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Abstract: The paper investigates the the problem of non-overshooting tracking pre-
scribed finite-time control for nonlinear pure-feedback systems is studied.Currently,
most existing results focus on nonlinear strict-feedback systems, while studies on the
more general pure-feedback systems are scarce. Moreover, the available conditions for
ensuring non-overshooting performance are conservative, making it difficult to select
appropriate constraints for diverse engineering applications. In this paper, we design a
prescribed finite-time controller by proposing a new prescribed finite-time lemma and
the backstepping technique. At the same time, a relatively simple closed-loop system
is obtained. Furthermore, an analytical expression for the tracking error is derived,
which facilitates the analysis of a wider range of non-overshooting conditions and thereby
reduces conservatism. The proposed approach not only solves the problem of prescribed
finite-time control, but also solves the problem of non-overshooting control. Finally, the
simulation examples demonstrate the effectiveness of the proposed algorithm.

Keywords: strict-feedback systems; pure-feedback systems; non-overshooting control;
backstepping

1. Introduction

There are many problems in the control theory of systems, among which the research on tracking problems is
of great significance in both control theory and practical application [1–3]. In numerous engineering applications,
the system is often required to achive small overshoot or even non-overshooting tracking of the reference signal. The
term ‘non-overshooting’ means that the sign of the tracking error remains unchanged [4]. For many control systems,
it is actually required to achieve non-overshooting, such as missile launch , attitude control of aircraft [5], current
control during welding, etc. Therefore, the research of non-overshooting control is highly valuable for industry,
national defense and science and technology. This significance further underscores the fundamental importance of
studying non-overshooting tracking control.

The results on non-overshooting tracking control for nonlinear systems are very scarce. At present, the main
contributions can be found in references [4–9]. These works achieve a simple closed-loop system by designing a
controller for strict-feedback nonlinear systems with all-knowing signal information, and then analyze the closed-
loop system to obtain the tracking conditions with non-overshooting. However, if the closed-loop system is too
complex, it is difficult to analyze the conditions of non-overshooting. Moreover, the conditions obtained in these
existing results are often very conservative. The conditions of non-overshooting obtained in reference [4] were to
ensure that the initial values of all closed-loop system states are negative by selecting design parameters, thereby
ensuring that all states remain negative during the convergence process. This approach, which ensures the first state
remains negative by maintaining all states in negativity, is quite conservative. For example, at present, due to the
inherent nature of positive systems, the initial values of the system states need to be greater than or equal to zero, so
the non-overshooting control algorithm in [4] is difficult to apply. Another example is temperature control of the
sintering furnace requires a constant temperature of 1000 ◦C for sintering [10]. In this case, it is necessary to design
a system that raises the temperature without exceeding 1000 ◦C. To achieve non-overshooting control, the tracking
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error must satisfy e(t) = y(t)− r(t) ≤ 0, where y(t) is the actual temperature and r(t) = 1000 ◦C. Therefore, it is
essential to study this kind of problem with the goal of deriving less conservative and more general non-overshooting.
Only in this way can the controller be designed according to the practical requirements.

Nonlinear pure-feedback systems are more general than strict-feedback systems [11–20]. However, little
research on the non-overshooting tracking control of these systems. Therefore, studying the non-overshooting
control of nonlinear pure-feedback systems is of great significance for broadening their applicability.

Because the control variables and virtual control variables in nonlinear pure-feedback systems are often implied
in non-affine functions [11–20], most control methods suitable for strict-feedback systems cannot be directly used in
pure-feedback nonlinear systems. At present, the common strategy for controlling pure-feedback nonlinear systems
is to transform pure-feedback systems into affine nonlinear systems by using approximate linearization, Taylor
series, mean value theorem and inverse systems, and then design the controller according to the control method
for affine nonlinear system. However, these methods can only ensure the local stability of the control system, and
cannot achive the large-scale control of the system. Furthermore, the closed-loop system obtained by these methods
is often very complex. As mentioned above, if the closed-loop system is too complex, an analytical expression for
the tracking error, and it is difficult to analyze a wide range of conditions with non-overshooting.

This paper addresses the problem of non-overshooting tracking control for pure-feedback nonlinear systems.
By integrating prescribed finite-time control techniques, we derive a relatively simple closed-loop system. This
approach allows us to establish less conservative sufficient conditions for achieving non-overshooting tracking
performance. In this paper, there are the following innovations:

(1) In recent years, the prescribed finite-time control has attracted significant attention [21–27]. The concept
was put forward in 2016 [22]. The core idea is to construct a time-varying function that tends to infinity as time
approaches a preset finite time and to use this function to transform the original system into a new one. If it is
proved that the new system is input-state-stable, then the states of the original system are guaranteed to converge
within the prescribed time. The general real variable function is (T/(T − t))m+n, where T represents the expected
convergence time, and n and m are the system dimension and a constant, respectively. This method has been applied
to a variety of nonlinear systems, demonstrating its effectiveness and practicality.

However, it is difficult to obtain a simple closed-loop system by the existing prescribed finite-time criterion
lemma [26]. Therefore, this paper proposes a new criterion lemma of prescribed finite-time control. This contribution
enriches the toolbox of prescribed finite-time control algorithms. As a result, the obtained closed-loop system is
relatively simple, which facilitates the analysis of less conservative non-overshooting tracking conditions.

(2) As mentioned in 1), this paper also addresses the prescribed finite-time control problem of nonlinear pure-
feedback systems. At present, this issue has been reported less. The corresponding conditions of non-overshooting
can be selected according to the requirements of initial states and control gain parameters in engineering practice.

(3) Compared with the existing results [4–9], the non-overshooting conditions proposed in this paper are less
conservative. Compared with the algorithm in [4–6], the algorithm in this paper can make the choice of control gain
ci (i = 1, · · · , n+ 1) wider because it does not need to consider the control term zi.This reduction in conservatism
offers greater flexibility.

The remaining parts of this paper are organized as follows. Section 2 focuses on non-overshooting control for
nonlinear strict-feedback systems. Section 3 extends the proposed method to non-overshooting control for nonlinear
pure-feedback systems. Three examples are given in Section 4, and the conclusions are obtained in Section 5.

2. Problem Formulation

Consider the nonlinear strict-feedback system as
ẋi = fi(x1, · · · , xi+1), i = 1, · · · , n− 1,

ẋn = fn(u, x1, · · · , xn),

y = x1,

e = y − r,

(1)

where u ∈ R denotes the control input; x = [x1, · · · , xn]
T ∈ Rn represents the system states; The function fi(x̄i)

(i = 1, · · · , n) represents a nonlinear non-affine smooth known function with fi(0, · · · , 0) = 0; y ∈ R represents
the output of the system; r represents a tracking signal; e is the tracking error.

