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Abstract: Intelligent driving vehicles require more accurate and stable braking control. Electro-
hydraulic braking (EHB) systems can better adapt to the development of autonomous driving
technology. The gear transmission system plays a crucial role in EHB deceleration and torque increase
mechanisms. However, its dead-zone nonlinearity poses challenges for EHB control. To address the
position-control problem in the EHB gear transmission system, we propose a finite-time adaptive
control method for the symmetrical dead zone. This approach combines adaptive control theory
with finite-time control theory and designs parameter-updating laws for the unknown parameters in
the system. Boundary estimates are introduced into the parameter-update laws and control laws to
compensate for unknown disturbances. By adjusting the relevant parameters, the convergence rate
can be improved, ensuring that errors converge within a specified range within a limited time. After
modifying the parameter-updating laws and control laws, all closed-loop signals remain bounded. Fi-
nally, we validate the proposed control strategy through simulation and hardware-in-the-loop (HIL)
testing. The results demonstrate that the control strategy developed in this study achieves high track-
ing accuracy and stability even in the presence of dead zones, unknown parameters, and unknown
interferences in the EHB gear-drive servo system.

Keywords: adaptive control; finite-time control; symmetric dead-zone nonlinearity; gear
transmission servosystems

1. Introduction

With the development of intelligent vehicles and autonomous driving technology,
braking systems are playing an increasingly important role. In order to improve the
application of automatic driving technology in vehicles, a more reliable braking system
has become a research hotspot for countless researchers [1–3]. In this context, EHB has
gradually replaced traditional braking methods and been applied and promoted in intel-
ligent vehicles due to its advantages such as simple structure, rapid response and strong
compatibility [4–7]. With the continuous improvement of control accuracy requirements,
the existence of gap nonlinearity has gradually been paid attention to [8,9].

Backlash nonlinearity is inevitable in many practical systems and it may seriously affect
the dynamic performance, control accuracy and stability of the controlled system [10–12]. The
gear group is an important part of the EHB deceleration and torque increase mechanism.
The position-control accuracy of EHB gear-drive servo systems is seriously affected due to
clearance, parameter uncertainty and interference [13]. Because of the nonlinear problem
of gear backlash, the parameters of the system will change [14]. Because of the unknown
time-varying disturbance, the position control of the EHB gear-drive servo system will be
more difficult. Therefore, it is necessary to find a control method suitable for the nonlinear
backlash of the EHB gear transmission system.

Many experts and scholars have embarked on research on the problem of backlash
in the process of gear transmission. In practical engineering, the stiffness and moment of
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inertia of the gear-drive servo system are often considered. Therefore, the dead-zone model
is often used to describe the backlash nonlinear problem of the gear-drive servo system.
Within this system, the existence of a backlash problem will lead to the change of different
parameters. Additionally, due to its non-differentiable characteristics, it will have an impact
on position control [15]. In order to overcome the non-differentiable characteristics of the
backlash nonlinearity in the gear transmission system, a new differentiable dead-zone
model was established in the literature [16]. State feedback is used to transform it into
a linear system, thus avoiding the complex model-switching system and inverse model
compensation. The output tracking problem of the gear-drive servo system is realized.
In reference [17], the author proposes an inversion algorithm based on a differentiable
dead-zone model. The non-differentiable characteristic of the dead-zone model is overcome;
the backlash nonlinearity is eliminated and the high-precision output tracking is realized.
Papers [18,19], respectively, put forward a differentiable dead-zone model for the gear-
drive servo system to solve the output-control problem and verify the effectiveness of
the controller through simulation. However, the above method is only applicable to the
determination of dead-zone model parameters, which obviously makes it difficult to meet
the above conditions in actual working conditions.

An EHB gear-drive servo system will inevitably change the system parameters due
to various factors in the working process, which presents challenges in accurate output
position tracking. Researchers at the University of Texas designed a dead-zone compensator
based on a fuzzy logic controller for the dead-zone model with unknown system parameters.
By designing the optimization algorithm of fuzzy logic parameters, small tracking error and
bounded parameter estimation are guaranteed [20]. In reference [21], the author designed
an adaptive controller by introducing a smooth inverse function of dead interval for the
unknown dead interval nonlinearity of uncertain systems. The stability and transient
performance of the system are guaranteed. In reference [22], the author uses fuzzy logic to
identify unknown nonlinear functions. An adaptive fuzzy output feedback control method
is proposed, which ensures the control precision and the stability of the closed-loop system.
The unknown disturbance will inevitably exist in the actual system, which will affect the
control precision. Some scholars compensate for the influence of unknown disturbance by
disturbance observer or adversarial attack [23–25]. The authors of reference [26] further
consider the influence of unknown perturbations while considering unknown parameters.
By adding a robust term to the parameter-updating laws, the authors effectively compensate
for the effect of unknown interference. In reference [27], the author proposed a linear
nonsingular transformation of state variables and designed an adaptive controller for gear
transmission systems. The tracking performance can be guaranteed in the case of parameter
uncertainty and unknown disturbance. Therefore, according to the above analysis, the
adaptive control algorithm is a good solution for the unknown parameters of the dead-zone
model and the unknown disturbance [28,29].

