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Abstract
In order to improve the global convergence performance of the super-twisting sliding mode control (STSMC) for the
uncertain hybrid mechanism, especially in the high-speed scenario, and enhance the robustness of hybrid mecha-
nism system to the uncertainties with a wide range of changes, an intelligent fixed-time super-twisting sliding mode
control (IFTSTSMC) is proposed. Firstly, a fixed-time super-twisting sliding mode control (FTSTSMC) algorithm
is designed by adding the exponential power terms with the fixed-time performance parameters in sliding variables
and the transcendental function of the super-twisting algorithm in order to enhance the global convergence per-
formance of the STSMC. Secondly, the existence condition of FTSTSMC for the uncertain hybrid mechanism is
analyzed. The IFTSTSMC is designed by introducing RBF neural network to break through the limited range of
uncertainties in FTSTSMC and enhance the robustness of hybrid mechanism system to the uncertainties with a
wide range of changes. Then, the Lyapunov stability of the proposed method and the global fixed-time convergence
of the system are proved theoretically. Finally, the effectiveness and superiority of the proposed control method are
verified by the simulation and the automobile electro-coating conveying prototype experiment comparing with two
classical finite-time sliding mode control methods.

1. Introduction
The hybrid mechanism, which consists of parallel mechanism and series mechanism, has the advantages
of high precision, high rigidity, and strong bearing capacity. It has been widely concerned by many
research fields such as industrial manufacturing, medical assistance, and so on [1–5]. From the control
point of view, the hybrid mechanism can be regarded as a multi-input-output, strongly coupled nonlinear
system that is affected by various uncertain factors, such as modeling errors, joint friction, and external
disturbance. How to achieve the high performance tracking control of the uncertain hybrid mechanism
is still a challenging task [6].

At present, the tracking control methods for the uncertain hybrid mechanism have the fuzzy
proportional-integral-derivative (PID) control [7], adaptive dynamic coupling control [8], inverse opti-
mal control [9], sliding mode control (SMC) [10, 11], and so on. Compared with other control methods,
SMC has the advantage of insensitivity to the variations of parameters and disturbances; it does not
need to establish accurate models and design complex parameters, which has received more attention
in the tracking control of the uncertain hybrid mechanism [12, 13]. Based on the relationship between
the states of the system and sliding mode variables, SMC can be classified into first-order sliding mode
control (FOSMC) [14, 15], second-order sliding mode control (SOSMC) [16–18], and higher-order slid-
ing mode control (HOSMC) [19–22]. Considering from the control of the uncertain hybrid mechanism,
FOSMC represents the most fundamental form of SMC. Its theoretical foundation is relatively straight-
forward and lucid, and it has good extensibility. In addition, the first-order sliding mode controller is
designed based on the sliding mode surface which reflects the response change rate of the system, and
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the states of the system are evaluated by designing the first-order derivative of this surface. The sliding
mode surface generally has a large slope, enabling the sliding mode to rapidly adjust the variables of
control and maintain the stability of the system even when the control signals are saturated. However, the
derivative of the sliding mode surface function varies constantly as it depends on the current states of the
system. The variation of the derivative will cause the sliding mode surface function to be not precisely
zero, and it oscillates back and forth on both sides of zero. Therefore, the high-frequency switching of
the control can result in the chattering problem [23]. HOSMC adjusts the convergence rate and stabil-
ity of the system by introducing multiple state variables and control laws, so that the system can reach
the desired state [24]. However, compared with FOSMC, the design of HOSMC is more complicated,
and more control parameters need to be designed, which increases the difficulty of design and calcula-
tion. Accordingly, more tests and adjustments are needed for its control parameters, and the difficulty of
control application is increased. As an extension of FOSMC, the SOSMC can extend the relative order
while maintaining the excellent performance of FOSMC, and it is simpler than HOSMC. Additionally,
the control quantities can be essentially continuous in time, which can effectively reduce the chattering
without sacrificing the robustness of the controller. Therefore, this paper intends to improve the SOSMC
method to improve the stability and robustness of the uncertain hybrid mechanism system.

The primary kinematic structure of parallel/hybrid robot is the parallel mechanism. At present,
SOSMC has been introduced into parallel/hybrid robot [25–28]. For the parallel robot, the second-order
integral SMC was combined with the synchronization strategy to reduce the synchronization error of
the system and improved the control precision in the environment with external disturbances in [25]. For
the hybrid robot, a new compound error was formed by combining the tracking error and synchroniza-
tion error of the system in [26]. Based on the new compound error, the second-order nonsingular fast
terminal SMC was designed. For the uncertain parallel robot, the STSMC was used to solve the trajec-
tory tracking problem of the system in [27, 28]. Among them, the STSMC based on genetic algorithm
and global nonlinear sliding surface was proposed in [27]. The method employed a genetic algorithm to
minimize the optimal parameters, and SMC had global characteristics, which can eliminate the error or
disturbances of the system in the arrival stage. A fast time-varying gain adaptive STSMC was proposed
in [28] by matching the sliding mode controller with feedforward action based on dynamic inversion.
The proposed method ensured the finite-time convergence, robustness against disturbances, and noise
filtering. Among the SOSMC methods mentioned above, the STSMC method does not need the deriva-
tive information of the sliding mode surface. Moreover, when the relative order of the system is 1, this
algorithm does not need to introduce new control parameters and can still maintain the convergence
accuracy and small chattering characteristics of the SOSMC. However, for the STSMC with nonlinear
saturation term, considering the existing STSMC based on asymptotic or finite-time stability theory
which convergence time is theoretically infinite and related to the initial state information of the sys-
tem, the convergence rate needs to be improved when it is applied to the uncertain hybrid mechanism,
especially the high-speed scenario.

