mul-
tifaceted disturbances may deteriorate the performance of
modern industry processes [28], [29], [30]. To attenuate their
influence, a NN-based disturbance observer is established
in [28] for disturbed nonlinear systems. Albeit this observer
could perform powerful capability of adaptability and tack-
ling nonlinearity, heavy computation is unavailable [29]. To
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treat this issue, [30] explores an extended state observer
(ESO) to estimate unknown nonlinearities for nonaffine non-
linear discrete-time systems. It should be pointed out that the
above results just focus on either ET strategies or disturbance
compensation. However, combining them together cannot be
treated the ET output model free iterative learning control
(MFILC) with unknown disturbances in this article. Moreover,
the observer configuration in [30] still has room to be further
improved.

Motivated by the above observations, this article is devoted
to output-based ETMFILC under ESO strategy for disturbed
nonlinear discrete-time systems. Distinguished from the ESO
in [30], an improved version with extra parameter is proposed
to treat the output ET case and reduce observation error bound-
ary. Based on the modified ESO, an output dynamic estimator
is supplied to update the MFILC schemes with periodic out-
puts and applied as compensator for the ESO. Consequently,
output ET strategies integrating the estimated disturbances, the
true tracking errors, and the estimated errors are presented by
means of the Lyapunov method for single-input single-output
(SISO) and multiple-inputs and multiple-outputs (MIMO)
systems, respectively. With the proposed ETMFILC schemes,
the uniformly ultimately bounded error systems are estab-
lished for two scenarios. Illustrative examples are supplied to
demonstrate the validity of the presented methods. In sum-
mary, compared with existing results, the contributions are
collected as following points.

1) An improved ESO configuration is constructed to treat
output ET case and reduce observation error boundary.

2) Output-based ETMFILC schemes are established to
reduce communication transmissions and enhance dis-
turbance attenuation.

The following organization has five parts. Section II pro-
vides problem formulation. ETMFILC schemes for both SISO
and MIMO systems are detailed in Section III. In Section IV,
the validity of the proposed schemes for SISO and MIMO
systems is verified by two examples. Conclusion with some
future research topics is supplied in Section V.

Notations: BT denotes the transposition of B.� means back-
ward difference. ‖ · ‖p is induced consistent norm and ‖ · ‖v

is the consistent norm. ‖ · ‖ is the 2-norm, | · | represents the
absolute value operation and Pb

j=asj = sa · sa+1, . . . , sb.

II. PROBLEM FORMULATION

Consider a class of repetitive nonlinear discrete-time system
with disturbance as

yk(ι+ 1) = f
(
yk(ι), . . . , yk

(
ι− cy

)

uk(ι), . . . , uk(ι− cu))+ dk(ι) (1)

where yk(ι) ∈ Rm, uk(ι) ∈ Rm, dk(ι) ∈ Rm represent out-
put, input, and disturbance, respectively. k ∈ {0, 1, 2, . . .} is
iteration index and ι ∈ {0, 1, . . . ,T} is sampling instant. cy and
cu are unknown positive constants, f (·) ∈ Rm is a nonlinear
function.

To proceed, assumptions and a lemma are given first.
Assumption 1 [25]: The partial derivative of f (·) with

respect to uk(ι) is continuous in the direction of iteration.

Assumption 2 [25]: System (1) meets Lipschitz condition
in iteration direction, which means ‖�yk(ι+1)‖ ≤ b‖�uk(ι)‖
with ‖�uk(ι)‖ �= 0, where �yk(ι+1) = yk(ι+1)−yk−1(ι+1),
�uk(ι) = uk(ι)−uk−1(ι), and b is a unknown positive constant.

Assumption 3: The input change for (1) is limited by

‖uk(ι)− uk(ι− 1)‖ ≤ b�u (2)

where b�u is a unknown positive constant.
Remark 1: As [30], (2) is employed to ensure the bounded-

ness of observation errors in Theorems 2 and 5, respectively.
In engineering sense, it is utilized to prevent input chatter-
ing against damaging the controller, such as high wear of
moving mechanical parts [31] and high heat losses of power
circuits [32].

Lemma 1 [28]: Under Assumptions 1 and 2, system (1) is
transformed into a compact model

�yk(ι+ 1) = �k(ι)�uk(ι)+ ξk(ι) (3)

where ‖�k(ι)‖ ≤ b is called pseudo partial derivative (PPD)
and ‖ξk(ι)‖ ≤ bξ denotes system uncertainties. Additionally,
bξ is a unknown positive constant.

Remark 2: Equation (3) describes the mapping between
system inputs and outputs without physical meanings. Similar
to [16], �k(ι) is required to change slowly at iteration direction
so that it is insensitive to the iteration-varying factors.

Remark 3: Like (3), a full case can be obtained by replac-
ing �k(ι) = [(∂f (·)/∂yk(ι)), . . . , (∂f (·)/∂yk−ly+1(ι)),

(∂f (·)/∂uk(ι)) , . . . , (∂f (·)/∂uk−lu+1(ι))], �uk(ι) =
[�yT

k (ι), . . . , �yT
k−ly+1(ι),�uT

k (ι), . . . ,�uT
k−lu+1(ι)]

T, and
ξk(ι) = f (yk−ly(ι), yk(ι − 1), . . . , yk(ι − cy), uk−lu(ι), uk(ι −
1), . . . , uk(ι − cu)) − f (yk−1(ι), . . . , yk−1(ι −
cy), uk−1(ι), . . . , uk−1(ι − cu)) + �dk(ι), where ly and
lu ∈ {1, 2 · · · }.

Lemma 2 [33]: Denote S(A) as the spectral radius of matrix
A ∈ Rn×n. There is an induced consistent norm ‖·‖p that makes
‖A‖p≤S(A)+ ε ( ε > 0).