Based on the above analysis, it is necessary to consider the influence of unknown
system parameters and disturbance for the output position-tracking control of the gear-
drive servo system. In the actual EHB condition, the influence of system stability and
convergence rate should also be considered. In reference [30], the authors consider the
problem that each subsystem has dead input and is not modeled. A decentralized finite-
time controller based on recursion is designed, which makes all state variables return to zero
in finite time. The controller designed by the author can ensure the stability of the system
in fixed time, in which the stability time depends on the design parameters of the control
system. In literature [31], the authors further consider the uncertainty and time delay
of system parameters on the basis of the dead-zone problem. In this paper, an adaptive
finite-time control scheme is proposed to solve the uncertainty and unknown nonlinearity
of the system with neural network. In reference [32], the author proposed an adaptive finite-
time control scheme. By designing an adaptive dummy variable, an adaptive law and a
controller, the error is guaranteed to converge to a certain range in a certain time. Therefore,
the combination of an adaptive control algorithm and finite-time control algorithm can
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effectively improve the control accuracy and convergence rate of a gear-drive servo system
with unknown parameters, unknown disturbance and dead-zone problems.

Based on the above analysis, the dead zone will inevitably exist in the EHB gear-drive
servo system, which will affect the precision of position control. System parameters may
change due to the dead-zone problem. At the same time, the influence of the unknown
disturbance and the convergence rate of the system should be considered. Therefore, on
the basis of the above content in this paper, a finite-time adaptive control strategy for
a symmetrical dead zone of EHB gear transmission is proposed. The contributions are
as follows:

(1) The unknown disturbance and parameter uncertainty of the EHB gear-drive servo
system are considered. In this paper, the parameter-updating law is designed for
each parameter in view of the parameter uncertainty in the system. In order to
compensate for the unknown disturbance, the boundary estimates are introduced into
the parameter-updating law and the control law.

(2) In order to improve the convergence rate of the system, this paper combines the
adaptive control theory with the finite-time control theory to introduce the power
exponent β. By adjusting the value of β, the system error can be guaranteed to
converge to a certain range in a limited time.

The rest of this article is arranged as follows. In Section 2, the position-control problem
of an EHB gear-drive servo system with symmetric dead-zone nonlinearity is described.
In Section 3, based on the above problems, a finite-time adaptive controller is designed,
its stability is analyzed, and the reliability of the controller is proved. The simulation is
verified in Section 4, and the HIL test is carried out in Section 5. Finally, the article is
summarized in Section 6.

2. System Modeling

The EHB structure is shown in Figure 1. An EHB system is mainly composed of a brake
pedal, a pedal stroke sensor, a transmission mechanism, a power source, an oil storage
pot and a brake master cylinder. The gear-drive servo system is an important part of the
transmission mechanism. The pinion of the gear-drive servo system is connected to the
power source, and the big gear is connected with the motion-conversion mechanism, which
plays the role of slowing down and increasing torque; it is an important part of EHB. The
existence of a dead-zone problem will affect the position-control accuracy of the gear-drive
servo system and then affect the pressure control of the EHB brake master cylinder, thus
affecting the braking effect. Therefore, the existence of the dead-zone problem will pose
a threat to vehicle safety and become a factor that cannot be ignored in the development
process of intelligent vehicles.
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Figure 1. EHB structure diagram. Figure 1. EHB structure diagram.

The symmetric dead zone of EHB gear transmission considered in this paper is shown
in Figure 2.
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Figure 2. Symmetry dead zone.

The EHB gear-drive servo system is as follows [33]:{
Jl

..
θl + Cl

.
θl = iD[θ]

Jm
..
θm + Cm

.
θm = u− D[θ]

(1)

Among them, Jl , θl and Cl are the moment of inertia, position and viscous friction
coefficient of the driven side gear, respectively. Jm, θm and Cm are the moment of inertia,
position and viscous friction coefficient of the driving side gear, respectively. i is the
transmission ratio, u is the input torque, θ is the relative displacement (θ = θm − iθl),
D[θ] is the transmission torque.

Transmission torque D[θ] is defined as:

D[θ] =


kd(θ − βr), i f θ ≥ βr

0, i f −βl < θ < βr
kd(θ + βl), i f θ ≤ −βl

(2)

Among them, kd > 0 denotes the stiffness coefficient and βr > 0, βl > 0 denote the
break points.

Remark 1. The parameters Jm, θm, Cm, Jl , θl , Cl , kd, βr and βl are unknown in the system. The
control objective is to adjust the position of the driven side to the ideal position while ensuring the
boundedness of all closed-loop signals.

To deal with the effects caused by symmetry dead zones, rewrite D[θ] as:

D[θ] = kdθ + ∆d[θ] (3)

Among them,

∆d[θ] =


−kdβr, i f θ ≥ βr
−kdθ, i f −βl < θ < βr
kdβl , i f θ ≤ −βl

(4)

It can be concluded that:
|∆d[θ]| ≤ kdβ (5)
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Among them,
−
β = max{βr, βl}.

Let x1 = θl , x2 =
.
θl , x3 = θm, x4 =

.
θm, a1 = ikd/Jl , a2 = i2kd/Jl , a3 = Cl/Jl ,

b1 = ikd/Jm, b2 = kd/Jm, b3 = Cm/Jm, b4 = 1/Jm, d1 = i∆d[θ]/Jl , d2 = −∆d[θ]/Jm. Finally,
the following feedback system is established:

.
x1 = x2.
x2 = a1x3 − a2x1 − a3x2 + d1.
x3 = x4.
x4 = b1x1 − b2x3 − b3x4 + d2 + b4u

(6)

Among them,

d1 ≤
ikd
Jl

β ≤ D1 (7)

d2 ≤
kd
Jm

β ≤ D2 (8)

where d1 and d2 are additional disturbances.

Remark 2. The system will be subject to unknown interference in actual operation, such as vibration
and temperature change. These unknown disturbances may cause changes in system parameters and
affect preset dead-zone breakpoints. As shown in Equations (6)–(8), there are set bounded values for
additional disturbances d1 and d2 to compensate for the effects of disturbances.