We deal with the non-affine function fn(u, x̄n) by introducing the following first-order system

u̇(t) = ω(t), (2)
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where ω(t) is the auxiliary control input.

Assumption 1. The tracking signal r is assumed to be a smooth and bounded signal.

Assumption 2. [16] The non-affine functions fi(x̄i+1) (i = 1, · · · , n− 1) and fn(x, u) in (1) satisfy the following
inequality

0 < η(i+1)1 < |∂fi(x̄i+1)

∂xi+1
| < η(i+1)2 < ∞, (3)

0 < η(n+1)1 < |∂fn(x, u)
∂u

| < η(n+1)2 < ∞. (4)

where ηi1 (i = 1, · · · , n+ 1) and ηi are positive constants.
According to reference [1], the non-overshooting control means that the sign of the tracking error e(t) in

t ∈ [0,+∞] remains unchanged, that is
e(t) ≤ 0 (5)

This paper aims to complete the control goal as follows: For the nonlinear pure-feedback system (1), we want
to solve the prescribed finite-time control problem of the controlled system by designing the prescribed finite-time
controller, so that all signals of the closed-loop system are stable at the finite-time T and the tracking error satisfies
limt→T e(t) = 0. At the same time, it is necessary to get a relatively simple closed-loop system to facilitate further
analysis and obtain the tracking control conditions with non-overshooting.

Similar to the approach in [12], in order to solve the problem of tracking control with non-overshooting, we
need to get a relatively simple closed-loop system. The closed-loop systems obtained by the existing prescribed
finite-time control criterion lemma are very complicated [1]. This complexity makes it difficult to derive an
analytical expression of tracking error, which in turn hinders the establishment of less conservative non-overshooting
conditions. Therefore, we propose a new prescribed finite-time criterion lemma as shown below.

Lemma 1. Consider the monotonically increasing function

φ(t) =
T

T − t
, t ∈ [0, T ) (6)

where T > 0, t ∈ R+. If a continuously differentiable function V (t) : [0, T ] → [0,+∞) satisfies

V̇ (t) ≤ −2λ1φ(t)V (t) + λ2V (t) (7)

where λ1 and λ2 are positive constants.
Then, limt→T V (t) = 0.

Proof. From (6), we have
V̇ (t) ≤ (−2λ1φ(t) + λ2)V (t) (8)

The above differential equation is solved to obtain

V (t) ≤ V (0)e
∫ t
0
(−2λ1φ(τ)+λ2)dτ (9)

From (4), we get
V (t) ≤V (0)e

∫ t
0
(−2λ1

T
T−τ +λ2)dτ

=V (0)e(2λ1T ln(T−t)−2λ1T ln(T )+λ2t
(10)

According to the properties of the function ln(T − t), we have

lim
t→T

V (t) = 0 (11)

Remark 1. This lemma is different from existing lemmas of prescribed finite-time control criterion [5]. The primary
aim of this paper mainly proposed to obtain a relatively simple closed-loop system (23) in the following.
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3. Control Design and Stability Analysis

Next, the controller will be designed using the backstepping method. The following coordinate transformation
is introduced as 

z1 = x1 − r,

zi = fi−1(x̄i)− αi−1, i = 2, · · · , n,
zn+1 = fn(u, x̄n)− αn,

ϕi(t) = φ(t)zi, i = 1, · · · , n+ 1,

(12)

where α1, · · · , αn are the virtual controllers. And it is designed as

α1 = −c1ϕ1 + ṙ − 1
T φ(t)z1

α2 =
−c2ϕ2− ∂f1(x̄2)

∂x1
f1(x̄2)+α̇1− 1

T φ(t)z2
∂f1(x̄2)

∂x2

αi =
−ciϕi−

∑i−1
j=1

∂fi−1(x̄i)

∂xj
fj(x̄j+1)+α̇i−1− 1

T φ(t)zi

∂fi−1(x̄i)

∂xi

ω =
−cn+1ϕn+1−

∑n
j=1

∂fn(u,x̄n)
∂xj

fj(x̄j+1)+α̇n− 1
T φ(t)zn+1

∂fn(u,x̄n)
∂u

(13)

where i = 3, · · · , n; ci > 0 is a designable parameter, and
α̇i−1 =

i−1∑
j=1

∂αi−1

∂xj
fj(xj+1) +

∂αi−1

∂φ(t)
φ̇(t) +

i−1∑
j=1

∂αi−1

∂rj
rj+1

φ̇(t) =
1

T
φ2(t).

(14)

According to the controller (13) designed above, the following theorem can be obtained.

Theorem 1. The controller and the virtual controllers (13) are designed for the system (1). Then, the following
conclusions can be obtained in t ∈ [0, T ).

(1) The state zi(t) of the closed-loop system satisfies the prescribed finite-time limt→T zi(t) = 0;
(2) The tracking error e(t) satisfies limt→T e(t) = 0;
(3) All states of the system are bounded.

Proof. Next, define the total Lyapunov function V (t) as

V (t) =
1

2
ϕ2
1(t) + · · ·+ 1

2
ϕ2
n+1(t) =

n+1∑
j=1

ϕ2
j (t). (15)

The derivative of V (t) over time t is

V̇ (t) = ϕ1(t)ϕ̇1(t) + · · ·+ ϕn+1(t)ϕ̇n+1(t). (16)

According to (12), we have

ϕ̇1 = φ(t)[z2 + α1 − ṙ +
1

T
φ(t)z1]

ϕ̇i = φ(t)[

i−1∑
j=1

∂fi−1(x̄i)

∂xj
fj(x̄j+1) +

∂fi−1(x̄i−1)

∂xi
(zi+1 + αi) + α̇i−1 +

1

T
φ(t)zi], i = 2, · · · , n

ϕ̇n+1 = φ(t)[

n∑
j=1

∂fn(x̄i)

∂xj
fj(x̄j+1) +

∂fn(u, x̄n)

∂u
ω + α̇n +

1

T
φ(t)zn]

(17)

Substituting (13) and (17) into (16), the following equation can be obtained

V̇ (t) = −
n+1∑
j=1

cjφ(t)ϕ
2
j + ϕ1ϕ2 +

n∑
j=1

∂fj−1(x̄j)