To facilitate the observer construction, set gk(ι) =
[ḡk(ι), ¯̄gk(ι)]T = [yk(ι), ξk(ι)]T. Therefore, (3) is rewritten as

⎧
⎨

⎩

ḡk(ι+ 1) = ḡk(ι)+�k(ι)(uk(ι)− uk(ι− 1))
+¯̄gk(ι)¯̄gk(ι+ 1) = ξk(ι+ 1).

(4)

Inspired by [30], an improved ESO is built as follows:
⎧
⎪⎪⎨

⎪⎪⎩

ˆ̄gk(ι+ 1) = ˆ̄gk(ι)+ ˆ̄̄gk(ι)+ �̂k(ι)(uk(ι)− uk(ι− 1))

+l1
(

ḡk(ι)− ˆ̄gk(ι)
)

ˆ̄̄gk(ι+ 1) = l3
ˆ̄̄gk(ι)+ l2

(
ḡk(ι)− ˆ̄gk(ι)

) (5)

where ˆ̄gk(ι) and ˆ̄̄gk(ι) are adopted to estimate ḡk(ι) and ¯̄gk(ι),
respectively. l1, l2, and l3 are positive scalar selected by
designers to meet 0 < l1 < 1, 0 < l3 < 1 and

θ̄ = max

{∣∣∣
1 + l3 − l1 +

√
(l1 − l3 − 1)2 − 4(l3 + l2 − l1l3)

2

∣∣∣

∣∣
∣
1 + l3 − l1 −

√
(l1 − l3 − 1)2 − 4(l3 + l2 − l1l3)

2

∣∣
∣
}
< 1.

(6)
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Fig. 1. Selection range of parameters.

In order to reduce the computational complexity, without loss
generality, selecting l̄ = l1 = l3 ∈ (0, 0.5) ∪ (0.5, 1) such
that l̄ − l̄2 + l2 < 0.25 holds. Moreover, Fig. 1 is provided to
show their relationship. In the simulation, a possible choice is
l̄ = 0.1 and l2 = 0.01.

Remark 4: Compared with [30], an extra l3 is introduced to
not only treat the output ET case but also reduce observation
error boundary.

Borrowed from [28], the MFILC scheme for periodical
outputs is presented as

�̂k+1(ι) = �̂k(ι)+ ηWk(ι)�uk(ι)

μ+�uk(ι)2
(7)

uk+1(ι) = uk(ι)+
ρ�̂k+1(ι)

[
ek(ι+ 1)− ˆ̄̄gk+1(ι)

]

λ+
∥
∥∥�̂k+1(ι)

∥
∥∥

2
(8)

where Wk(ι) = �yk(ι + 1) − �̂k(ι)�uk(ι), the true tracking
error ek(ι + 1) = y∗(ι + 1) − yk(ι + 1), y∗(ι + 1) denotes
the desired output and the choices of η, μ, ρ, and λ meets
0 < η < 1, μ > 0, 0 < ρ < 1, and λ > 0, respectively.

This article aims to update (7) and (8) with ET output. To
realize this aim, an ET sequence is first defined as {kl}, l =
1, 2, . . . ,N. Then �̂k(ι) is updated by

�̂k+1(ι) =
⎧
⎨

⎩
�̂k(ι)+ ηWk(ι)�uk(ι)

μ+ ‖�uk(ι)‖2
, k = kl

�̂k(ι), kl < k < kl+1

(9)

�̂k(ι) = �̂1(1), if |�̂k(ι)| < ω or |�uk−1(ι)| < ω

or sign
(
�̂k(ι)

)
�= sign

(
�̂1(1)

)
(10)

and uk+1(ι) is reconstructed as

uk+1(ι) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

uk(ι)+
ρ�̂k+1(ι)

[
ek(ι+ 1)− ˆ̄̄gk+1(ι)

]

λ+ �̂k+1(ι)2
, k = kl

uk(ι)+
ρ�̂k+1(ι)

[
êk(ι+ 1)− ˆ̄̄gk+1(ι)

]

λ+ �̂k+1(ι)2

kl < k < kl+1

(11)

where �̂1(1) is the initial value of �̂k(ι), ω is an arbitrarily
small positive constants, êk(ι+ 1) = y∗(ι+ 1)− ŷk(ι+ 1) and
ŷk(ι+ 1) is driven by an output dynamic estimator as

ŷk(ι) =
{

yk(ι− 1)+ϒk(ι− 1), k = kl

ŷk(ι− 1)+ϒk(ι− 1), kl < k < kl+1
(12)

where ϒk(ι−1) = �̂k(ι−1)(uk(ι−1)−uk(ι−2))+ ˆ̄̄gk(ι−1).

Remark 5: In (11), a large input increment is avoided by
introducing λ so that the constraint (2) is satisfied.

Remark 6: Note that ŷk(ι) under (12) is composed of
�̂k(ι−1) and ˆ̄̄gk(ι−1). Moreover, the estimation error bound-
ary of �̂k(ι− 1) and ˆ̄̄gk(ι− 1) determined by η, μ, l1, l2, and
l3 is presented in subsequent Theorems 1 and 2. Therefore,
adjusting these parameters could make ỹk(ι) = yk(ι)− ŷk(ι) be
small enough.

With the estimated yk(ι), the ET ESO is given as
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎧
⎪⎪⎨

⎪⎪⎩

ˆ̄gk(ι+ 1) = ˆ̄gk(ι)+ ˆ̄̄gk(ι)+ �̂k(ι)(uk(ι)− uk(ι− 1))

+ l1
(

ḡk(ι)− ˆ̄gk(ι)
)

ˆ̄̄gk(ι+ 1) = l3
ˆ̄̄gk(ι)+ l2

(
ḡk(ι)− ˆ̄gk(ι)

)
, k = kl

⎧
⎪⎪⎨

⎪⎪⎩

ˆ̄gk(ι+ 1) = ˆ̄gk(ι)+ ˆ̄̄gk(ι)+ �̂k(ι)(uk(ι)− uk(ι− 1))

+ l1
(

ŷk(ι)− ˆ̄gk(ι)
)

ˆ̄̄gk(ι+ 1) = l3
ˆ̄̄gk(ι)+ l2

(
ŷk(ι)− ˆ̄gk(ι)

)
, kl < k < kl+1

(13)

and the triggering error eETk(ι) is presented as

eETk(ι) = yk(ι)− ŷk(ι). (14)

III. MAIN RESULTS

This section is concentrated on triggering mechanisms
design and boundedness proof of PPD estimation error, obser-
vation error, and tracking error for SISO and MIMO systems,
respectively.