3. Controller Designing and Stability Analysis

The control logic block diagram is shown in Figure 3.
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3.1. Design of Adaptive Controller

The multi-variable EHB gear-drive servo system is decomposed into several subsys-
tems. The Lyapunov function of each step is constructed in the design process, and the
parameter-updating law and control law are solved. Ensure that the position x1 of the
driven gear keeps track of the expected value xd.

Step 1: First, construct the following error:

z1 = x1 − xd (9)
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z2 = x2 − α1 (10)

Among them, α1 is the control law to be designed in this step.
Taking the derivative of z1 gives us:

.
z1 = z2 + α1 −

.
xd (11)

Design the Lyapunov function for this step.

V1 =
1
2

z2
1 (12)

So, .
V1 = z1

(
z2 + α1 −

.
xd
)

(13)

Design control law α1 is:

α1 = −λ1z2β−1
1 − s1z1 +

.
xd (14)

Among them, λ1 and s1 are normal numbers, and 0 < β < 1.

.
V1 = −λ1z2β

1 − s1z2
1 + z1z2 (15)

Step 2: Construct the error of this step.

z3 = x3 − α2 (16)

From Equations (10), (14) and (16), we can get:

.
z2 = a1z3 + a1α2 − a2x1 − a3x2 + d1 −

∂α1

∂x1
x2 −

∂α1

∂xd

.
xd −

∂α1

∂
.
xd

..
xd (17)

Let
τ1 =

1
a1

(18)

α2 = τ̂1α2 (19)

So, design
−
α2 is:

α2 = −z1 − λ2z2β−1
2 − s2z2 + â2x1 + â3x2 − tanh

(
z2

ε1

)
D̂1 +

∂α1

∂x1
x2 +

∂α1

∂xd

.
xd +

∂α1

∂
.
xd

..
xd (20)

Among them, λ2 and s2 are normal numbers, â2 is the estimate of a2, â3 is the estimate
of a3, D̂1 is the estimate of D1, ε1 is an arbitrary normal number.

The Lyapunov function for constructing this step is:

V2 = V1 +
1
2

z2
2 +

a1

2γ1
τ̃2

1 +
1

2γ2
ã2

2 +
1

2γ3
ã2

3 +
1

2γ4
D̃2

1 (21)

Among them: γ1 − γ4 is a normal number,
∼
τ1 = τ1 − τ̂1,

∼
a2 = a2 − â2,

∼
a3 = a3 − â3,

∼
D1 = D1 − D̂1.

Taking the derivative of V2 gives us:

.
V2 = −λ1z2β

1 − s1z2
1 + z1z2 + z2(a1z3 + α2 − a1τ̃1α2 − a2x1 − a3x2 + d1 − ∂α1

∂x1
x2 − ∂α1

∂xd

.
xd

− ∂α1
∂

.
xd

..
xd)− a1

γ1
τ̃1

.
τ̂1 − 1

γ2
ã2

.
â2 − 1

γ3
ã3

.
â3 − 1

γ4
D̃1

.
D̂1

(22)

It can be obtained from Equation (20):
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.
V2 = −λ1z2β

1 − λ2z2β
2 − s1z2

1 − s2z2
2 + a1z2z3 − z2a1τ̃1α2 + z2 ã2x1 + z2 ã3x2

+z2d1 − z2tanh( z2
ε1
)D̂1 − a1

γ1
τ̃1

.
τ̂1 − 1

γ2
ã2

.
â2 − 1

γ3
ã3

.
â3 − 1

γ4
D̃1

.
D̂1

≤ −λ1z2β
1 − λ2z2β

2 − s1z2
1 − s2z2

2 + a1z2z3 − z2a1τ̃1α2 + z2 ã2x1 + z2 ã3x2

+
[
|z2| − z2tanh( z2

ε1
)
]

D1 + z2tanh( z2
ε1
)D̃1 − a1

γ1
τ̃1

.
τ̂1 − 1

γ2
ã2

.
â2 − 1

γ3
ã3

.
â3 − 1

γ4
D̃1

.
D̂1

(23)

The following inequality applies to any ϕ > 0 and ϕ ∈ R [34–36].

0 ≤ |ϕ| − ϕtanh(
ϕ

ε
) ≤ 0.2785ε (24)

where ϕ is a constant, and ϕ = e−(ϕ+1). And that gives us ϕ = 0.2785.
So, Formula (23) becomes:

.
V2 ≤ −λ1z2β

1 − λ2z2β
2 − s1z2

1 − s2z2
2 + a1z2z3 + 0.2785ε1D1 − z2a1τ̃1α2 + z2 ã2x1

+z2 ã3x2 + z2tanh( z2
ε1
)D̃1 − a1

γ1
τ̃1

.
τ̂1 − 1

γ2
ã2

.
â2 − 1

γ3
ã3

.
â3 − 1

γ4
D̃1

.
D̂1

= −λ1z2β
1 − λ2z2β

2 − s1z2
1 − s2z2

2 + a1z2z3 + 0.2785ε1D1 +
a1
γ1

τ̃1(−z2γ1α2 −
.
τ̂1)

+ 1
γ2

ã2(z2γ2x1 −
.
â2) +

1
γ3

ã3(z2γ3x2 −
.
â2) +

1
γ4

D̃1[z2γ4tanh( z2
ε1
)−

.
D̂1]

(25)

According to Equation (25), the updating laws of design parameters is shown as follows:

.
τ̂1 = −z2γ1α2 + γ1λ3τ̃

2β−1
1 + γ1s3τ̃1 (26)

.
â2 = z2γ2x1 + γ2λ4 ã2β−1

2 + γ2s4 ã2 (27)

.
â3 = z2γ3x2 + γ3λ5 ã2β−1

3 + γ3s5 ã3 (28)

.
D̂1 = z2γ4tanh(

z2

ε1
) + γ4λ6D̃2β−1

1 − γ4s6D̃1 (29)

