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Abstract. In this paper, a novel model-free adaptive event-triggered control strategy is
proposed for nonlinear discrete-time systems. Firstly, the nonlinear system is described
as an equivalent linear model via the compact form dynamic linearization method, and
the pseudo partial derivative is estimated based on an observer-based adaptive law. Then,
the anti-windup compensator is used to settle out the actuator saturation phenomenon in
the control system, and the equivalent control law and switching control law are designed
to track the desired output signal. Considering the computational pressure and time cost,
the event-triggered mechanism is designed, which only updates the control signal when
the preset event triggering condition is satisfied, and the stability of the proposed control
algorithm is justified. Finally, the validity and applicability of the control strategy are
verified by a simulation example.
Keywords: Event-triggered control, Model-free adaptive control, Sliding mode con-
strained control, Discrete-time nonlinear systems

1. Introduction. With the increasing complexity of production process and technology,
the working principle of industrial process system becomes more complex, which makes it
more difficult to describe the dynamic behavior and establish the accurate mathematical
model. Hence, model-free control methods are gradually proposed to make up for the pow-
erless status of model-based control methods in solving such problems. Model-free adap-
tive control (MFAC) was first put forward by Hou in 1994, and has achieved a wealth of
theoretical results and a wide range of practical applications in recent years [1-11]. MFAC
does not need to acquire any model information of the controlled object, and only relies
on the system output and control input data to execute the controller design process [1].

Most MFAC algorithms are designed based on real-time sampling, which may sacri-
fice computing costs in search of better performance [12]. Event-triggered control (ETC)
technology has received increasing attention in recent years due to its advantages in sav-
ing network resources and less calculation costs [13]. The controllers in ETC strategies
only perform the calculations when the preset conditions are triggered. In terms of the
event-triggered mechanism, it can be divided into relative threshold type and fixed thresh-
old type. The relative threshold type is related to the system state, which can achieve
more accurate control and help to achieve the balance between communication resource
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utilization and system performance, while the fixed threshold type can be considered as
a special case of relative threshold type [12-19].
For the purposes of saving network resources and reducing calculation burden, some

researches have been accomplished in the fields of MFAC and ETC. In [12], the event-
triggered MFAC algorithms were designed based on various dynamic linearization meth-
ods, which explored the event triggering mechanisms of various data-driven models. In
terms of improving the degree of intelligence, an event-based MFAC algorithm is pro-
posed with neural network technique in [13]. Besides, a novel event-triggered mechanism
by combining ETC with robust fuzzy control is designed in [15]. When it comes to differ-
ent application environments, an event-based MFAC method is applied to the disturbed
system to improve the utilization of network communication resources in [16], and the
packet dropout issues are studied in [17] by designing the event-triggered MFAC method
with packet dropout compensation algorithm. In general, the aforementioned work ex-
plores the feasibility of ETC in MFAC, but few studies achieve the balance between control
performance and calculation costs, and the saturation problem has not been discussed in
this condition.
Motivated by the above analysis, a novel event-triggered based model-free adaptive

sliding mode constrained control method is proposed in this paper. The actuator satu-
ration problem is handled by introducing an anti-windup compensator to the proposed
sliding mode constrained control strategy, which ensures the robustness and performance
of the control system. Meanwhile, an event-triggered mechanism is presented and inte-
grated into the proposed control strategy, and the system stability is analyzed at different
conditions (event-triggered instants and inter-events instants).
Different from the traditional MFAC algorithm which calculates the control signal at

a fixed sampling time, the proposed algorithm only updates the control signal when
the event-triggered error satisfies the designed condition. In addition, the event-triggered
mechanism and event-triggered error proposed in this paper are designed according to
the system output data; therefore, the control performance on system output and cal-
culation costs can be balanced by adjusting the preset event-triggered parameter. The
introduction of event triggering greatly reduces the computational burden based on the
original control performance of MFAC, so our method makes both available. By the way,
compared with the ETC strategies using neural network or fuzzy control, the controller
is easier to implement and the structure of the proposed scheme is simpler.
The rest of this paper is organized as follows. Section 2 establishes data-driven model

of the nonlinear system via the compact form dynamic linearization (CFDL) method and
observer-based pseudo partial derivative (PPD) estimation algorithm. Then, the sliding
mode constrained control strategy integrated with event-triggered mechanism is proposed
in Section 3 including the stability analysis. After that, the proposed control method has
application in a simulation example to verify its feasibility in Section 4. Finally, Section
5 shows some conclusions drawn from the study.