A. SISO System

Resorting to the above preliminaries, the proposed trigger-
ing mechanism is

D
(

R
( · )

)
> e2

k(ι+ 1) (15)

where R(·) = [(1−υ)ek(ι+1)−υeETk(ι+1)−(1−υ) ˆ̄̄gk+1(ι)]2,
υ = ρ�̂2

k+1(ι)/(λ+ �̂2
k+1(ι)), D(R(·)) is a dead-zone operator

as follows:

D
(

R
( · )

)
=
{

R
( · ), if |ek(ι+ 1)| > He

0, otherwise
(16)

where He is a positive constant selected by the designers.
Remark 7: By integrating (15), the estimated ¯̄gk+1(ι) is

designed by employing the Lyapunov method. Actually, the
mechanism may be not triggered once the estimation error
falls into the prescribed performance interval. Moreover,
Zeno behavior could be avoided by the designed dead-zone
operator (16).

Consequently, the output-based ETMFILC scheme is sum-
marized as (9)–(16).

Now it is the position to analyze that PPD estimation error
�̃k+1(ι) is uniformly ultimately bounded under ETMFILC for
SISO system.

Theorem 1: If the system (1) meets Assumptions 1–3 and
select η and μ meeting 0 < η < 1 and μ > 0, �̃k+1(ι) under
the triggering scheme (9)–(16) converges to (�/1 − M3),
where � = (ηbξ /2

√
μ) and 0 < M3 < 1.
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Proof: From (9), �̂k(ι) remains unchanged when (15) is not
violated, i.e., kl < k < kl+1. Therefore, just pay attention to
�̂k(ι) at the triggered iterations (k = kl).

If |�̂k(ι)| < ω, the boundedness of �̂k(ι) is guaranteed by
the reset algorithm (10). Otherwise, choosing �̃k(ι) = �̂k(ι)−
�k(ι) and subtracting �k+1(ι) on both sides of (9) yields

�̃k+1(ι) =
(

1 − η�u2
k(ι)

μ+�u2
k(ι)

)

�̃k(ι)+ ηξk(ι)�uk(ι)

μ+�u2
k(ι)

+�k(ι)−�k+1(ι). (17)

Resorting to Remark 2, (17) is rewritten as

�̃k+1(ι) =
(

1 − η�u2
k(ι)

μ+�u2
k(ι)

)

�̃k(ι)+ ηξk(ι)�uk(ι)

μ+�u2
k(ι)

. (18)

Recalling Lemma 1 gives

|ηξk(ι)�uk(ι)

μ+�u2
k(ι)

| ≤ η|ξk(ι)||�uk(ι)|
2
√
μ|�uk(ι)| ≤ ηbξ

2
√
μ
. (19)

Substituting (19) into (18) provides

|�̃k+1(ι)| ≤ |1 − η�u2
k(ι)

μ+�u2
k(ι)

||�̃k(ι)| + ηbξ
2
√
μ
. (20)

From the selection of η and μ, it is not difficult to get

0 < |1 − η�u2
k(ι)

μ+�u2
k(ι)

| ≤ M3 < 1 (21)

where M3 is unknown.
Taking (21) into (20) renders

|�̃k+1(ι)| ≤ M3|�̃k(ι)| +�

...

≤ Mk
3|�̃1(ι)| + �

(
1 − Mk

3

)

1 − M3
(22)

where � = (ηbξ /2
√
μ). Therefore, �̃k(ι) is bounded by

(�/1 − M3) as k → ∞.
With the boundedness of �̂k(ι) established above, the

boundedness of observation error is presented afterward.
Theorem 2: Choosing l1, l2, and l3 satisfying 0 < l1 < 1,

0 < l3 < 1, and (6), the observation error system com-
posed of (4) and (13) with the triggering scheme (9)–(16) is
uniformly ultimately bounded under Assumptions 1–3.

Proof:
Case I: At the triggering moments, combining (4) and (13)

yields

g̃k(ι+ 1) = Ag̃k(ι)+
[
�̃k(ι)[uk(ι)− uk(ι− 1)]
ξk(ι+ 1)− l3ξk(ι)

]
(23)

where g̃k(ι) = gk(ι) − ĝk(ι), ĝk(ι) = [ ˆ̄gk(ι),
ˆ̄̄gk(ι)]T,

A =
[

1 − l1 1
−l2 l3

]
.

From the selection rule of l1, l2, and l3, one has S(A) =
θ̄ < 1. According to Lemma 2, there exists ε such that

‖A‖p ≤ S(A)+ ε ≤ M4 < 1 (24)

where 0 < M4 < 1.

Treating (2) with Lemma 1 and Theorem 1 produces
∥∥∥
∥

[
�̃k(ι)[uk(ι)− uk(ι− 1)]
ξk(ι+ 1)− l3ξk(ι)

]∥∥∥
∥

p

≤ M5 (25)

where M5 = ((b�̃b�u)
p+((1+l3)bξ )p)1/p and b�̃ is the bound

of |�̃k(ι)|.
Combining (23)–(25) supplies

‖g̃k(ι+ 1)‖v ≤ M4‖g̃k(ι)‖v + M5
...