Combining Formula (26)–(29), Formula (25) becomes:

.
V2 ≤ −λ1z2β

1 − λ2z2β
2 − a1λ3τ̃

2β
1 − λ4 ã2β

2 − λ5 ã2β
3 − λ6D̃2β

1 − s1z2
1 − s2z2

2 − a1s3τ̃2
1 − s4 ã2

2
−s5 ã2

3 − s6D̃2
1 + a1z2z3 + 0.2785ε1D1

(30)

Step 3: The error of constructing this step is:

z4 = x4 − α3 (31)

From Formulas (6), (14), (16) and (18)–(20), we can obtain:

.
z3 = z4 + α3 − a1

∂α2

∂x2
x3 + a2

∂α2

∂x2
x1 + a3

∂α2

∂x2
x2 +

∂α2

∂x2
d1 − H1 (32)

Among them,

H1 =
∂α2

∂x1
x2 +

∂α2

∂τ̂1

.
τ̂1 +

∂α2

∂D̂1

.
D̂1 +

∂α2

∂xd

.
xd +

∂α2

∂
.
xd

..
xd +

∂α2

∂
..
xd

...
x d (33)

Construct the Lyapunov function as follows:

V3 = V2 +
1
2

z2
3 +

1
2γ5

ã2
1 +

1
2γ6

ã2
21 +

1
2γ7

ã2
31 +

1
2γ8

D̃2
11 (34)
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Among them, γ5 − γ8 are the normal number,
∼
a1 = a1 − â1,

∼
a21 = a2 − â21,

∼
a31 =

a3 − â31,
∼
D11 = D1 − D̂11.

Design control law:

α3 = −â1z2 − λ7z2β−1
3 − s7z3 + â1

∂α2
∂x2

x3 − â21
∂α2
∂x2

x1 − â31
∂α2
∂x2

x2

− ∂α2
∂x2

tanh[ (∂α2/∂x2)z3
ε2

]D̂11 + H1

(35)

Among them, λ7 and s7 are normal numbers, â1 is the estimate of a1, â21 is the estimate
of a2, â31 is the estimate of a3, D̂11 is the estimate of D1, ε2 is an arbitrary normal number.

According to Formulas (31)–(35), the following can be obtained:

.
V3 ≤ −λ1z2β

1 − λ2z2β
2 − a1λ3τ̃

2β
1 − λ4 ã2β

2 − λ5 ã2β
3 − λ6D̃2β

1 − λ7z2β
3 − s1z2

1

−s2z2
2 − a1s3τ̃2

1 − s4 ã2
2 − s5 ã2

3 − s6D̃2
1 − s7z2

3 + z3z4 + 0.2785ε1D1 + ã1z2z3

−z3 ã1
∂α2
∂x2

x3 + z3 ã21
∂α2
∂x2

x1 + z3 ã31
∂α2
∂x2

x2 − ∂α2
∂x2

z3tanh[ (∂α2/∂x2)z3
ε2

]D̂11

+ ∂α2
∂x2

z3D1 − 1
γ5

ã1
.
â1 − 1

γ6
ã21

.
â21 − 1

γ7
ã31

.
â31 − 1

γ8
D̃11

.
D̂11

≤ −λ1z2β
1 − λ2z2β

2 − a1λ3τ̃
2β
1 − λ4 ã2β

2 − λ5 ã2β
3 − λ6D̃2β

1 − λ7z2β
3 − s1z2

1 − s2z2
2

−a1s3τ̃2
1 − s4 ã2

2 − s5 ã2
3 − s6D̃2

1 − s7z2
3 + z3z4 + 0.2785ε1D1 + ã1z2z3 − z3 ã1

∂α2
∂x2

x3

+z3 ã21
∂α2
∂x2

x1 + z3 ã31
∂α2
∂x2

x2 +
{∣∣∣ ∂α2

∂x2
z3

∣∣∣− ∂α2
∂x2

z3tanh[ (∂α2/∂x2)z3
ε2

]
}

D1

+ ∂α2
∂x2

z3tanh[ (∂α2/∂x2)z3
ε2

]D̃11 − 1
γ5

ã1
.
â1 − 1

γ6
ã21

.
â21 − 1

γ7
ã31

.
â31 − 1

γ8
D̃11

.
D̂11

≤ −λ1z2β
1 − λ2z2β

2 − a1λ3τ̃
2β
1 − λ4 ã2β

2 − λ5 ã2β
3 − λ6D̃2β

1 − λ7z2β
3

−s1z2
1 − s2z2

2 − a1s3τ̃2
1 − s4 ã2

2 − s5 ã2
3 − s6D̃2

1 − s7z2
3 + z3z4 + 0.2785(ε1 + ε2)D1

+ 1
γ5

ã1(γ5z2z3 − γ5z3
∂α2
∂x2

x2 −
.
â1) +

1
γ6

ã21(γ6z3
∂α2
∂x2

x1 −
.
â21)

+ 1
γ7 ã31(γ7z3

∂α2
∂x2

x2 −
.
â31) +

1
γ8

D̃11

{
γ8

∂α2
∂x2

z3tanh[ (∂α2/∂x2)z3
ε2

]−
.