2. Preliminaries.

2.1. CFDL-based data-driven model. Consider the following single input and single
output (SISO) discrete-time nonlinear system:

y(k + 1) = f(y(k), . . . , y(k − ny), u(k), . . . , u(k − nu)) (1)

where y(k) ∈ R, u(k) ∈ R, represent the system output and control input signal respec-
tively, f(· · ·) is an unknown nonlinear function, and ny and nu are two unknown positive
integers.
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Assumption 2.1. The partial derivative of f(· · ·) respect to the control signal u(k) is
continuous [1].

Assumption 2.2. The nonlinear system (1) is generalized Lipschitz, i.e., ∀k ≥ 0, |∆y(k+
1)| ≤ ρ|∆u(k+1)| is established as long as ∆u(k) ̸= 0, where ∆u(k+1) = u(k+1)−u(k),
∆y(k + 1) = y(k + 1)− y(k), and ρ > 0 is a normal number [1].

Lemma 2.1. For the given nonlinear system (1), there must exist a PPD parameter ϕ(k)
if Assumptions 2.1 and 2.2 hold, such that system (1) can be changed to the equivalent
CFDL description only if ∆u(k) ̸= 0 as follows [1]:

∆y(k + 1) = ϕ(k)∆u(k) (2)

where ϕ(k) satisfies |ϕ(k)| ≤ m, and m is a positive constant.

Proof: Detailed proof can be seen in [1].

2.2. Observer based PPD parameter identification. Since the value of PPD cannot
be obtained directly, the observer based estimation algorithm has application in estimating
PPD online [2]. Firstly, the structure of the output observer is designed as follows:

ŷ(k + 1) = ϕ̂(k)∆u(k) +Koeo(k) + ŷ(k) (3)

where ŷ(k) represents the estimated value of the output, eo(k) = y(k)−ŷ(k) is the estimat-

ed error of y(k), ϕ̂(k) represents the estimated value of PPD, and Ko is the undetermined
observer gain. Combining (2) with (3), the dynamic characteristic of eo(k) is defined as

eo(k + 1) =
⌢

ϕ(k)∆u(k) + αeo(k) (4)

where
⌢

ϕ(k) = ϕ(k)−ϕ̂(k) represents the PPD estimation error. α = 1−Ko is the coefficient
of the observer error, and satisfies −1 < α < 1. Then, the update law of PPD is designed
as

ϕ̂(k + 1) = Γ(k)∆u(k)(eo(k + 1)− αeo(k)) + ϕ̂(k) (5)

where Γ(k) = 2 (µ+∆u2(k))
−1
, and µ is a positive constant which is used to limit the

change of PPD.

Remark 2.1. A reset mechanism is introduced in this paper so as to ensure the tracking
ability of PPD for time-variant parameters, which is defined as [1]

if |∆u(k)| ≤ ε or
∣∣∣ϕ̂(k)∣∣∣ ≤ ε or sign

(
ϕ̂(k)

)
̸= sign

(
ϕ̂(1)

)
, ϕ̂(k) = ϕ̂(1) (6)

where ε is a positive constant, sign(·) is symbolic function, and ϕ̂(1) is the initial value of
PPD estimation.

Lemma 2.2. Comprehensively consider Equations (2)-(5), and it can be ensured that both

eo(k) and
⌢

ϕ(k) keep boundedness for all k, that is, limk→∞

[
eo(k),

⌢

ϕ(k)
]
= [0, 0].

Proof: Detailed proof is given in [2].
Since the value of eo(k+ 1) cannot be obtained at step k, a two-step delay uncertainty

estimation technique is introduced to estimate eo(k + 1) [3]. In combination with the
observer (3), the system output at step (k + 1) can be obtained as

y(k + 1) = ϕ̂(k)∆u(k) + (2 +Ko)eo(k)− eo(k − 1) + ŷ(k) (7)

So far, the CFDL linearization process and observer-based PPD estimation algorithm
of the system are completed, which lays a foundation for the design of the controller.
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3. Controller Design.