≤ Mι
4‖g̃k(1)‖v + M5

(
1 − Mι

4

)

1 − M4
(26)

which means that g̃k(ι) is bounded by (M5/1 − M4) as ι → ∞.
Case II: During the consecutive triggering instants, substi-

tuting (12) into (13) renders

q̃k(ι+ 1) = Bq̃k(ι)+
[
�̃k(ι)[uk(ι)− uk(ι− 1)]
ξk(ι+ 1)− l3ξk(ι)

]
(27)

where q̃k(ι) = qk(ι) − q̂k(ι), qk(ι) = [ŷk(ι), ξk(ι)]T, q̂k(ι) =
[ ˆ̄gk(ι),

ˆ̄̄gk(ι)]T, B =
[

1 − l1 0
−l2 l3

]
.

From the selection rule of l1 and l3, it gives S(B) < 1. Then,
according to Lemma 2, there exists ε such that

‖B‖p ≤ S(B)+ ε ≤ s5 < 1 (28)

where 0 < s5 < 1.
Integrating (25) and (28) into (27) yields

‖q̃k(ι+ 1)‖v ≤ s5‖q̃k(ι)‖v + M5
...

≤ sι5‖q̃k(1)‖v + M5
(
1 − sι5

)

1 − s5
. (29)

Therefore, q̃k(ι) is bounded by (M5/1 − s5) as ι → ∞.
Remark 8: During the consecutive triggering instants, ESO

in [30] leads to S(B)max = 1, which may not make the
observation error converge. In this article, an extra l3 meet-
ing 0 < l3 < 1 is introduced to not only treat the output ET
case but also reduce observation error boundary.

Based on Theorems 1 and 2, the boundedness proof of ek(ι)

is presented in the following theorem.
Theorem 3: If the system (1) meets Assumptions 1–3 and

select ρ and λ meeting 0 < ρ < 1 and λ > 0, the tracking
errors ek(ι) with the triggering scheme (9)–(16) is uniformly
ultimately bounded.

Proof:
Case I: At the triggering iterations (k = kl), substitut-

ing (11) into (3) gives

ek+1(ι+ 1) = y∗(ι+ 1)− yk+1(ι+ 1)

=
(

1 − ρ�k+1(ι)�̂k+1(ι)

λ+ �̂2
k+1(ι)

)

ek(ι+ 1)

+ ρ�k+1(ι)�̂k+1(ι)
ˆ̄̄gk+1(ι)

λ+ �̂2
k+1(ι)

− ξk+1(ι). (30)
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Taking the absolute value operation to (30) yields

|ek+1(ι+ 1)| ≤ |
(

1 − ρ�k+1(ι)�̂k+1(ι)

λ+ �̂2
k+1(ι)

)

||ek(ι+ 1)|

+ |ρ�k+1(ι)�̂k+1(ι)

λ+ �̂2
k+1(ι)

|bĝ + bξ (31)

where bĝ is the bound of | ˆ̄̄gk+1(ι)|.
With the help of (10) and 2AB ≤ A

2 + B
2, one has

0 <
ρ�k+1(ι)�̂k+1(ι)

λ+ �̂2
k+1(ι)

<
ρ|�k+1(ι)||�̂k+1(ι)|

2
√
λ|�̂k+1(ι)|

= ρ|�k+1(ι)|
2
√
λ

.

(32)

From the selection rule of ρ and λ, it gets

ρ|�k+1(ι)|
2
√
λ

≤ ρb

2
√
λ
< 1. (33)

Combining (32) and (33) supplies

0 < |1 − ρ�k+1(ι)�̂k+1(ι)

λ+ �̂2
k+1(ι)

| ≤ M6 < 1 (34)

where M6 is unknown.
Taking (32)–(34) into (31) provides

|ek+1(ι+ 1)| ≤ M6|ek(ι+ 1)| + bĝ + bξ
...

≤ Mk
6|e1(ι+ 1)| +

(
bĝ + bξ

)(
1 − Mk

6

)

1 − M6
. (35)

Therefore, ek(ι) is bounded by ((bĝ + bξ )/[1 − M6]) as
k → ∞.

Case II: During the interevent iterations (kl < k <

kl+1), (14) gives êk(ι + 1) = ek(ι + 1) + eETk(ι + 1). Then,
combining (11) and (3) yields

ek+1(ι+ 1) = y∗(ι+ 1)− yk+1(ι+ 1)

=
(

1 − ρ�k+1(ι)�̂k+1(ι)

λ+ �̂2
k+1(ι)

)

ek(ι+ 1)

− ρ�k+1(ι)�̂k+1(ι)

λ+ �̂2
k+1(ι)

eETk(ι+ 1)

+ ρ�k+1(ι)�̂k+1(ι)

λ+ �̂2
k+1(ι)

ˆ̄̄gk+1(ι)− ξk+1(ι). (36)

Recalling Theorems 1 and 2, one has υ = ρ�̂2
k+1(ι)/(λ +

�̂2
k+1(ι)) and ξk+1(ι) = ˆ̄̄gk+1(ι). Then, applying these replace-

ments to (36) gets

ek+1(ι+ 1) = (1 − υ)ek(ι+ 1)− υeETk(ι+ 1)

− (1 − υ) ˆ̄̄gk+1(ι). (37)

Choose the candidate Lyapunov function Vk = e2
k(ι+1) and

take its difference operation provides

�Vk+1(ι+ 1) = e2
k+1(ι+ 1)− e2

k(ι+ 1). (38)

Integrating (37) into (38) yields

�Vk+1(ι+ 1)

=
[
(1 − υ)ek(ι+ 1)− υeETk(ι+ 1)

−(1 − υ) ˆ̄̄gk+1(ι)
]2 − e2

k(ι+ 1). (39)

Combining (15) and (39) renders �Vk+1(ι+ 1) ≤ 0.
Unifying the above two cases, e2

k(ι) is uniformly ultimately
bounded.

Remark 9: Due to disturbances, ek(ι) converges to
[(bĝ + bξ )/1 − M6] determined by ρ and λ. Therefore,
properly choosing them could make [(bĝ + bξ )/1 − M6] be
small enough.

B. MIMO System

The following assumption and lemma are necessary for the
derivation.