∂xj
ϕjϕj+1. (18)
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According to Assumption 2, we can get

ϕ1ϕ2 +

n∑
j=1

∂fj−1(x̄j)

∂xj
ϕjϕj+1

≤ 1

2
ϕ2
1 +

1

2
ϕ2
2 +

1

2
ϕ2
2 +

1

2
(
∂f1
∂x2

)2ϕ2
3 +

1

2
ϕ2
3 +

1

2
(
∂f1
∂x2

)2ϕ2
4 + · · ·+ 1

2
ϕ2
n +

1

2
(
∂fn−1

∂xn
)2ϕ2

n+1

≤ V +
1

2
ϕ2
2 +

1

2
η222ϕ

2
3 +

1

2
η232ϕ

2
4 + · · ·+ 1

2
η2n2ϕ

2
n+1

≤ V +
1

2
κϕ2

2 +
1

2
κϕ2

3 +
1

2
κϕ2

4 + · · ·+ 1

2
κϕ2

n+1

= (1 + κ)V,

(19)

where κ ≥ max{1, η222, η232, · · · , η2n2}.
According to the above formula, Formula (18) can be rewritten as

V̇ (t) ≤−
n+1∑
j=1

cjφ(t)ϕ
2
j + (1 + κ)V

≤− 2cφ(t)V + (1 + κ)V,

(20)

where c ≤ min{c1, · · · , cn+1}.
From Lemma 1, we can get limt→T V (t) = 0. From this result, the following deduction process can

be obtained
lim
t→T

V (t) = 0 ⇒ lim
t→T

ϕi(t) = 0

⇒ lim
t→T

φ(t)zi(t) = 0

⇒ lim
t→T

T
zi(t)

T − t
= 0

⇒ lim
t→T

zi(t) = 0,

(21)

where i = 1, · · · , n+ 1.
Therefore, we can get that zi(t) is stable in T . If z1(t) = x1(t) − r(t), then x1(t) is bounded. If z2(t) =

f1(x1(t), x2(t))−α1, then f1(x1(t), x2(t)) is bounded. There is at least one point µ (µ ∈ (min(0, x2),max(0, x2)))
to satisfy

f1(x1, x2)− f1(x1, 0) =
∂f1(x1, x2)

∂x2
|x2=µ(x2 − 0). (22)

According to Assumption 2, we know that x2(t) is bounded. Similarly, the system states x1(t), x2(t), · · · , xn(t)

are bounded.

4. Non-Overshooting Control

The section focuses on the non-overshooting control design of the system. According to Equation (17), the
control condition with non-overshooting can be designed through the closed-loop system (12). In this regard, by
substituting Equation (13) into Equation (17), we can obtain

ϕ̇1 = −c1φ(t)ϕ1 + ϕ2,

ϕ̇i = −ciφ(t)ϕi +
∂fi−1(x̄i)

∂xi
ϕi+1, i = 2, · · · , n,

ϕ̇n+1 = −cn+1φ(t)ϕn+1.

(23)

In the following, the tracking conditions without overshoot will be discussed in turn according to the system
order n = 1, n = 2, and n ≥ 3.

(1) The situation when n = 1.
In this situation, the system (1) is a first-order system, so the closed-loop system can be obtained as ϕ̇1 =

−c1φ(t)ϕ1 + ϕ2 and ϕ̇2 = −c2φ(t)ϕ2. We discuss the tracking control with non-overshooting in the following
two cases.

Case 1: c1 ̸= 1
T + c2

In this case, the system (1) is a first-order system, so the closed-loop system can be obtained as ϕ̇1 =
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−c1φ(t)ϕ1 + ϕ2 and ϕ̇2 = −c2φ(t)ϕ2. We integrate this subsystem along [0, T ). Then, ϕ2(t) is obtained as

ϕ2(t) = ϕ2(0)e
−c2T

∫ t
0

1
T−τ dτ = ϕ2(0)φ

−c2T , (24)

where ϕ2(0) is the initial value of ϕ2(t).
Substituting (24) into ϕ̇1 = −c1φ(t)ϕ1 + ϕ2. We have

ϕ̇1 = −c1φ(t)ϕ1 + ϕ2(0)φ
−c2T . (25)

We integrate this subsystem along [0, T ). Then, ϕ1(t) is obtained as

ϕ1(t) = ϕ1(0)e
−

∫ t
0
c1φ(τ)dτ + e−

∫ t
0
c1φ(τ)dτ

∫ t

0

e
∫ τ
0

c1φ(σ)dσϕ2(0)φ
−c2T (τ)dτ

= ϕ1(0)φ
−c1T (t) + ϕ2(0)φ

−c1T (t)

∫ t

0

φ(c1−c2)T (t)dτ

= [ϕ1(0)− ϕ2(0)
T

(c1 − c2)T − 1
](φ(t))−c1T + ϕ2(0)

T

(c1 − c2)T − 1
(φ(t))−c2T−1.

(26)

Case 2: c1 = 1
T + c2

Substituting (24) into ϕ̇1 = −( 1
T + c2)φ(t)ϕ1 + ϕ2. We have

ϕ̇1 = −(
1

T
+ c2)φ(t)ϕ1 + ϕ2(0)φ

−c2T . (27)

We integrate this subsystem along [0, T ). Then, ϕ1(t) is obtained as

ϕ1(t) = ϕ1(0)e
−

∫ t
0
( 1
T +c2)φ(τ)dτ + e−

∫ t
0
( 1
T +c2)φ(τ)dτ ×

∫ t

0

ϕ2(0)φ
−c2T (τ)e

∫ τ
0
( 1
T +c2)φ(σ)dσdτ

= ϕ1(0)φ
−(1+c2T )(t) + ϕ2(0)φ

−(1+c2T )(t)T

∫ t

0

1

T − τ
dτ

= [ϕ1(0) + ϕ2(0)T lnφ](φ(t))−(1+c2T ).

(28)

Combining Equations (12), (26) and (28), the expression of tracking error is


z1(t) = [z1(0)− z2(0)

T

(c1 − c2)T − 1
](φ(t))−c1T−1 + z2(0)

T

(c1 − c2)T − 1
(φ(t))−c2T−2, c1 ̸= 1

T
+ c2,

z1(t) = [z1(0) + z2(0)T lnφ](φ(t))−(1+c2T ), c1 =
1

T
+ c2.