3.1. Sliding mode constrained control algorithm. In this part, the sliding mode
constrained adaptive control algorithm is designed according to the above preliminary
information. Sliding mode control (SMC) has strong robustness and is not affected by
system parameter changes and external disturbances. It has been widely used in systems
with high requirements for control accuracy [20]. On account of the above advantages,
SMC is introduced in this paper. At the beggining of this section, the system tracking
error is defined as

e(k) = y∗(k)− y(k)− θ(k) (8)

where θ(k) is the compensation signal, and y∗(k) indicates the reference signal.
After that, the sliding mode surface is acquired from e(k) as

s(k) = λe(k) (9)

where λ > 0 is the sliding mode gain.
To figure out the problem of actuator saturation which often occurs in control system,

the anti-windup compensator is introduced in this paper [3]. It can solve the problems of
actuator saturation and integral saturation in the control system [21]. These saturation
phenomena will cause inestimable damage to the system.
When the controller is designed, the actuator saturation is simulated by imposing am-

plitude and rate constraints on the system input [22]. For system (1), define its amplitude
constraint as

umin < u(k) < umax (10)

where umin, umax represent the minimum and maximum of u(k) respectively. And the
constraint of control signal rate is defined as

ũmin < ũ(k) < ũmax (11)

where ũ(k) = ∆u(k)/Ts represents the rate of u(k), and ũmin, ũmax represent the minimum
and maximum of ũ(k) respectively.
Considering the above two constraints, the restricted control signal is as follows:

u(k) = Sat{(Sat{uo(k)− u(k − 1), Tsũmin, Tsũmax}) + u(k − 1), umin, umax} (12)

where Sat(·) is the limiting function, and uo(k) will be defined later.
Then, the dynamic characteristic of θ(k) is defined as follows:

θ(k + 1) = ϕ̂(k)(uo(k)− u(k)) + βθ(k) (13)

where β ∈ (0, 1) is the gain coefficient of compensation signal.

Remark 3.1. Suppose that uo(k)− u(k) is bounded. Due to the boundedness of ϕ̂(k) and
0 < β < 1, according to the stability criterion in [23], θ(k) is ultimately uniformly bounded
(UUB).

On account of the basic concept of SMC, the following equivalent control law is used
to keep the system state on sliding surface:

ueq(k) =
ϕ̂(k)

ϕ̂2(k) + σ
((1− β)θ(k) + eo(k − 1)− (1 +Ko)eo(k)) (14)

where σ is a small normal number.
The switching control law is introduced here so as to ensure the control performance of

equivalent control which is defined as [3]
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usw(k) =
ϕ̂(k)

ϕ̂2(k) + σ
· ωTssign(s(k)) +KfTss(k)

λ
(15)

where ω > 0 is switching factor, Kf > 0 is convergence coefficient, and Ts > 0 is the
system sampling time.

To sum up, uo(k) is designed as

uo(k) = ueq(k) + usw(k) + u(k − 1) (16)

The subsequent design of event-triggered controller will be based on these contents.

3.2. Event-triggered based controller design and stability analysis.

3.2.1. Controller design. Firstly, the event-triggered mechanism is designed as

ki+1 = ki +min
δ
{δ ∈ N+| |y(ki + δ)− y(ki)| ≥ ξ} (17)

where ki, i = 1, 2, . . . are the event-triggered instants, and ξ > 0 is the given event-
triggered parameter.

Then, the event-triggered error eET (k) is obtained on the basis of system output data
as follows:

eET (k) = y(k)− ȳ(k) (18)

where ȳ(k) represents the system output at the last event-triggered time, and it could be
expressed as

ȳ(k) = y(ki), ki ≤ k < ki+1 (19)

From (17) and (18), the event-triggered condition is defined as follows:∣∣eET (k)
∣∣ ≥ ξ (20)

It can be concluded from the event-triggered mechanism that whether the event is
triggered or not relies on the system output data and the preset event-triggered parameter.

Consider the above sliding mode constrained control algorithm, the event-triggered
based controller structure is expressed as uo(k) =

{
u(k − 1) + ueq(k) + usw(k), k = ki

u(k − 1), k ∈ (ki, ki+1)

u(k) = Sat{(Sat{uo(k)− u(k − 1), Tsũmin, Tsũmax}) + u(k − 1), umin, umax}
(21)

In addition, the event-triggered factor γ(k) is defined to record the trigger times:

γ(k) =

{
1, k = ki

0, k ∈ (ki, ki+1)
(22)

3.2.2. Stability analysis.

Theorem 3.1. Considering the nonlinear discrete-time SISO system (1) with Assump-
tions 2.1 and 2.2, the proposed control strategy guarantees the tracking error e(k) satisfies
UUB by choosing the appropriate parameters.