Assumption 4 [16]: The signs of the all elements of matrix
�k(ι) ∈ Rm×m are unchanged. Without loss generality, it is
assumed that ψpjk(ι) > 0 and ψppk(ι) > 0, p, j ∈ [1,m], where
ψpjk(ι) and ψppk(ι) are the elements of �k(ι).

Lemma 3 [35]: Given the system

Ēk+1(ι+ 1) = �̄k(ι)Ēk(ι+ 1)+ �̄k(ι) (40)

where Ēk(ι + 1) ∈ Rm denotes the state, �̄k(ι) ∈ Rm is the
input, and �̄k(ι) ∈ Rm×m is a bounded mapping matrix, i.e.,
‖�̄k(ι)‖ ≤ α�̄ with α�̄ > 0. If for any given integer ι ∈
{0, 1, . . .}, there exists some iteration sequence {ζs(ι):s ∈ Z+},
where {ζ0(ι) = 0} and 0 < ζs+1(ι) − ζs(ι) ≤ δ(ι) for some
finite positive integer 1 ≤ δ(ι) < ∞, such that

∥∥∥Pζs+1(ι)

j=ζs(ι)
�̄j(ι)

∥∥∥ ≤ � < 1

for all s ∈ Z+. Then for any initial Ēk0(ι) (k0 ∈ Z+) and any
bounded �̄k(ι), the solution to (40) exists for all k ≥ k0 and
satisfies

‖Ēk(ι)‖ ≤ �s̄k(ι)−sk0 (ι)α
2(δ(ι)−1)
�̄

‖Ēk0(ι)‖

+
(
�s̄k(ι)−sk0 (ι)α

δ(ι)−1
�̄

1 − α
δ(ι)−1
�̄

1 − α�̄

+ 1 − �s̄k(ι)−sk0 (ι)

1 − �
α
δ(ι)−1
�̄

1 − α
δ(ι)

�̄

1 − α�̄
+ 1 − α

δ(ι)−1
�̄

1 − α�̄

)

× max
k0≤i≤k−1

‖�̄i(ι)‖
where, for every k ∈ Z+, s̄k(ι) ∈ Z+, and sk(ι) ∈ Z+ denote the
greatest and least integers such that ζs̄k(ι)(ι) ≤ k < ζs̄k(ι)+1(ι)

and ζsk(ι)−1(ι) ≤ k < ζsk(ι)(ι) hold, respectively.
Similar to SISO, (9)–(16) are extended for MIMO case as

�̂k+1(ι) =
⎧
⎨

⎩
�̂k(ι)+ ηKk(ι)�UT

k (ι)

μ+ ‖�Uk(ι)‖2
, k = kl

�̂k(ι), kl < k < kl+1

(41)

ψ̂ppk(ι) = ψ̂pp1(1)

if |ψ̂ppk(ι)| < ω or sign
(
ψ̂ppk(ι)

)
�= sign

(
ψ̂pp1(1)

)

ψ̂pjk(ι) = ψ̂pj1(1), if sign
(
ψ̂pjk(ι)

)
�= sign

(
ψ̂pj1(1)

)
(42)
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Uk+1(ι) = Uk(ι)+
ρ�̂T

k+1(ι)

[
Ek(ι+ 1)− ˆ̄̄

Gk+1(ι)

]

λ+ ‖�̂k+1(ι)‖2
, k = kl

Uk+1(ι) = Uk(ι)+
ρ�̂T

k+1(ι)

[
Êk(ι+ 1)− ˆ̄̄

Gk+1(ι)

]

λ+ ‖�̂k+1(ι)‖2

kl < k < kl+1

(43)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ˆ̄Gk(ι+ 1) = ˆ̄Gk(ι)+ ˆ̄̄
Gk(ι)+ �̂k(ι)(Uk(ι)− Uk(ι− 1))

+l1
(

Yk(ι)− ˆ̄Gk(ι)
)

ˆ̄̄
Gk(ι+ 1) = l3

ˆ̄̄
Gk(ι)+ l2

(
Yk(ι)− ˆ̄Gk(ι)

)
, k = kl

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ˆ̄Gk(ι+ 1) = ˆ̄Gk(ι)+ ˆ̄̄
Gk(ι)+ �̂k(ι)(Uk(ι)− Uk(ι− 1))

+l1
(

Ŷk(ι)− ˆ̄Gk(ι)
)

ˆ̄̄
Gk(ι+ 1) = l3

ˆ̄̄
Gk(ι)+ l2

(
Ŷk(ι)− ˆ̄Gk(ι)

)

kl < k < kl+1

(44)

where Kk(ι) = �Yk(ι + 1) − �̂k(ι)�Uk(ι), Ek(ι) = Y∗(ι) −
Yk(ι), and Êk(ι) = Y∗(ι)− Ŷk(ι). Yk(ι) ∈ Rm, Y∗(ι) ∈ Rm, and
Uk(ι) ∈ Rm are output, desired output and input, respectively.
Ŷk(ι) means the estimated Yk(ι). �̂k(ι) ∈ Rm×m, ˆ̄Gk(ι) ∈ Rm,

and
ˆ̄̄
Gk(ι) ∈ Rm denote the estimated PPD, output, and uncer-

tainties, respectively. Moreover, 0 < η < 2, μ > 0, ρ > 0,
and λ > 0.

Now it is the position to put forward the event-triggering
condition for this case as

D
(

R
( · )

)
> Ek(ι+ 1)TEk(ι+ 1) (45)

where R(·) = ((I − Q) Ek(ι + 1) − QEETk(ι + 1) −
(I − Q)

ˆ̄̄
Gk+1(ι))

T((I − Q) Ek(ι + 1) − QEETk(ι + 1) −
(I − Q)

ˆ̄̄
Gk+1(ι)), Q = ρ�̂k+1(ι)�̂

T
k+1(ι)/(λ + ‖�̂k+1(ι)‖2),

EETk(ι) = Yk(ι)− Ŷk(ι) and D(R(·)) is a dead-zone operator as
follows:

D
(

R
( · )

)
=
{

R
( · ), if ‖Ek(ι+ 1)‖ > He

0, otherwise

where I denotes the unit matrix with appropriate dimensions.
On the basis of (41)–(45), the boundedness of �̂k(ι) for

MIMO case is proposed as below.
Theorem 4: If the system (1) meets Assumptions 1–4 and

select η and μ meeting 0 < η < 2 and μ > 0, �̂k(ι) estimated
by (41) under (45) is ultimately uniformly bounded.