(29)

where φ(0) = 1.
Noting that φ ∈ [1,+∞), so 0 ≤ lnφ < +∞. Therefore, by analyzing the above expression, the conditions

of non-overshooting tracking are obtained as follows{
z1(0) ≥ 0

z2(0) ≥ 0
⇒ z1(t) ≥ 0, (30)


z1(0) ≥ z2(0)

T

(c1 − c2)T − 1

z2(0) ≥ 0

c1 >
1

T
+ c2

⇒ z1(t) ≥ 0 (31)


z1(0) ≥ z2(0)

T

(c1 − c2)T − 1

z2(0) ≤ 0

c1 <
1

T
+ c2

⇒ z1(t) ≥ 0 (32)

6 of 19



Zhu et al. Complex Syst. Stab. Control 2025, 1(1), 4{
z1(0) ≤ 0

z2(0) ≤ 0
⇒ z1(t) ≤ 0, (33)


z1(0) ≤ z2(0)

T

(c1 − c2)T − 1
,

z2(0) ≤ 0

c1 >
1

T
+ c2

⇒ z1(t) ≤ 0, (34)


z1(0) ≤ z2(0)

T

(c1 − c2)T − 1

z2(0) ≥ 0

c1 <
1

T
+ c2

⇒ z1(t) ≤ 0 (35)

(2) The situation when n = 2.
The system (1) is a 2-order system. According to (23), ϕ̇1 = −c1φ(t)ϕ1 + ϕ2, ϕ̇2 = −c2φ(t)ϕ2 +

∂f1
∂x2

ϕ3,
and ϕ̇3 = −c3φ(t)ϕ3. From (24), we obtain

ϕ3(t) = ϕ3(0)φ
−c3T (36)

The following content examines the non-overshooting control design under various control gain conditions.
Case 1: c1 ̸= 1

T + c2 ̸= 2
T + c3, and z3(0) ≤ 0.

Then, ϕ3(t) ≤ 0. Substituting (36) into ϕ̇2 = −c2φ(t)ϕ2 +
∂f1
∂x2

ϕ3, we have

ϕ̇2 ≤ −c2φ(t)ϕ2 + | ∂f1
∂x2

||ϕ3|, (37)

The discussion starts with the situation of ϕ2(t). The case of ϕ2(t) can be divided into ϕ2(t) ≤ 0 and
ϕ2(t) ≥ 0. Let’s discuss ϕ2(t) ≤ 0 first. According to Assumption 1, the following formula can be obtained

ϕ̇2 ≤ −c2φ(t)ϕ2 − η21ϕ3(0)φ
−c3T (38)

Integrating this subsystem over the interval [0, T ]. We arrive at the expression for ϕ2(t):

ϕ2(t) ≤ ϕ2(0)e
−

∫ t
0
c2φ(τ)dτ − e−

∫ t
0
c2φ(τ)dτ ×

∫ t

0

e
∫ τ
0

c2φ(σ)dση21ϕ3(0)φ
−c3T (τ)dτ

= ϕ2(0)φ
−c2T (t)− η21ϕ3(0)φ

−c2T (t)

∫ t

0

φ(c2−c3)T (t)dτ

= [ϕ2(0) + ϕ3(0)
η21T

(c2 − c3)T − 1
](φ(t))−c2T − ϕ3(0)

η21T

(c2 − c3)T − 1
(φ(t))−c3T−1.

(39)

Based on the above discussion, the condition for ϕ2(t) ≤ 0 are as follows
ϕ2(0) ≤ −ϕ3(0)

η21T

(c2 − c3)T − 1

ϕ3(0) ≤ 0, c2 <
1

T
+ c3

(40)
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Substituting (39) into ϕ̇1 = −c1φ(t)ϕ1 + ϕ2. This differential equation can be solved as follows

ϕ1(t) ≤ ϕ1(0)e
−

∫ t
0
c1φ(τ)dτ − e−

∫ t
0
c1φ(τ)dτ

×
∫ t

0

e
∫ τ
0

c1φ(σ)dσ{[ϕ2(0) +
ϕ3(0)η21T

(c2 − c3)T − 1
]

× φ(τ)−c2T − ϕ3(0)η21T

(c2 − c3)T − 1
φ(τ)−c3T−1}dτ

= [ϕ1(0)− ϕ2(0)
T

(c1 − c2)T − 1

− ϕ3(0)
η21T

2

[(c1 − c2)T − 1][(c2 − c3)T − 1]

+ ϕ3(0)
η21T

2

[(c1 − c3)T − 2][(c2 − c3)T − 1]
](φ(t))−c1T

+ [ϕ2(0)
T

(c1 − c2)T − 1

+ ϕ3(0)
η21T

2

[(c1 − c2)T − 1][(c2 − c3)T − 1]
](φ(t))−c2T−1

− ϕ3(0)
η21T

2

[(c1 − c3)T − 2][(c2 − c3)T − 1]
(φ(t))−c3T−2.

(41)

Then, According to the above formula and φ(0) = 1, the inequality expression of z1(t) is

z1(t) ≤ [z1(0)− z2(0)
T

(c1 − c2)T − 1

− z3(0)
η21T

2

[(c1 − c2)T − 1][(c2 − c3)T − 1]

+ z3(0)
η21T

2

[(c1 − c3)T − 2][(c2 − c3)T − 1]
](φ(t))−c1T−1

+ [z2(0)
T

(c1 − c2)T − 1

+ z3(0)
η21T

2

[(c1 − c2)T − 1][(c2 − c3)T − 1]
](φ(t))−c2T−2

− z3(0)
η21T

2

[(c1 − c3)T − 2][(c2 − c3)T − 1]
(φ(t))−c3T−3.