D̂11

}

(36)

Updating the laws of design parameters is shown as follows:

.
â1 = γ5z2z3 − γ5z3

∂α2

∂x2
x2 + γ5λ8 ã2β−1

1 + γ5s8 ã1 (37)

.
â21 = γ6z3

∂α2

∂x2
x1 + γ6λ9 ã2β−1

21 + γ6s9 ã21 (38)

.
â31 = γ7z3

∂α2

∂x2
x2 + γ7λ10 ã2β−1

31 + γ7s10 ã31 (39)

.
D̂11 = γ8

∂α2

∂x2
z3tanh[

(∂α2/∂x2)z3

ε2
] + γ8λ11D̃2β−1

11 + γ8s11D̃11 (40)

Then, Formula (36) becomes:

.
V3 ≤ −λ1z2β

1 − λ2z2β
2 − a1λ3τ̃

2β
1 − λ4 ã2β

2 − λ5 ã2β
3 − λ6D̃2β

1 − λ7z2β
3

−λ8 ã2β
1 − λ9 ã2β

21 − λ10 ã2β
31 − λ11D̃2β

11 − s1z2
1 − s2z2

2 − a1s3τ̃2
1 − s4 ã2

2

−s5 ã2
3 − s6D̃2

1 − s7z2
3 − s8 ã2

1 − s9 ã2
21 − s10 ã2

31 − s11D̃2
11 + z3z4 + 0.2785(ε1 + ε2)D1

(41)
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Step 4: Finally, deal with the last differential equation in Equation (6). According to
Formulas (6) and (31), the following can be obtained.

.
z4 = b1x1 − b2x3 − b3x4 + d2 + b4u− a1

∂α3

∂x2
x3 + a2

∂α3

∂x2
x1 + a3

∂α3

∂x2
x2 −

∂α3

∂x2
d1 − H2 (42)

Among them,

H2 = ∂α3
∂x1

x2 +
∂α3
∂x3

x4 +
∂α3
∂â1

.
â1 +

∂α3
∂â21

.
â21 +

∂α3
∂â31

.
â31 +

∂α3
∂D̂11

.
D̂11 +

∂α3
∂τ̂1

.
τ̂1 +

∂α3
∂D̂1

.
D̂1

+ ∂α3

∂
.
τ̂

..
τ̂ + ∂α3

∂
.

D̂1

..
D̂1 +

∂α3
∂xd

.
xd +

∂α3
∂

.
xd

..
xd +

∂α3
∂

..
xd

...
x d +

∂α3
∂
...x d

....
x d

(43)

Let
τ2 =

1
b4

(44)

u = τ̂2u (45)

Among them, τ̂2 is the estimate of τ2.

The design of finite-time adaptive controller
−
u is:

u = −z3 − λ12z2β−1
4 − s12z4 − b̂1x1 + b̂2x3 − b̂3x4 − tanh( z4

ε3
)D̂2 + â11

∂α3
∂x2

x3 − â22
∂α3
∂x2

x1

−â32
∂α3
∂x2

x2 − ∂α3
∂x2

tanh[ (∂α3/∂x2)z4
ε4

]D̂12 + H2

(46)

Among them, λ12 and s12 are normal numbers, b̂1 is the estimate of b1, b̂2 is the
estimate of b2, b̂3 is the estimate of b3, D̂2 is the estimate of D2, â11 is the estimate of
a1, â22 is the estimate of a2, â32 is the estimate of a3, D̂12 is the estimate of D1, ε3 and ε4 are
any normal numbers.

The Lyapunov function for constructing this step is:

V4 = V3 +
1
2 z2

4 +
b4

2γ9
τ̃2

2 + 1
2γ10

b̃2
1 +

1
2γ11

b̃2
2 +

1
2γ12

b̃2
3 +

1
2γ13

D̃2
2 +

1
2γ14

ã2
11

+ 1
2γ15

ã2
22 +

1
2γ16

ã2
32 +

1
2γ17

D̃2
12

(47)

Among them, γ9 − γ17 are normal numbers,
∼
τ2 = τ2 − τ̂2,

∼
b1 = b1 − b̂1,

∼
b2 = b2 − b̂2,

∼
b3 = b3− b̂3,

∼
D2 = D2− D̂2,

∼
a11 = a1− â11,

∼
a22 = a2− â22,

∼
a32 = a3− â32,

∼
D12 = D1 − D̂12.

Updating the laws of design parameters is shown as follows:

.
τ̂2 = −γ9z4u + γ9λ13τ̃

2β−1
2 + γ9s13τ̃2 (48)

.
b̂1 = γ10z4x1 + γ10λ14b̃2β−1

1 + γ10s14b̃1 (49)

.
b̂2 = −γ11z4x3 + γ11λ15b̃2β−1

2 + γ11s15b̃2 (50)

.
b̂3 = −γ12z4x4 + γ12λ16b̃2β−1

3 + γ12s16b̃3 (51)

.
D̂2 = γ13z4tanh(

z4

ε3
) + γ13λ17D̃2β−1

2 + γ13s17D̃2 (52)

.
â11 = −γ14z4

∂α3

∂x2
x3 + γ14λ18 ã2β−1

11 + γ14s18 ã11 (53)
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.
â22 = γ15z4

∂α3

∂x2
x1 + γ15λ19 ã2β−1

22 + γ15s19 ã22 (54)

.
â32 = γ16z4

∂α3

∂x2
x2 + γ16λ20 ã2β−1

32 + γ16s20 ã32 (55)

.
D̂12 = γ17z4

∂α3

∂x2
tanh[

(∂α3/∂x2)z4

ε4
] + γ17λ21D̃12 + γ17s21D̃12 (56)

Among them, λ13 − λ21 and s13 − s21 are normal numbers.
Similar to Step 3, we end up with:

.
V4 ≤ −λ1z2β

1 − λ2z2β
2 − a1λ3τ̃

2β
1 − λ4 ã2β

2 − λ5 ã2β
3 − λ6D̃2β

1 − λ7z2β
3 − λ8 ã2β

1 − λ9 ã2β
21

−λ10 ã2β
31 − λ11D̃2β

11 − λ12z2β
4 − b4λ13τ̃

2β
2 − λ14b̃2β

1 − λ15b̃2β
2 − λ16b̃2β

3 − λ17D̃2β
2 − λ18 ã2β

11

−λ19 ã2β
22 − λ20 ã2β

32 − λ21D̃2β
12 − s1z2

2 − s2z2
2 − a1s3τ̃2

1 − s4 ã2
2 − s5 ã2

3 − s6D̃2
1 − s7z2

3

−s8 ã2
1 − s9 ã2

21 − s10 ã2
31 − s11D̃2

11 − s12z2
4 − b4s13τ̃2

2 − s14b̃2
1 − s15b̃2

2 − s16b̃2
3 − s17D̃2

2

−s18 ã2
11 − s19 ã2

22 − s20 ã2
32 − s21D̃2

12 + 0.2785(ε1 + ε2 + ε4)D1 + 0.2785ε3D2

(57)

3.2. Stability Analysis

According to references [37,38], there are the following criteria:

Theorem 1. If there exists a continuously differentiable function L: p→ R , such that it satisfies
the following conditions:

(1) Lis positive definite.
(2) The existence of positive real numbers q> 0 and e∈ (0, 1), and the existence of an open

neighborhood p0 ⊂ p containing the origin, makes the following true:

.
L(x) + qVe(x) ≤ 0, x ∈ p0\{0} (58)

If p = p0 = Rn, then it is globally finitely time-stable.

From Equations (12), (21), (34) and (47), we can see:

V4 = 1
2 z2

1 +
1
2 z2

2 +
a1

2γ1
τ̃2

1 + 1
2γ2

ã2
2 +

1
2γ3

ã2
3 +

1
2γ4

D̃2
1 +

1
2 z2

3 +
1

2γ5
ã2

1 +
1

2γ6
ã2

21

+ 1
2γ7

ã2
31 +

1
2γ8

D̃2
11 +

1
2 z2

4 +
b4

2γ9
τ̃2

2 + 1
2γ10

b̃2
1 +

1
2γ11

b̃2
2 +

1
2γ12

b̃2
3 +

1
2γ13

D̃2
2

+ 1
2γ14

ã2
11 +

1
2γ15

ã2
22 +

1
2γ16

ã2
32 +

1
2γ17

D̃2
12

(59)

According to Section 3.1, V4 is a continuously differentiable function and a positive
definite function.

Let
V4 = V (60)

It can be obtained from Equation (57):

.
V4 ≤ −λ1z2β

1 − λ2z2β
2 − a1λ3τ̃

2β
1 − λ4 ã2β

2 − λ5 ã2β
3 − λ6D̃2β

1 − λ7z2β
3 − λ8 ã2β

1 − λ9 ã2β
21

−λ10 ã2β
31 − λ11D̃2β

11 − λ12z2β
4 − b4λ13τ̃

2β
2 − λ14b̃2β

1 − λ15b̃2β
2 − λ16b̃2β

3 − λ17D̃2β
2 − λ18 ã2β

11

−λ19 ã2β
22 − λ20 ã2β

32 − λ21D̃2β
12 − s1z2

2 − s2z2
2 − a1s3τ̃2

1 − s4 ã2
2 − s5 ã2

3 − s6D̃2
1 − s7z2

3 − s8 ã2
1

−s9 ã2
21 − s10 ã2

31 − s11D̃2
11 − s12z2

4 − b4s13τ̃2
2 − s14b̃2

1 − s15b̃2
2 − s16b̃2

3 − s17D̃2
2 − s18 ã2

11

−s19 ã2
22 − s20 ã2

32 − s21D̃2
12 + 0.2785(ε1 + ε2 + ε4)D1 + 0.2785ε3D2

≤ −aV − bVβ + c

(61)
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Among them,

a = min
[

s1, s2, s3, s4, s5, s6, s7, s8, s9, s10, s11,
s12, s13, s14, s15, s16, s17, s18, s19, s20, s21

]
(62)

b = min


λ12β−1, λ22β−1, λ32β−1, λ42β−1, λ52β−1, λ62β−1, λ72β−1,

λ82β−1, λ92β−1, λ102β−1, λ112β−1, λ122β−1, λ132β−1, λ142β−1,

λ152β−1, λ162β−1, λ172β−1, λ182β−1, λ192β−1, λ202β−1, λ212β−1

 (63)

c = 0.2785(ε1 + ε2 + ε4)D1 + 0.2785ε3D2 (64)

Thus,
∼
τ1,
∼
a2,
∼
a3,

∼
D1,

∼
a1,
∼
a21,

∼
a31,

∼
D11,

∼
τ2,
∼
b1,
∼
b2,
∼
b3,

∼
D2,

∼
a11,

∼
a22,

∼
a32,

∼
D12, z1, z2, z3,

and z4 are all bounded, and the estimated parameters obtained by the parameter-updating
laws are all bounded. Since z1 is bounded in formula (9), and the target value xd is also
bounded, it follows that x1 is also bounded. In formulas (10) and (11), since z1 and z2
are bounded, and the control law α1 and the target value xd are also bounded, x2 is also

bounded. In Formulas (16), (17), (19), and (20), since
∼
τ1,

∼
a2,

∼
a3,

∼
D1, z1, z2, and z3 are

bounded, x3 is also bounded. In Formulas (31), (32), and (35), since
∼
a1,
∼
a21,

∼
a31,

∼
D11, z1,

z2, z3, and z4 are bounded, x4 is also bounded. In Formulas (45) and (46), since
∼
τ2,

∼
b1,

∼
b2,
∼
b3,

∼
D2,

∼
a11,

∼
a22,

∼
a32, and

∼
D12 are all bounded, it can be judged that u is also bounded.

Therefore, all closed-loop signals are bounded.