Proof: Similar to SISO, only consider the triggered �̂k(ι).

Let �̂k(ι) =
[ ˆ̄ψT

1k(ι),
ˆ̄ψT

2k(ι), . . . ,
ˆ̄ψT

mk(ι)

]T
, ˆ̄ψjk(ι) =

[
φ̂j1k(ι), φ̂j2k(ι), . . . , φ̂jmk(ι)

]
, j = 1, 2, . . . ,m. Then, (41) is

converted to

ˆ̄ψjk+1(ι) = ˆ̄ψjk(ι)+ ηχjk(ι)�Uk(ι)
�

μ+ ‖�Uk(ι)‖2
(46)

where χjk(ι) = �Yjk(ι+ 1)− ˆ̄ψjk(ι)�Uk(ι).

Deducting ψ̄jk(ι) on both sides of (46) renders

˜̄ψjk+1(ι) = ˜̄ψjk(ι)− η ˜̄ψjk(ι)�Uk(ι)�U�
k (ι)

μ+ ‖�Uk(ι)‖2

+ η�k(ι)�U�
k (ι)

μ+ ‖�Uk(ι)‖2
+ ψ̄jk(ι)− ψ̄jk+1(ι) (47)

where ˜̄ψjk(ι) = ˆ̄ψjk(ι) − ψ̄jk(ι) and �k(ι) ∈ Rm denotes
uncertainties.

Defining

�k(ι) =
∥∥∥
∥∥

˜̄ψjk(ι)− η ˜̄ψjk(ι)�Uk(ι)�U�
k (ι)

μ+ ‖�Uk(ι)‖2

∥∥∥
∥∥

gives

�k(ι)
2 = ‖ ˜̄ψjk(ι)‖2 +

(
− 2 + η‖�Uk(ι)‖2

μ+ ‖�Uk(ι)‖2

)

× η‖ ˜̄ψjk(ι)�Uk(ι)‖2

μ+ ‖�Uk(ι)‖2
. (48)

From the selection rule of η and μ, one has
(

−2 + η‖�Uk(ι)‖2

μ+ ‖�Uk(ι)‖2

)

< 0. (49)

Substituting (49) into (48) provides

�k(ι) ≤ d1‖ ˜̄ψjk(ι)‖ (50)

where 0 < d1 < 1.
With the help of 2AB ≤ A

2 + B
2, one gets

∥
∥∥∥∥
η�k(ι)�UT

k (ι)

μ+ ‖�Uk(ι)‖2

∥
∥∥∥∥

≤ ηb�
2
√
μ

(51)

where b� is the bound of ‖�k(ι)‖.
Resorting to Remark 2, (47) is rewritten as

˜̄ψjk+1(ι) = ˜̄ψjk(ι)− η ˜̄ψjk(ι)�Uk(ι)�U�
k (ι)

μ+ ‖�Uk(ι)‖2

+ η�k(ι)�U�
k (ι)

μ+ ‖�Uk(ι)‖2
. (52)

Integrating (50) and (51) into (52) yields

‖ ˜̄ψjk+1(ι)‖ ≤ d1‖ ˜̄ψjk(ι)‖ + σ

...

≤ dk
1‖ ˜̄ψj1(ι)‖ + σ

(
1 − dk

1

)

1 − d1

where σ = (ηb�/2
√
μ). Therefore, ˜̄ψjk(ι) is bounded by

(σ/1 − d1) as k → ∞, so does the �̂k(ι).
Based on Theorem 4, Theorem 5 extended from Theorem 2

is proposed as below.
Theorem 5: Choosing l1, l2, and l3 satisfying 0 < l1 < 1,

0 < l3 < 1, and (6), the observation error system com-
posed of (4) and (44) with the triggering scheme (41)–(45)
is uniformly ultimately bounded under Assumptions 1–4.
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Case I: At triggering moments, (44) gives

G̃k(ι+ 1) = AG̃k(ι)+
[
�̃k(ι)[Uk(ι)− Uk(ι− 1)]
�k(ι+ 1)− l3�k(ι)

]
(53)

where G̃k(ι) = Gk(ι)−Ĝk(ι), Ĝk(ι) = [ ˆ̄Gk(ι),
ˆ̄̄
Gk(ι)]T, Gk(ι) =

[Yk(ι), �k(ι)]T and A =
[

1 − l1 1
−l2 l3

]
.

From the selection rule of l1, l2, and l3, it gives
S(A) = θ̄ < 1. As a result, adopting Lemma 2 provides

‖A‖p ≤ S(A)+ ε ≤ d3 < 1 (54)

where 0 < d3 < 1.
Applying (2) with Lemma 1 and Theorem 4 yields

∥
∥∥∥

[
�̃k(ι)[Uk(ι)− Uk(ι− 1)]
�k(ι+ 1)− l3�k(ι)

]∥∥∥∥
p

≤ d4 (55)

where d4 = ((b�̃b�u)
p+((1+l3)b�)p)1/p and b�̃ is the bound

of ‖�̃k(ι)‖.
Combining (53)–(55) supplies

‖G̃k(ι+ 1)‖v ≤ d3‖G̃k(ι)‖v + d4
...

≤ dι3‖G̃k(1)‖v + d4
(
1 − dι3

)

1 − d3
.