(42)

Therefore, the following non-overshooting control condition of z1(t) ≤ 0 can be obtained

z1(0) ≤
Tz2(0)

(c1 − c2)− 1
+

η21T
2z3(0)

[(c1 − c3)T − 2][(c1 − c2)T − 1]

z2(0) ≤ − η21Tz3(0)

(c2 − c3)T − 1

z3(0) ≤ 0

c2 <
1

T
+ c3 < c1 −

1

T

(43)

Similarly, if ϕ2(0) ≥ 0, then we can get the following condition

z1(0) ≤
Tz2(0)

(c1 − c2)− 1
− η21T

2z3(0)

[(c1 − c3)T − 2][(c1 − c2)T − 1]

z2(0) ≤
η21Tz3(0)

(c2 − c3)T − 1

z3(0) ≥ 0

c2 <
1

T
+ c3 < c1 −

1

T

(44)

8 of 19



Zhu et al. Complex Syst. Stab. Control 2025, 1(1), 4

Thus, when ϕ3(0) ≤ 0, we can get the following conditions

z1(0) ≥
Tz2(0)

(c1 − c2)− 1
− η21T

2z3(0)

[(c1 − c3)T − 2][(c1 − c2)T − 1]

z2(0) ≥
η21Tz3(0)

(c2 − c3)T − 1

z3(0) ≤ 0

c2 <
1

T
+ c3 < c1 −

1

T

(45)



z1(0) ≥
Tz2(0)

(c1 − c2)− 1
+

η21T
2z3(0)

[(c1 − c3)T − 2][(c1 − c2)T − 1]

z2(0) ≥ − η21Tz3(0)

(c2 − c3)T − 1

z3(0) ≥ 0

c2 <
1

T
+ c3 < c1 −

1

T

(46)

Case 2: c1 = 1
T + c2 ̸= 2

T + c3, and z3(0) ≤ 0.
Since c2 ̸= 1

T + c3, the algorithm of ϕ2(t) remains the same as (37)–(40) in Case 1. Therefore, substituting
(39) into ϕ̇1 = −c1φ(t)ϕ1 + ϕ2. This differential equation can be solved as follows

ϕ1(t) ≤ ϕ1(0)e
−

∫ t
0
(c2+

1
T )φ(τ)dτ − e−

∫ t
0
(c2+

1
T )φ(τ)dτ

×
∫ t

0

e
∫ τ
0
(c2+

1
T )φ(σ)dσ{[ϕ2(0) +

ϕ3(0)η21T

(c2 − c3)T − 1
]

× φ(τ)−c2T − ϕ3(0)η21T

(c2 − c3)T − 1
φ(τ)−c3T−1}dτ

= [ϕ1(0) + T (ϕ2(0) +
ϕ3(0)η21T

(c2 − c3)T − 1
) lnφ

+
ϕ3(0)η21T

2

((c2 − c3)T − 1)2
]φ(t)−c2T−1

− ϕ3(0)η21T
2

((c2 − c3)T − 1)2
φ(t)−c3T−1.

(47)

According to (47), we have

z1(t) ≤ [z1(0) + T (z2(0) +
z3(0)η21T

(c2 − c3)T − 1
) lnφ

+
z3(0)η21T

2

((c2 − c3)T − 1)2
]φ(t)−c2T−2

− z3(0)η21T
2

((c2 − c3)T − 1)2
φ(t)−c3T−2.

(48)

Therefore, we can obtain the following condition
z1(0) ≤ −z3(0)

η21T
2

[(c1 − c3)T − 1]2

z2(0) ≤ −z3(0)
η21T

(c2 − c3)T − 1

z3(0) ≤ 0, c2 ≤ c3

⇒ z1(t) ≤ 0 (49)

The cases of ϕ2(t) ≥ 0 and z3(t) ≥ 0 are similar to Case 1, so this article will not discuss them again.
Next, we discuss the case where c1 = 1

T + c2 = 2
T + c3. In this case, if we discuss the non-overshooting

condition of c1 = 1
T + c2 = 2

T + c3 according to the algorithm of Case 1, it is difficult to obtain the non-
overshooting condition. However, according to Assumption 1, we can consider two subcases for ∂f1(x̄2)

∂x2
into two

cases: ∂f1(x̄2)
∂x2

≥ 0 and ∂f1(x̄2)
∂x2

≤ 0. Then, we discuss the conditions of non-overshooting in the following cases.
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Case 3: c1 = 1
T + c2 = 2

T + c3, ∂f1
∂x2

> 0 and z3(0) ≤ 0.
Then, ϕ3(t) ≤ 0. Substituting (36) into ϕ̇2 = −(c1 − 1

T )φ(t)ϕ2 +
∂f1
∂x2

ϕ3, we have

ϕ̇2 ≤− (c1 −
1

T
)φ(t)ϕ2 + η11ϕ3(0)φ

−c1T+2 (50)

We integrate this subsystem along [0, T ]. Then, ϕ2(t) is obtained as

ϕ2(t) ≤ ϕ2(0)e
−

∫ t
0
(c1− 1

T )φ(τ)dτ + e−
∫ t
0
(c1− 1

T )φ(τ)dτ

×
∫ t

0

e
∫ τ
0
(c1− 1

T )φ(σ)dση11ϕ3(0)φ
−c1T+2(τ)dτ

= [ϕ2(0) + Tη11ϕ3(0) lnφ](φ(t))
−c1T+1

(51)

Based on the above discussion, the condition for ϕ2(t) ≤ 0 are as follows

ϕ2(0) ≤ 0, ϕ3(0) ≤ 0 (52)

Substituting (51) into ϕ̇1 = −c1φ(t)ϕ1 + ϕ2. This differential equation can be solved as follows

ϕ1(t) ≤ ϕ1(0)e
−

∫ t
0 c1φ(τ)dτ + e−

∫ t
0 c1φ(τ)dτ

∫ t

0

e
∫ τ
0 c1φ(σ)dσ × [ϕ2(0) + Tη11ϕ3(0) lnφ(τ)](φ(τ))

−c1T+1dτ

= [ϕ1(0) + Tϕ2(0) lnφ+
1

2
T 2η11ϕ3(0)(lnφ(τ))

2](φ(t))−c1T .

(53)

Combining the above formula with the initial condition φ(0) = 1, we obtain the following inequality for z1(t):

z1(t) ≤ [z1(0) + Tz2(0) lnφ+
1

2
T 2η11z3(0)(lnφ(τ))

2](φ(t))−c1T−1 (54)

Therefore, the following non-overshooting control conditions of z1(t) ≤ 0 can be obtainedz1(0) ≤ 0, z2(0) ≤ 0, z3(0) ≤ 0

c1 =
1

T
+ c2 =

2

T
+ c3

⇒ z1(t) ≤ 0. (55)


z2(0) ≤ 0, z3(0) ≤ 0

2η11z1(0)z3(0)− z22(0) ≤ 0

c1 =
1

T
+ c2 =

2

T
+ c3

⇒ z1(t) ≤ 0. (56)

Case 4: c1 = 1
T + c2 = 2

T + c3, ∂f1
∂x2

> 0 and z3(0) ≥ 0.
Then, ϕ3(t) ≥ 0. According to ϕ̇2 = −(c1 − 1

T )φ(t)ϕ2 +
∂f1
∂x2

ϕ3, we have

ϕ̇2 ≥− (c1 −
1

T
)φ(t)ϕ2 + η11ϕ3(0)φ

−c1T+2. (57)