When the system is asymptotic convergence [25, 26], the states of the system theoretically approach
the target states at infinity. Especially when the system is in a time-sensitive application scenario, the
asymptotic convergence cannot meet the real-time requirements of the system. Therefore, the finite-
time control method is proposed [29]. In [30], the finite-time stabilization of the tension leg platforms
(TLP) was discussed. Compared with the asymptotic convergence control method, the finite-time control
method achieves faster convergence rate near the tunable zero point, but the convergence time obtained
by the finite-time control method depends on the initial states of the system, and the initial state infor-
mation of the actual system is often difficult to obtain accurately. Therefore, the fixed-time stability was
first proposed in [31] to solve the problem that the convergence time is related to the initial state infor-
mation of the system when the system is stable in finite-time. In the researches related to fixed-time
control method, the local fixed-time SMC and the FTSTSMC were proposed in [32, 33], respectively.
However, the methods mentioned above can only achieve the fixed-time convergence in the reaching
phase of SMC without considering the convergence performance in the sliding phase. Therefore, the
methods can only achieve the local convergence performance of the system. In order to achieve global
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convergence performance of the hybrid mechanism system, this paper intends to introduce the design
idea of fixed-time control into the STSMC. By improving sliding variables and the transcendental func-
tion of the super-twisting algorithm, the hybrid mechanism system can converge in fixed-time that can
be preset, so that the uncertain hybrid mechanism system can obtain global convergence performance.

Through the above design, the FTSTSMC with the improved transcendental function is achieved
and improves the convergence performance of the uncertain hybrid mechanism system. However, when
the uncertainties of the hybrid mechanism change in a wide range, the existence condition of SMC is
destroyed, resulting in the failure of the robustness for FTSTSMC. Therefore, the existence condition
of FTSTSMC for the uncertain hybrid mechanism is analyzed. The IFTSTSMC is designed by intro-
ducing radial basis function (RBF) neural network to break through the limited range of uncertainties
in FTSTSMC and enhance the robustness of hybrid mechanism system to the uncertainties with a wide
range of changes.

The contributions of this paper are as follows:

• In order to improve the global convergence performance of the super-twisting sliding mode con-
trol (STSMC) for the uncertain hybrid mechanism, especially in the high-speed scenario, the
design idea of the fixed-time control is introduced into the STSMC. By adding the exponential
power term with the fixed-time performance parameter in sliding variables and the transcendental
function of super-twisting algorithm, the convergence performance of STSMC in the reaching
stage and sliding stage is improved, so as to achieve the convergence of the uncertain hybrid
mechanism system in fixed-time which can be preset. Therefore, the uncertain hybrid mechanism
system can obtain better global convergence performance.

• In order to enhance the robustness of hybrid mechanism system to the uncertainties with a
wide range of changes, the existence condition of FTSTSMC for the uncertain hybrid mecha-
nism is analyzed, and RBF neural network is further introduced into FTSTSMC. IFTSTSMC is
designed to break through the limited range of uncertainties in the FTSTSMC by combining the
approximation value related to Gaussian kernel function in the neural network with FTSTSMC.
Therefore, the IFTSTSMC designed for the uncertain hybrid mechanisms can enhance the
robustness of hybrid mechanism system to the uncertainties with a wide range of changes.

The other parts of this paper are as follows: the second part gives the dynamic model and problem
conception of the hybrid mechanism. The IFTSTSMC controller is presented in the third part. In the
fourth and fifth parts, the results of simulation and prototype experiments are given respectively. Finally,
the conclusion is given. The overview diagram of the paper is shown in Figure 1.

2. Dynamic model and problem formulation
The dynamic model of the hybrid mechanism in joint space can be expressed as

M(q)q̈ + C(q, q̇)q̇ + G(q) = τ (1)

where q = (q1, · · · , qN)T is the joint posture vector, q̇ = (q̇1, · · · , q̇N)T is the joint velocity vector, M(q) ∈
Rn×n is the inertia matrix, C(q, q̇) is the Gauche and centrifugal force item, G(q) is the gravity term, and
τ is the joint driving force/torque.

Taking into account the effects of modeling errors, joint friction, external disturbances, and load
variation during actual operation, the dynamic model (1) can be described as

[M̂(q) + �M(q)]q̈ + [Ĉ(q, q̇) + �C(q, q̇)]q̇ + [Ĝ(q) + �G(q)] + N(t) = τ + d (2)

where �M(q), �C(q, q̇), �G(q) denote the uncertain terms in M(q), C(q, q̇), G(q), respectively. M(q) =
M̂(q) + �M(q), C(q, q̇) = Ĉ(q, q̇) + �C(q, q̇), G(q) = Ĝ(q) + �G(q), N(t) are the frictional force and d
is the external random disturbances.
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Figure 1. The overview diagram of the paper.