Therefore, G̃k(ι) is bounded by (d4/1 − d3) as ι → ∞.
Case II: During two consecutive triggering instants, tak-

ing (12) to (44) renders

˜̄qk(ι+ 1) = B ˜̄qk(ι)+
[
�̃k(ι)[Uk(ι)− Uk(ι− 1)]
�k(ι+ 1)− l3�k(ι)

]
(56)

where ˜̄qk(ι) = q̄k(ι) − ˆ̄qk(ι), q̄k(ι) = [Ŷk(ι), �k(ι)]T, ˆ̄qk(ι) =
[ ˆ̄Gk(ι),

ˆ̄̄
Gk(ι)]T, B=

[
1 − l1 0
−l2 l3

]
.

According to the selection rule of l1 and l3, one gets
S(B) < 1. Consequently, utilizing Lemma 2 provides

‖B‖p ≤ S(B)+ ε ≤ s6 < 1 (57)

where 0 < s6 < 1.
Integrating (55) and (57) into (56) yields

‖˜̄qk(ι+ 1)‖v ≤ s6‖˜̄qk(ι)‖v + d4
...

≤ sι6‖˜̄qk(1)‖v + d4
(
1 − sι6

)

1 − s6
. (58)

Therefore, G̃k(ι) is bounded by (d4/1 − s6) as ι → ∞.
The boundedness proof of Ek(ι) applying ETMFILC scheme

for MIMO system is supplied in Theorem 6.
Theorem 6: If the system (1) meets Assumptions 1–4 and

select ρ and λ meeting 0 < ρ < 1 and λ > 0, the tracking
errors Ek(ι) with the triggering scheme (41)–(45) is ultimately
uniformly bounded.

Proof:
Case I: At the triggering iterations (k = kl), substitut-

ing (43) to (3) supplies

Ek+1(ι+ 1) = Y∗(ι+ 1)− Yk+1(ι+ 1)

= �k(ι)Ek(ι+ 1)+ �k(ι) (59)

where

�k(ι) = I − ρ�k+1(ι)�̂
T
k+1(ι)

λ+ ‖�̂k+1(ι)‖2

and

�k(ι) = ρ�k+1(ι)�̂
T
k+1(ι)

ˆ̄̄
Gk+1(ι)

λ+ ‖�̂k+1(ι)‖2
−�k+1(ι).

The positive-definiteness of �k+1(ι)�̂
T
k+1(ι) is provided by

Assumption 4 and (42). Moreover, �k+1(ι) and �̂k+1(ι) are
bounded. As a result, from the selection rule of ρ and λ, there
exists a positive constant d6 such that

‖�k(ι)‖ = ‖I − ρ�k+1(ι)�̂
T
k+1(ι)

λ+ ‖�̂k+1(ι)‖2
‖ ≤ d6 < 1 (60)

which yields
∥∥∥Pk

j=1�j(ι)

∥∥∥ ≤ Pk
j=1

∥∥∥�j(ι)

∥∥∥ ≤ dk
6 < 1

and

‖�k(ι)‖ ≤ bĜ + b�

where bĜ is the bound of ‖ ˆ̄̄
Gk(ι+ 1)‖.

Applying Lemma 3 to (59) for α� < 1, � = α�, δ(ι) = 1,
s̄k(ι) = k and sk0(ι) = 1 renders

‖Ek+1(ι)‖ ≤ dk−1
6 ‖E1(ι)‖ + 1 − dk−1

6

1 − d6
maxk0≤i≤k−1 ‖�i(ι)‖.(61)

Therefore, Ek(ι) is bounded by (bĜ + b�/1 − d6) as
k → ∞.

Case II: During the interevent iterations (kl < k < kl+1),
taking (43) into (3) gets

Ek+1(ι+ 1) = Ek(ι+ 1)−�k+1(ι)

− ρ�k+1(ι)�̂
T
k+1(ι)

λ+ ‖�̂k+1(ι)‖2

(
Êk(ι+ 1)− ˆ̄̄

Gk+1(ι)

)
.

(62)

Resorting to Remark 2, �k+1(ι) is replaced by �̂k+1(ι).

Similarly,
ˆ̄̄
Gk+1(ι) = �k+1(ι). Utilizing these replacements

to (62) produces

Ek+1(ι+ 1) = (
I − Q

)
Ek(ι+ 1)− QEETk(ι+ 1)

− (
I − Q

) ˆ̄̄
Gk+1(ι). (63)

Select the candidate Lyapunov function Vk+1(ι + 1) =
Ek+1(ι + 1)TEk+1(ι + 1) and take its difference operation
provides

�Vk+1(ι+ 1)

= Ek+1(ι+ 1)TEk+1(ι+ 1)− Ek(ι+ 1)TEk(ι+ 1). (64)
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Fig. 2. y(ι) under three schemes for the 10th iteration.

Integrating (63) into (64) yields

�Vk+1(ι+ 1) =
((

I − Q
)
Ek(ι+ 1)− QEETk(ι+ 1)

− (
I − Q

) ˆ̄̄
Gk+1(ι)

)T((
I − Q

)
Ek

− QEETk(ι+ 1)− (
I − Q

) ˆ̄̄
Gk+1(ι)

)

− Ek(ι+ 1)TEk(ι+ 1). (65)

Combining (45) and (65), �Vk+1(ι+ 1) ≤ 0 holds.
Summarizing the above two cases, Ek(ι) is uniformly

ultimately bounded.

IV. NUMERICAL EXAMPLE

In this part, two examples are supplied to verify the
proposed ETMFILC schemes.

Example 1 (SISO): A steam-water heat exchanger system
in [27] is

x(ι) = 1.5u(ι)− 1.5u(ι)2 + 0.5u(ι)3

y(ι+ 1) = 0.6y(ι)− 0.1y(ι− 1)

+ 1.2x(ι)− 0.1x(ι− 1)+ d(ι)

where d(ι) = 0.01 sin(t) is disturbance.
The expected trajectory is given as

y∗(ι) =

⎧
⎪⎪⎨

⎪⎪⎩

0.5, 0 < ι ≤ 50
1, 51 < ι ≤ 100
2, 101 < ι ≤ 150
1, 151 < ι ≤ 200.