Integrating this subsystem over the interval [0, T ]. Then, ϕ2(t) is obtained as

ϕ2(t) ≥ [ϕ2(0) + Tη11ϕ3(0) lnφ](φ(t))
−c1T+1. (58)

Based on the above discussion, the condition for ϕ2(t) ≥ 0 is summarized as follows

ϕ2(0) ≥ 0, ϕ3(0) ≥ 0, (59)

Substituting (58) into ϕ̇1 = −c1φ(t)ϕ1 + ϕ2. This differential equation can be solved as follows

ϕ1(t) ≥ [ϕ1(0) + Tϕ2(0) lnφ+
1

2
T 2η11ϕ3(0)(lnφ(τ))

2](φ(t))−c1T . (60)
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Then, According to the above formula and φ(0) = 1, the inequality expression of z1(t) is

z1(t) ≥ [z1(0) + Tz2(0) lnφ+
1

2
T 2η11z3(0)(lnφ(τ))

2](φ(t))−c1T−1. (61)

Therefore, the following non-overshooting control conditions for z1(t) ≤ 0 can be obtained{
z1(0) ≥ 0, z2(0) ≥ 0, z3(0) ≥ 0

c1 = 1
T + c2 = 2

T + c3
⇒ z1(t) ≥ 0 (62)


z2(0) ≥ 0, z3(0) ≥ 0

2η11z1(0)z3(0)− z22(0) ≤ 0

c1 = 1
T + c2 = 2

T + c3

⇒ z1(t) ≥ 0. (63)

Case 5: c1 = 1
T + c2 = 2

T + c3, ∂f1
∂x2

< 0 and z3(0) ≤ 0.
Then, ϕ3(t) ≤ 0. According to ϕ̇2 = −(c1 − 1

T )φ(t)ϕ2 +
∂f1
∂x2

ϕ3, we have

ϕ̇2 ≥ −(c1 −
1

T
)φ(t)ϕ2 − η12ϕ3(0)φ

−c1T+2. (64)

We integrate this subsystem along [0, T ]. Then, ϕ2(t) is obtained as

ϕ2(t) ≥ ϕ2(0)e
−

∫ t
0 (c1− 1

T
)φ(τ)dτ − e−

∫ t
0 (c1− 1

T
)φ(τ)dτ ×

∫ t

0

e
∫ τ
0 (c1− 1

T
)φ(σ)dση12ϕ3(0)φ

−c1T+2(τ)dτ

= [ϕ2(0)− Tη12ϕ3(0) lnφ](φ(t))
−c1T+1.

(65)

Based on the above discussion, the condition for ϕ2(t) ≥ 0 are as follows

ϕ2(0) ≥ 0, ϕ3(0) ≤ 0, (66)

Substituting (65) into ϕ̇1 = −c1φ(t)ϕ1 + ϕ2. This differential equation can be solved as follows

ϕ1(t) ≥ ϕ1(0)e
−

∫ t
0 c1φ(τ)dτ + e−

∫ t
0 c1φ(τ)dτ

∫ t

0

e
∫ τ
0 c1φ(σ)dσ × [ϕ2(0)− Tη12ϕ3(0) lnφ(τ)](φ(τ))

−c1T+1dτ

= [ϕ1(0) + Tϕ2(0) lnφ− 1

2
T 2η12ϕ3(0)(lnφ(τ))

2](φ(t))−c1T .

(67)

Then, According to the above formula and φ(0) = 1, the inequality expression of z1(t) is

z1(t) ≥ [z1(0) + Tz2(0) lnφ− 1

2
T 2η12z3(0)(lnφ(τ))

2](φ(t))−c1T−1. (68)

Therefore, the following non-overshooting control conditions of z1(t) ≤ 0 can be obtained{
z1(0) ≥ 0, z2(0) ≥ 0, z3(0) ≤ 0

c1 = 1
T + c2 = 2

T + c3
⇒ z1(t) ≥ 0 (69)


z2(0) ≥ 0, z3(0) ≤ 0

2η12z1(0)z3(0) + z22(0) ≤ 0

c1 =
1

T
+ c2 =

2

T
+ c3

⇒ z1(t) ≥ 0. (70)

Case 6: c1 = 1
T + c2 = 2

T + c3, ∂f1
∂x2

< 0 and z3(0) ≥ 0.
Then, ϕ3(t) ≥ 0. According to ϕ̇2 = −(c1 − 1

T )φ(t)ϕ2 +
∂f1
∂x2

ϕ3, we have

ϕ̇2 ≤ −(c1 −
1

T
)φ(t)ϕ2 − η12ϕ3(0)φ

−c1T+2 (71)
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We integrate this subsystem along [0, T ]. Then, ϕ2(t) is obtained as

ϕ2(t) ≤ [ϕ2(0)− Tη12ϕ3(0) lnφ](φ(t))
−c1T+1 (72)

Based on the above discussion, the condition for ϕ2(t) ≥ 0 are as follows

ϕ2(0) ≤ 0, ϕ3(0) ≥ 0 (73)

Substituting (65) into ϕ̇1 = −c1φ(t)ϕ1 + ϕ2. This differential equation can be solved as follows

ϕ1(t) ≤ [ϕ1(0) + Tϕ2(0) lnφ− 1

2
T 2η12ϕ3(0)(lnφ(τ))

2](φ(t))−c1T (74)

Then, According to the above formula and φ(0) = 1, the inequality expression of z1(t) is

z1(t) ≤ [z1(0) + Tz2(0) lnφ− 1

2
T 2η12z3(0)(lnφ(τ))

2](φ(t))−c1T−1 (75)

Therefore, the following non-overshooting control conditions of z1(t) ≤ 0 can be obtained{
z1(0) ≤ 0, z2(0) ≤ 0, z3(0) ≥ 0

c1 = 1
T + c2 = 2

T + c3
⇒ z1(t) ≤ 0 (76)


z2(0) ≤ 0, z3(0) ≥ 0

2η12z1(0)z3(0) + z22(0) ≤ 0

c1 = 1
T + c2 = 2

T + c3

⇒ z1(t) ≤ 0 (77)

Then, we can get the following theorem

Theorem 2. For the nonlinear system (1) with n = 2, the virtual controllers α1, α2 and auxiliary controller ω are
designed to make the closed-loop system stable for a prescribed finite-time. Then, the condition of non-overshooting
tracking control needs to satisfy one of (43)–(46), (49), (55), (56), (62), (63), (69), (70), (76) and (77).