Proof:
Case I: At the instant the event is triggered, i.e., k = ki.
According to the controller, the sliding mode surface can be further expressed as

s(ki+1) = ∆s(ki+1) + s(ki)

= λ

(
Eo(ki)−

ϕ̂2(ki)

ϕ̂2(ki) + σ
Eo(ki)− ϕ̂(ki)usw(ki)

)
+ s(ki) (23)
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=

(
1− ϕ̂2(ki)

ϕ̂2(ki) + σ
·KfTs

)
s(ki) + Ω(ki)

where Eo(ki) and Ω(ki) are the defined intermediate variables as follows:

Eo(ki) = eo(ki−1)− (1 +Ko)eo(ki) + (1− β)θ(ki)

Ω(ki) =
λσ

ϕ̂2(ki) + σ
Eo(ki)−

ϕ̂2(ki)

ϕ̂2(ki) + σ
ωTssign(s(ki))

It can be seen from Lemma 2.2 and Remark 3.1 that Eo(ki) is bounded. Combined
with the properties of symbolic function, Ω(ki) is also bounded. Here, we suppose that
Eo(ki) ≤ Eo

M and Ω(ki) ≤ ΩM , Eo
M and ΩM are normal numbers.

Substituting the sliding mode surface (9) into (23), the following relationship can be
obtained:

e(ki+1) =

(
1− ϕ̂2(ki)

ϕ̂2(ki) + σ
·KfTs

)
e(ki) +

Ω(ki)

λ
(24)

Based on the boundedness of Ω(ki) and the reset mechanism in Remark 2.1, Equation
(24) can be further expressed as

|e(ki+1)| =

(
1− ϕ̂2(ki)

ϕ̂2(ki) + σ
·KfTs

)
|e(ki)|+

∣∣∣∣Ω(ki)λ

∣∣∣∣
≤
(
(1−KfTs)ε

2 + σ

ε2 + σ

)
|e(ki)|+

∣∣∣∣ΩM

λ

∣∣∣∣
(25)

Select the appropriate Kf and Ts to make 0 < KfTs < 1 hold, and the coefficient term
can satisfy 0 <

(
(1 −KfTs)ε

2 + σ
)
/(ε2 + σ) < 1. Hence, it could be obtained according

to Lemma 1 in [3] that

lim
k→∞

|e(ki)| ≤
(ε2 + σ)Ωm

λKfTs

(26)

When λ is large enough and σ is small enough, limk→∞ |e(ki)| = 0 can be inferred, i.e.,
the system error satisfies UUB at the event-triggered instants k = ki.
Case II: The instants between two adjacent trigger times, i.e., k∈(ki, ki+1).
According to the derivation above, e(k+1) can be expressed as follows at these moments:

e(k + 1) = y∗(k + 1)− y(k + 1)− θ(k + 1)

= y∗(k + 1)−
(
eET (k) + y(ki) + (1 +Ko)eo(k)− eo(k − 1)

)
− βθ(k) (27)

= ∆y∗(ki) + e(ki)− eET (k)− Λ(k)

where ∆y∗(ki) = y∗(k+1)− y∗(ki) and Λ(k) = βθ(k)− θ(ki) + (1+Ko)eo(k)− eo(k− 1).
In this paper, the given reference signal y∗(k) is bounded by default, i.e., y∗m ≤ y∗(k) ≤

y∗M , such that |∆y∗(ki)| ≤ ∆y∗M , where ∆y∗M = y∗M − y∗m ≥ 0. Based on Lemma 2.2
and Remark 3.1, Λ(k) is bounded, i.e., |Λ(k)| ≤ ΛM , ΛM is a positive constant.
In addition, considering the event triggered condition (20), the event-triggered errors

satisfy
∣∣eET (k)

∣∣ < ξ during the inter-event times. Therefore, the following equation can
be deduced from (27):

|e(k + 1)| ≤ |e(ki)|+
∣∣eET (k)

∣∣+ |Λ(k)|+ |∆y∗(ki)| < ξ + ΛM + |e(ki)|+∆y∗M (28)

It has been proved in the Case I that limk→∞ |e(ki)| ≤ (ε2+σ)Ωm/λKfTs = I; therefore,
the following equation can be obtained from (28):

lim
k→∞

|e(k)| = lim
k→∞

|e(k + 1)| < EM (29)
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where EM = ∆y∗M + ξ + ΛM + I is a positive constant.
By choosing appropriate parameters and reference signal, limk→∞ |e(k)| = 0 could be

deduced, i.e., e(k) satisfies UUB for the instants k ∈ (ki, ki+1).
Considering discussion results of Case I and Case II together, Theorem 3.1 holds. �

4. Simulation Analysis. A SISO nonlinear plant is described as [12]

y(k + 1) = x1(k)
0.1 + y(k − 1)