Set u1(ι) = 0, ˆ̄̄g1(ι) = 0, �̂1(1) = 1.5, �̂2(1) = 1.5,
y1(1)=0. Moreover, the controller parameters are selected as
η = 0.01, μ = 1, ρ = 0.6, λ = 0.6,He = 0.005, ω = 10−4,
l1 = 0.1, l2 = 0.01, l3 = 0.1.

The outputs at the 10th, 40th, and 100th iterations with
the proposed ETMFILC scheme, the one in [25] and the
time-based method are given in Figs. 2–4, respectively. Fig. 5
describes the estimated uncertainties. The error curves with
three schemes are provided in Fig. 6. Fig. 7 shows the trigger-
ing number per iteration. Figs. 8–10 show the release events at
three specified instants. The comparison of transmission times
is supplied in Table I.

From Figs. 2–4, it is seen that the more the iteration
numbers is, the better the performance is. Fig. 5 indicates

Fig. 3. y(ι) under three schemes for the 40th iteration.

Fig. 4. y(ι) under three schemes for the 100th iteration.

Fig. 5. Estimated ξ(ι) for different iterations.

Fig. 6. Average errors with three schemes.

that the proposed ESO works well to estimate uncertainties.
Figs. 7 and 10 indicate the effectiveness of the proposed trig-
gering rule, which is further demonstrated by the comparison
in Table I.
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Fig. 7. Triggering number per iteration.

TABLE I
COMPARISON OF TRANSMITTED TIMES FOR 100 ITERATIONS

Fig. 8. Release events at ι = 55.

Example 2 (MIMO): Consider the following three-tank
system in [16] as:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

SA
dy1(ι)

dι
= u1(ι)− Q1(ι)+ d1(ι)

SA
dh(ι)

dι
= Q1(ι)− Q2(ι)

SA
dy2(ι)

dι
= u2(ι)+ Q2(ι)− Q3(ι)+ d2(ι)

Q1(ι) = α1z1Snsgn(y1(ι)− h(ι))
√

2g|y1(ι)− h(ι)|
Q2(ι) = α3z3Snsgn(y2(ι)− h(ι))

√
2g|y2(ι)− h(ι)|

Q3(ι) = α2z2Snsgn(h(ι))
√

2gh(ι)

where d1(ι) = 0.1 sin(ι/5) and d2(ι) = 0.1 cos(ι/5) are
disturbances.

The expected trajectory to be tracked is designed as follows:
{

y∗
1(ι) = sin(πι/200)+ 0.4 cos(πι/80)

y∗
2(ι) = 0.4 sin(πι/180)+ cos(πι/200).

Set ρ = 0.88, λ = 0.01, η = 1, μ = 0.01,He = 0.1, ω =
10−4, l1 = 0.1, l2 = 0.01, l3 = 0.1, SA = 0.0154, Sn = 5 ∗
10−5, α1z1 = α2z2 = α3z3 = 0.3, g = 9.8, �1(1) = �1(2) =
[1.5, 0.01; 0.01, 1.5], y1(1) = y1(2) = [2; 0], h1(1) = h1(2) =
0, u1(1) = u1(2) = [0; 0], ˆ̄̄g1(1) = ˆ̄g1(1) = [0; 0].

The outputs y1 and y2 of the 5th, 15th, 50th iterations are
given in Figs. 11–16 under three schemes. Figs. 17 and 18

Fig. 9. Release events at ι = 75.

Fig. 10. Release events at ι = 95.

Fig. 11. y1(ι) under three schemes for the 5th iteration.

Fig. 12. y1(ι) under three schemes for the 15th iteration.

display the estimated uncertainties. The average error curves
under these schemes are shown in Figs. 19 and 20, respec-
tively. The triggering number per iteration is provided in
Fig. 21. Figs. 22–24 individually show the release events at



3138 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS, VOL. 53, NO. 5, MAY 2023

Fig. 13. y1(ι) under three schemes for the 50th iteration.

Fig. 14. y2(ι) under three schemes for the 5th iteration.

Fig. 15. y2(ι) under three schemes for the 15th iteration.

TABLE II
COMPARISON OF TRANSMITTED TIMES FOR 50 ITERATIONS

three specified instants. The comparison of transmission times
is supplied in Table II.

According to Figs. 11–16, there is a tiny difference among
the different methods after 50 iterations, so do the esti-
mated uncertainties in Figs. 17 and 18. It is seen from
Figs. 19 and 20 that the presented ETMFILC renders the
smaller average error than [25]. Figs. 21–24 verify the valid-
ity of the proposed triggering mechanism for the MIMO case.
Meanwhile, Table II conveys that the transmission times of
the proposed ETMFILC is less than [25].

Fig. 16. y2(ι) under three schemes for the 50th iteration.

Fig. 17. Estimated �1(ι) for different iterations.

Fig. 18. Estimated �2(ι) for different iterations.

Fig. 19. Average errors of y1(ι) with three schemes.

V. CONCLUSION

This article is dedicated to ETMFILC of nonlinear systems
with disturbances. An output dynamic estimation method is
constructed by the triggered output at triggering or itself during
the interevent instants. Moreover, the estimated uncertainties



SHEN et al.: EXTENDED DISTURBANCE-OBSERVER-BASED DDC 3139

Fig. 20. Average errors of y2(ι) with three schemes.

Fig. 21. Triggering number per iteration.

Fig. 22. Release events at ι = 50.

Fig. 23. Release events at ι = 150.

are observed effectively by the improved ESO. The trigger-
ing conditions for SISO and MIMO systems are designed
by utilizing the true tracking error, the estimated errors, and
the estimated uncertainties, respectively. The uniformly ulti-
mately bounded error systems are established for two types
systems. Finally, illustrative examples are supplied to confirm

Fig. 24. Release events at ι = 340.

the validity of the presented schemes. How to extend the
proposed schemes with output quantization will be conducted
in the future.
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