(3) The situation when n ≥ 3.
In order to obtain more extensive tracking conditions with non-overshooting, we need to get the expression

of tracking error e(t). However, with the increase of system order n, the expression of tracking error is very
complicated. In addition, some conditions with non-overshooting also need to rely on parameters ηi1 and ηi2,
which also increases the computational burden. Therefore, next, we introduce the following methods to solve
these problems.

According to Assumption 1, the following inequality is obtained

ηi1 <
∂fi(x̄i)

∂xi
< ηi2 or − ηi2 <

∂fi(x̄i)

∂xi
< −ηi1 (78)

where i = 1, · · · , n+ 1.
Therefore, the function ∂fi(x̄i)

∂xi
can be divided into two cases: ∂fi(x̄i)

∂xi
> 0 and ∂fi(x̄i)

∂xi
< 0. As follows:

Case 1: ∂fi(x̄i)
∂xi

> 0.
From (23), we obtain ϕ̇n+1 = −cn+1φ(t)ϕn+1. Integrating this subsystem along [0, t]. Then,

ϕn+1(t) = ϕn+1(0)e
−

∫ t
0
cn+1φ(τ)dτ

= ϕn+1(0)φ
−cn+1t

(79)

The conditions that satisfy ϕn+1(t) ≤ 0 are as follows

ϕn+1(0) ≤ 0 ⇒ ϕn+1(t) ≤ 0 (80)
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Since ∂fn−1(x̄n)
∂xn

ϕn+1(t) ≤ 0, we can get

ϕ̇n =− cnφ(t)ϕn +
∂fn−1(x̄n)

∂xn
ϕn+1

≤− cnφ(t)ϕn

(81)

We integrate (81) along [0, t]. Then,

ϕn(t) ≤ ϕn(0)e
−

∫ t
0
cnφ(τ)dτ

= ϕn(0)φ
−cnt

(82)

The conditions for ϕn(t) ≤ 0 are as follows.

ϕn(0) ≤ 0 ⇒ ϕn(t) ≤ 0 (83)

Since ∂fn−2(x̄n−1)
∂xn−1

ϕn(t) ≤ 0, we can get

ϕ̇n−1 =− cn−1φ(t)ϕn−1 +
∂fn−2(x̄n−1)

∂xn−1
ϕn

≤− cn−1φ(t)ϕn−1

(84)

We integrate (84) along [0, t]. Then,

ϕn−1(t) ≤ ϕn−1(0)e
−

∫ t
0
cn−1φ(τ)dτ

= ϕn−1(0)φ
−cn−1t

(85)

The conditions for ϕn−1(t) ≤ 0 are as follows

ϕn−1(0) ≤ 0 ⇒ ϕn−1(t) ≤ 0. (86)

In this way, we can obtain
ϕ1(t) ≤ ϕ1(0)φ

−c1t (87)

To sum up, the tracking control with non-overshooting satisfies the following condition{
ϕi(0) ≤ 0, i = 1, · · · , n+ 1
∂fi−1(x̄i)

∂xi
> 0, i = 1, · · · , n+ 1,

⇒ ϕ1(t) ≤ 0 (88)

According to (12), We deduced that

zi(0) ≤ 0 ⇒ ϕi(0) ≤ 0

ϕ1(t) ≤ 0 ⇒ zi(t) ≤ 0
(89)

Therefore, we have {
zi(0) ≤ 0, i = 1, · · · , n+ 1
∂fi−1(x̄i)

∂xi
> 0, i = 1, · · · , n+ 1

⇒ z1(t) ≤ 0 (90)

Similarly, another tracking condition with non-overshooting can be obtained as follows{
zi(0) ≥ 0, i = 1, · · · , n+ 1
∂fi−1(x̄i)

∂xi
> 0, i = 1, · · · , n+ 1

⇒ z1(t) ≥ 0 (91)

Case 2: ∂fi(x̄i)
∂xi

< 0, and n is an odd number.
From (79), the conditionss for ϕn+1(t) ≥ 0 are as follows

ϕn+1(0) ≤ 0 ⇒ ϕn+1(t) ≤ 0 (92)
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Since ∂fn−1(x̄n)
∂xn

ϕn+1(t) ≥ 0, we can obtain

ϕ̇n =− cnφ(t)ϕn +
∂fn−1(x̄n)

∂xn
ϕn+1

≥− cnφ(t)ϕn

(93)

We integrate (81) along [0, t]. Then,

ϕn(t) ≥ϕn(0)e
−

∫ t
0
cnφ(τ)dτ

=ϕn(0)φ
−cnt

(94)

The conditions for ϕn(t) ≥ 0 are as follows{
ϕn+1(0) ≤ 0

ϕn(0) ≥ 0
⇒ ϕn(t) ≥ 0 (95)

Since ∂fn−2(x̄n−1)
∂xn−1

ϕn(t) ≤ 0, we can get

ϕ̇n−1 =− cn−1φ(t)ϕn−1 +
∂fn−2(x̄n−1)

∂xn−1
ϕn

≤− cn−1φ(t)ϕn−1.

(96)

We integrate (84) along [0, t]. Then,

ϕn−1(t) ≤ϕn−1(0)e
−

∫ t
0
cn−1φ(τ)dτ

=ϕn−1(0)φ
−cn−1t

(97)

The condition that satisfy ϕn−1(t) ≤ 0 are as follows
ϕn+1(0) ≤ 0

ϕn(0) ≥ 0

ϕn−1(0) ≤ 0

⇒ ϕn−1(t) ≤ 0 (98)

In this way, we can obtain
ϕ1(t) ≤ ϕ1(0)φ

−c1t (99)

To sum up, the tracking control with non-overshooting satisfies the following condition
ϕi(0) ≥ 0, i = 3, 5, 7, · · · , n
ϕi(0) ≤ 0, i = 2, 4, 6, · · · , n+ 1
∂fi−1(x̄i)

∂xi
< 0, i = 1, 2, 3, · · · , n+ 1

ϕ1(0) ≤ 0

⇒ ϕ1(t) ≤ 0 (100)

Therefore, we have 
zi(0) ≥ 0, i = 3, 5, 7, · · · , n
zi(0) ≤ 0, i = 2, 4, 6, · · · , n+ 1
∂fi−1(x̄i)

∂xi
< 0, i = 1, 2, 3, · · · , n+ 1

z1(0) ≤ 0

⇒ z1(t) ≤ 0 (101)