4. Simulation Results and Discussion

In order to verify the effectiveness of the finite-time adaptive controller designed in
this paper, it is simulated and analyzed in this section. The object considered in this paper
is EHB gear-drive servo system, and the simulation parameters set in establishing the
simulation model are shown in Table 1.

Table 1. Simulation parameters of gear-drive servo system.

Symbol Parameter Value Units

Jl moment of inertia of the driven side 0.52 kg·m2

Jm driving side moment of inertia 0.21 kg·m2

Cl viscous friction on the driven side 0.124 Nm/rad
Cm driving side viscous friction coefficient 0.11 Nm/rad
kd stiffness coefficient 0.33 Nm/rad
βl break point 0.062 rad
βr break point 0.051 rad

In the simulation experiment, in order to verify the position-tracking effect of the
controller, we set up two sets of experiments based on MATLAB/Simulink for verification.
In experiment 1, we set the expected value of xd to be a half-sinusoidal signal, and the
sinusoidal disturbance term was added to simulate the influence of unknown disturbance
on the control effect. In experiment 2, the expected value xd was set as the ramp signal,
and the proportional disturbance term was added to simulate the influence of unknown
disturbance on the control effect.

4.1. Experiment 1

The control objective of this paper is the position-tracking target value of the driven
side gear of the gear transmission servo system, that is, the state quantity x1 tracks the
target value xd, and the tracking effect is shown in Figure 4. The arrows show the location-
tracking details at the peak. It can be seen from the figure that the tracking effect is good,
the convergence rate is fast, and the maximum error is less than 0.1 rad. The effect of gap
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nonlinearity and unknown interference is compensated, which can meet the demand of
position accuracy.
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Figure 4. Position-tracking effect under half-sinusoidal input.

In order to observe the difference between the finite-time adaptive controller designed
in this paper and the adaptive controller, the error z1 under the control of each controller is
compared. As shown in Figure 5. As can be seen from the figure, the finite-time adaptive
controller has smaller overshoot, shorter convergence time and higher control accuracy
than the adaptive controller. Compared with literature [27], the convergence rate of tracking
error under the control strategy in this paper is faster.
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Figure 5. Error z1 under half-sinusoidal input.

The acceleration of the driven side gear under the half-sinusoidal input condition is
shown in Figure 6. From the figure we can see that the acceleration is in the ideal range.
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Figure 6. Acceleration of the driven side gear under half-sinusoidal input.

Figure 7 show the changes of estimated parameters of EHB gear-drive servo system.
As can be seen from the figure, the estimated parameters of the system rapidly converge to
a certain value and change in a small range with the change of the expected value of xd.
This means that the system parameters change while the system is running. At the same
time, the validity of the parameter-update laws designed in this paper is proved.

In order to study the effect of parameter β on the convergence rate, we set the value of
β to 0.6, 0.7 and 0.67, respectively. As shown in Figure 8. The arrows show the location-
tracking details at the peak. As can be seen from the figure, the convergence rate is different
when β takes different values. When the value of β is 0.67, the overshoot is the smallest
and the convergence is the fastest.
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Figure 7. System parameter estimates under half-sinusoidal input.
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Figure 8. Influence of parameter β on tracking effect under half-sinusoidal input.

As can be seen from the above figures, the EHB gear transmission system parameters
will change when working. The updated laws of the parameters designed in this paper can
make the estimated parameters converge to a certain range in a certain time and adjust it
adaptively according to the working conditions. The finite-time adaptive controller can
effectively compensate the effects of unknown interference and dead-zone problems.

4.2. Experiment 2

In order to verify the control effect of the finite-time adaptive controller during fast
braking, the expected value xd is set as the ramp signal. The ramp signal is set to rise from
1s, with a slope of 5 and a final value of 1. As can be seen from Figure 9, the convergence
rate of the driven side gear x1 tracking expected value xd is faster. We can see from the
enlarged figure at the arrow that the maximum error is less than 0.1 rad, which can meet
the requirements of control accuracy. The effect of dead zone and unknown interference is
compensated effectively, and the control effect is ideal.

Machines 2023, 11, x FOR PEER REVIEW 14 of 19 
 

 

it adaptively according to the working conditions. The finite-time adaptive controller can 

effectively compensate the effects of unknown interference and dead-zone problems. 

4.2. Experiment 2 

In order to verify the control effect of the finite-time adaptive controller during fast 

braking, the expected value xd is set as the ramp signal. The ramp signal is set to rise from 

1s, with a slope of 5 and a final value of 1. As can be seen from Figure 9, the convergence 

rate of the driven side gear x1 tracking expected value xd is faster. We can see from the 

enlarged figure at the arrow that the maximum error is less than 0.1 rad, which can meet 

the requirements of control accuracy. The effect of dead zone and unknown interference 

is compensated effectively, and the control effect is ideal. 

 

Figure 9. Position-tracking effect under ramp input. 

In order to observe the superiority of the finite-time adaptive controller over the 

adaptive controller, the error z1 of each controller is compared, as shown in Figure 10. It 

can be seen from the figure that the finite-time adaptive controller has less overshoot than 

the adaptive controller. The overshoot is reduced by about 0.05 rad, which is about 30 

percent of the overshoot of the adaptive controller. The convergence rate of the finite-time 

adaptive controller is faster than that of the adaptive controller. It can be verified that the 

control strategy designed in this paper has better control effects and higher precision. 

Compared with the tracking error under adaptive control in the literature [33], the track-

ing error under the control strategy in this paper can be guaranteed to converge to a cer-

tain range within a certain period of time. 

 

Figure 10. Error z1 under ramp input. 

The acceleration x2 of the driven side gear is shown in Figure 11. It can be seen from 

the figure that the convergence rate is fast, and the control effect is excellent. 