1 + y(k − 1)2
+ x2(k)(y(k) + 1)u(k) + x3(k)u(k − 1)3 (30)

where x1(k) = 1 + 0.2 sin(2kπ/400), x2(k) = 0.5 + 0.2k/400 and x3(k) = exp(−k/400).
The preset reference signal is shown below:

y∗(k) =

 1, k ≤ 500
2, 500 < k ≤ 1000
1.5, 1000 < k ≤ 1500

(31)

The parameters for this simulation are set as follows. ϕ̂(1) = 4.3, Ko = 0.05, µ = 1.8,
ε = 0.001, λ = 100, σ = 1e − 4, β = 0.9, ω = 0.5, Kf = 0.5, Ts = 1. As for the event-
triggered parameter ξ, two values are set for comparison: ξ = 0.0015 and ξ = 0.003. The
results of our simulation example are shown in Figures 1-4 and Table 1.

The tracking performance is shown in Figure 1. Since the event-triggered control only
updates the control signal at the event-triggered time, the tracking performance is not as
good as the traditional MFAC method. In addition, due to the fact that the rate of the

0 500 1000 1500Time step (k)
0

0.5

1

1.5

2

2.5

Sy
st

em
 o

ut
pu

t

MFAC

Desired signal150 200 250 300
0.96
0.98

1

0.6

1

(a) System output

0 500 1000 1500
Time step (k)

-0.2

0

0.2

0.4

0.6

0.8

T
ra

ck
in

g 
er

ro
r

740 760 780
-10

-5
0

10-3

(b) System output tracking error

Figure 1. Tracking performance



532 C. GAO, W. ZHANG, D. XU, W. YANG AND T. PAN

control signal is limited, the rapidity of the proposed method is slightly worse than that
of the MFAC method. Because of this, the proposed method has no overshoot.
The system control input u(k) is shown in Figure 2(a). Clearly, the system control

input remains unchanged during the event-triggered times k ∈ (ki, ki+1), but the control
signal of MFAC is always updated. Figure 3(a) shows the event-triggered times by the
values of γ(k) when ξ = 0.0015. Statistics of the number of event-triggered instants are
shown in Table 1. The controller only executed 777 times in 1500 sampling instants, which
saves 48% calculations for the controller. It is obvious that the event-triggered mechanism
could reduce computation for the system.
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Figure 3. Event-triggered instants

Table 1. The number of trigger times

ξ 0.0015 0.003
Trigger times 777 533

The simulation results of ũ(k) and θ(k) are shown in Figure 2(b) and Figure 2(c)
respectively. When ũ(k) is in the limited state (the parts marked with circles in the
figure), the compensation signal will make compensation immediately, so as to guarantee
the accuracy of output tracking and avoid saturation phenomenon.

Figure 4 shows the change curve of PPD parameter estimation. Obviously, the change
of PPD estimation satisfies the reset mechanism in Remark 2.1.

Furthermore, in order to reflect the influence of event trigger parameters on the system
and controller, we change the event-triggered parameter to ξ = 0.003, and keep other
parameters unchanged. Comparing the results in Figure 1(a) and Figure 1(b) when the
ξ changes to 0.003 from 0.0015, the performance is little worse when the system is in
steady state. The event-triggered instants are shown in Figure 3(b). The total amount of
event-triggered times is 533 during the 1500 sampling times. The percentage of calculation
saved for the controller reaches 64%. It can also be seen from Figure 2(a) and Table 1
that the number of triggers is less than ξ = 0.0015.

Comparing with the results when ξ = 0.0015, it can be concluded that when the
parameter ξ becomes larger, the control performance will become a little worse, but the
number of event triggers times will be reduced accordingly. Therefore, the calculation
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amount and control performance can be balanced by adjusting this parameter to achieve
the expected control effect.
The above analysis shows that the simulation results are consistent with the theory, so

one can conclude that the proposed method not only can ensure the control performance
but also significantly reduces the computational burden.

5. Conclusion. In this paper, a model-free adaptive event-triggered sliding mode con-
strained control strategy is proposed. The linearized data-driven model of the discrete-
time SISO nonlinear system is constructed via the CFDL technique and observer-based
estimation algorithm, which solves the modeling problems for systems with complex dy-
namics. Besides, the actuator saturation problem is solved by adding the anti-windup
compensator. In addition, the proposed control strategy only updates the control signal
when the trigger condition is satisfied, which not only ensures the tracking performance,
but also reduces the computational burden. The proposed control strategy is verified suit-
able for many industrial systems with limited computing resources by stability proof and
simulation examples.
The ETC mechanism designed in this paper is fixed threshold type; in future research,

a relative threshold type mechanism is expected based on the proposed strategy.
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