Similarly, another tracking condition with non-overshooting can be obtained as follows
zi(0) ≤ 0, i = 3, 5, 7, · · · , n
zi(0) ≥ 0, i = 2, 4, 6, · · · , n+ 1
∂fi−1(x̄i)

∂xi
< 0, i = 1, 2, 3, · · · , n+ 1

z1(0) ≥ 0

⇒ z1(t) ≥ 0 (102)

In the same way, if n is an even number, then we can get the following tracking control conditions with
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non-overshooting 
zi(0) ≤ 0, i = 3, 5, 7, · · · , n+ 1

zi(0) ≥ 0, i = 2, 4, 6, · · · , n
∂fi−1(x̄i)

∂xi
< 0, i = 1, 2, 3, · · · , n+ 1

z1(0) ≥ 0

⇒ z1(t) ≥ 0 (103)


zi(0) ≥ 0, i = 3, 5, 7, · · · , n+ 1

zi(0) ≤ 0, i = 2, 4, 6, · · · , n
∂fi−1(x̄i)

∂xi
< 0, i = 1, 2, 3, · · · , n+ 1

z1(0) ≤ 0

⇒ z1(t) ≤ 0 (104)

Theorem 3. For the system (1) of n ≥ 3, by designing the virtual controllers αi (i = 1, · · · , n) and the auxiliary
controller ω(t), the closed-loop system is a non-overshooting tracking control result, which needs to satisfy one of
inequations (101)–(104).

5. Simulation Example

In this section, we give an example to illustrate the effectiveness of this algorithm.

Example 1. Consider a nonlinear system of order n = 2, where the functions f1(x̄2) = x2 + 1/3x3
2, f2(u, x̄2) =

u+ 0.5 sin(u) + x2 and the reference signal is r = 1− sin(t).
The control parameters are selected as c1 = 10/3, c2 = 3, c3 = 4, x1(0) = 0, x2(0) = 1, and x3(0) = −1.

The prescribed finite-time T is selected as T = 1.
Then, we can know that z1(0) = −1, z2(0) = −2 and z3(0) = 0.5 sin(−1)−5/3. According to the algorithm

in this paper, we have 
z3(0) = (0.5 sin(−1)− 5/3)φ−4t−1 ≤ 0

z2(0) ≤ −2φ−3t−1 ≤ 0

z1(0) ≤ −φ−t−1 ≤ 0

(105)

Therefore, the non-overshooting condition (90) is satisfied. The selected parameters in (105) meet the
requirements for non-overshooting tracking control, as confirmed by the simulation results shown in Figures 1 and 2.
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Figure 1. The time trajectories of z1(t).
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Figure 2. The time trajectories of auxiliary control input ω(t).

Figure 1 shows that the tracking error e(t) can converge to the origin in the moment of T = 1, and it is
always not greater than 0 in the process of convergence, which satisfies the tracking control with non-overshooting;
Figure 2 shows that the auxiliary controller ω(t) is also bounded. Therefore, the algorithm in this paper is effective.

Example 2. Consider the following Chua’s circuit system in [22]
CaV̇a = Vb−Va

R0
− Ia,

CbV̇b = −Vb−Va

R0
+ Ib,

L0İb = −Vb −R1Ib + u,

(106)

where Va and Vb are the voltages on capacitors Ca and Cb, respectively. Ia is the current through Chus’s diode D.
Ib is the current on inductance L0. Let x1 = Va, x2 = Vb, and x3 = Ib, Ia = x2

1. Then, equation (106) can be
written as 

ẋ1 = ε1x2 + f1(x1),

ẋ2 = ε2x3 + f2(x̄2),

ẋ3 = ε3u+ f3(x̄3),

(107)

where ε1 = 1
R0Ca

, ε2 = 1
Cb

, ε3 = 1
L0

, f1(x1) = − 1
R0Ca

x1 − 1
Ca

Ia, f2(x̄2) = − 1
RCb

x2 + 1
RCb

x1, f3(x̄3) =

− 1
L0

x2 − R1

L0
x3, L0 = 0.25H , Cb = 0.1F , R1 = 0.01Ω, Ca = 1F , and R0 = 0.2Ω.

Define z1 = x1 − r, z2 = ε1x2 − α1 and z3 = ε1ε2x3 − α2, where r = 1− sin(t). Following the algorithm
in this paper, the controllers are designed as follows:

α1 = −c1ϕ1 − f1(x1) + ṙ − 1/Tφz1

α2 = −c2ϕ2 − 5f2(x̄2) + α̇1 − 1/Tφz2

u =
1

ε1ε2ε3
[−c3ϕ3 − f3(x̄3) + α̇2 − 1/Tφz3]

(108)

Then, we can obtain the closed-loop system (8). The design parameters and initial values are selected as
c1 = 6, c2 = 5, c3 = 4, x1(0) = 0, x2(0) = 1, x3(0) = −5.3. The selection of these parameters can satisfy
the non-overshooting condition (59). Then, z1(0) = −1, z2(0) = −1. Since ∂ẋ1

∂x2
= 5, then we choose η21 = 1

according to Assumption 1. To sum up, z3(0) = −5. In this way, the selected parameters also meet the condition of
non-overshooting (56).

The simulation result are given in Figures 3 and 4.
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Figure 3. The time trajectories of z1(t).

According to Figure 3, it can be seen that z1(t) converge to the origin asymptotically, and z1(t) is always
negative. This shows that the algorithm in this paper is effective.
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Figure 4. The time trajectories of auxiliary control input u(t).

6. Conclusions

The problem of non-overshooting control of nonlinear systems is challenging. Based on the backstepping
method, the controller and auxiliary controller are designed for nonlinear strict-feedback systems and nonlinear
pure-feedback systems, and the closed-loop systems are obtained, respectively. Then, the expressions for the
tracking error are deduced according to the closed-loop systems. By analyzing the expressions, the more widely
applicable conditions of non-overshooting are obtained. Finally, the simulation results of three examples have
demonstrate the effectiveness and superiority of the proposed algorithm.

A limitation of this work, which is inherent to the backstepping approach itself, is the requirement for the
nonlinear system to have a specific structure. The backstepping method necessitates that the controlled system
be in a strict-feedback form, as the lower-triangular structure of such systems allows for the recursive control
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design intrinsic to backstepping. Future research will focus on this very aspect, aiming to develop more effective
control strategies that are not constrained by specific system structures and to explore control methods with better
generalization capabilities.
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