0.5 1 1.5 2 2.5 3 3.5

Time(s)

-0.25

-0.2

-0.15

-0.1

-0.05

0

Figure 9. Position-tracking effect under ramp input.

In order to observe the superiority of the finite-time adaptive controller over the
adaptive controller, the error z1 of each controller is compared, as shown in Figure 10. It can
be seen from the figure that the finite-time adaptive controller has less overshoot than the
adaptive controller. The overshoot is reduced by about 0.05 rad, which is about 30 percent
of the overshoot of the adaptive controller. The convergence rate of the finite-time adaptive
controller is faster than that of the adaptive controller. It can be verified that the control
strategy designed in this paper has better control effects and higher precision. Compared
with the tracking error under adaptive control in the literature [33], the tracking error under
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the control strategy in this paper can be guaranteed to converge to a certain range within a
certain period of time.
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Figure 10. Error z1 under ramp input.

The acceleration x2 of the driven side gear is shown in Figure 11. It can be seen from
the figure that the convergence rate is fast, and the control effect is excellent.
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Figure 11. Acceleration of the driven side gear under ramp input.

Figure 12 shows the change in the estimated parameters of the EHB gear-drive servo
system under the ramp input. As can be seen from the figure, the estimated parameters
of the system will also change with the change in working conditions. A change in the
expected value xd at 1s results in a change in the parameter-update law. When the expected
value xd is stabilized, the new law of the parameters also converges to a certain range. This
verifies the validity of the parameter-updating law designed in this paper.
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Figure 12. System parameter estimates under ramp input.

In order to study the effect of parameter β on the convergence rate under the ramp
input condition, we set β values to 0.6, 0.7 and 0.67, respectively, as shown in Figure 13. It
can be seen from the figure that parameter β has a significant effect on the convergence rate.
As can be seen from the enlarged figure at the arrow, convergence is fastest when the value
of β is 0.67. At the same time, it is proved that the finite-time adaptive controller designed
in this paper is effective in improving the convergence rate.

The simulation results show that the control strategy designed in this paper can make
the driven side gear of the EHB gear-drive servo system reach the desired position in a
limited time and can meet the requirements of position accuracy.
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Figure 13. Influence of parameter β on tracking effect under ramp input.

5. Implementation and Results of the HIL Test

In Section 4, simulation tests are carried out to prove the effectiveness of the control
strategy designed in this paper. However, the control effect in actual engineering needs
further verification, so the HIL test is carried out in this section.

Figure 14 displays the HIL test platform, which is based on NI-PXI and dSPACE.
Measuring the position of the gear-drive servo system presents a challenge. However, since
the driving side gear is coaxial with the permanent magnet synchronous motor, we can
derive the motor rotor’s position information from the Hall sensor. This, in turn, provides
us with the position information of the driving side gear. Utilizing the transmission
relationship, we can calculate the position information of the driven side gear based on
the displacement of the master-cylinder push rod. The displacement data of the master-
cylinder push rod are obtained from the pulse width modulation signal generated by the
digital sensor. By applying the above position relationships and conversions, we acquire
the position information of the gear-drive servo system. This information serves to validate
the effectiveness of the control strategy proposed in this paper.
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Figure 14. HIL test platform.

In HIL test 1, we set up a half-sine tracking experiment with an amplitude of 2 rad
and a period of πs, as shown in Figure 15. Figure 15a shows the displacement y of the
master-cylinder push rod, with a peak value of about 1.6 mm. The angle of the driven
side gear can be obtained from the transmission relation y = (s/ 2π)x1 , where s is the
lead of the ball screw mechanism, and s = 5. Figure 15b shows the rotation angle of the
driving side gear, and it can be seen that its peak value is about 40 rad. It can be seen
from Figure 15c that the angle of the driven side gear has a good tracking effect, and the
maximum error is less than 0.1 rad. The effect caused by the dead zone is compensated
effectively, the control effect is good, and the convergence rate is fast.

To further verify the effectiveness of the control strategy designed in this paper, we
designed the amplitudes as 4 rad and 6 rad (see Figures 16 and 17). It can be seen from the
two figures that the maximum error of the angle of the driven side gear is less than 0.2 rad
when tracking the expected value, and the convergence rate is faster. Under the condition
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of unknown parameters, unknown disturbance and the dead zone, the finite-time adaptive
controller designed in this paper can achieve a relatively stable control effect and can meet
the position-tracking requirements of the EHB gear-drive servo system.
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Figure 15. HIL test 1. (a) Master-cylinder push rod displacement (mm). (b) Drive side gear angle
(rad). (c) Expected value and driven side gear angle (rad).
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Through the HIL test, we have verified that the control strategy proposed in this
paper can effectively compensate for the influence of unknown parameters, unknown
disturbances, and dead zones. Based on the above analysis, it is evident that the control
strategy presented in this paper is effective and capable of enhancing tracking accuracy
and convergence rate.

6. Conclusions

In this paper, the backlash nonlinearity of EHB gear-drive servo system is analyzed,
and the symmetric dead-zone model of an EHB gear drive is established. Secondly, by
combining the finite-time control theory with the adaptive control theory, the parameter-
update laws and control laws are designed for the uncertain parameters and dead-zone



Machines 2023, 11, 1002 17 of 18

problems of the system, and boundary estimates are introduced to compensate for the
unknown disturbance. Then the stability analysis is carried out to prove that all closed-loop
signals are bounded. Finally, simulation and an HIL test are carried out, and the results
show that the finite-time adaptive controller designed in this paper is effective.

In future work, the command filtering technology can be introduced to reduce the
complexity of the operation and avoid the problem of data explosion. If the conditions
permit, the actual vehicle test can be further conducted to verify the practicability of the
control strategy.
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