Further, the dynamic model (2) of the hybrid mechanism can be rewritten as

q̈ = M̂−1[τ − Ĉ(q, q̇)q̇ − Ĝ(q)] + D(t) (3)

where D(t) = M̂−1[d − �M(q)q̈ − �C(q, q̇)q̇ − �G(q) − N(t)] denotes the set total disturbances term
containing modeling errors, joint friction, external disturbances, and load variation.

Let
x1 = q

x2 = ẋ1 = q̇ (4)

then
ẋ1 = x2

ẋ2 = f (x) + g(x)u + D(x) (5)

where f (x) = −M̂−1[Ĉ(q, q̇)q̇ + Ĝ(q)], g(x) = M̂−1, u = τ .
Let the desired trajectory of the joints be x1d, in order to realize that the actual trajectory x1 can be

tracked to the desired trajectory x1d in fixed-time, that is, the tracking error e = x1 − x1d converges to 0
in fixed-time; the following assumptions and lemmas are given.

Assumption 1. ‖D(x)‖ ≤ δ, where δ > 0.

Lemma 1. [34] Consider the system

ẋ(t) = f (t, x), x(t0) = x(t0) (6)

where x(t) ∈ Rn is the state variable of the system, f (t, x) denotes a smooth nonlinear function, and the
origin is assumed to be the equilibrium point of the system. If there is a continuous radial bounded
function V:Rn → R+ ∪ {0} satisfying

V(x) ≤ −ϕ1VP(x) − ϕ2V
Q(x)

where ϕ1, ϕ2 > 0, P > 1, 0 < Q < 1, then the system (6) is said to be globally fixed-time stable, and its
convergence time T satisfies

T ≤ Tmax := 1

ϕ1(P − 1)
+ 1

ϕ2(1 − Q)
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Figure 2. The control schematic diagrams of FTSTSMC and IFTSTSMC for the uncertain hybrid
mechanism.

Lemma 2. [35] If there is a continuous radial bounded function V:Rn → R+ ∪ {0} satisfying

V(x) ≤ −ϕ1VP(x) − ϕ2VQ(x) + η0

where ϕ1, ϕ2 > 0, P > 1, 0 < Q < 1, then the system (6) is said to be real fixed-time stable, and its
convergence time T satisfies

T ≤ Tmax := 1

ϕ1φ̄(P − 1)
+ 1

ϕ2φ̄(1 − Q)

where φ̄ is a positive constant and satisfies 0 < φ̄ < 1, the residual set of the solution of system (6) is

x ∈
{

x|V(x) ≤ min

{(
η0

(1 − φ̄)ϕ1

) 1
P

,

(
η0

(1 − φ̄)ϕ2

) 1
Q

} }

Figure 2 presents the control schematic diagrams. As shown in Figure 2, first of all, the hybrid mech-
anism system is controlled under the designed FTSTSMC controller (Part A). Then, on this basis,
RBF neural network is introduced to construct IFTSTSMC controller (Part B) to completely replace
FTSTSMC controller (Part A).

3. Design of control algorithms
3.1. Fixed-time super-twisting sliding mode control
Let the sliding surface be

s = ė + sigα(e) + sigβ(e) (7)

where 0 < α < 1, 1 < β, s = (s1, · · · , s6)T .
To compute the derivative of s

ṡ = ë + α|e|α−1ė + β|e|β−1ė (8)

since
ë = ẍ1 − ẍ1d

= ẋ2 − ẍ1d

= f (x) + g(x)u + D(x) − ẍ1d (9)
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then
ṡ = f (x) + g(x)u + D(x) − ẍ1d + α|e|α−1ė + β|e|β−1ė (10)

Based on the super-twisting algorithm, the following control law is designed{
ṡ = −k1sig

1
2 (s) − k3sig

3
2 (s) + w

ẇ = −k2sig
1
2 (s) + k4sig

3
2 (s)

(11)

Combining (5), (9), (10), and the following controller is designed

u = −g−1(x)[f (x) − ẍ1d + α|e|α−1ė + β|e|β−1ė + ρsign(s) + k1sig
1
2 (s) + k3sig

3
2 (s) − w] (12)

where ρ ≥ δ, k1, k2, k3, k4 > 0 is the design parameters to be determined.

Theorem 1. If Assumption 1 is true, the super-twisting second-order sliding mode dynamic control law
designed by (12) is adopted for the dynamic control system of hybrid mechanism (5), then the sliding
mode surface s and ṡ designed based on tracking error can converge to the origin within a fixed-time.

Proof. Selecting Lyapunov function
V = ηTBη (13)

where η = [|s| 3
2 sign(s), s, w], B is a symmetric positive definite matrix, defined as

B = 1

2

⎡
⎢⎢⎢⎣

4k2 + k2
1 k1k3 −k1

k1k3 2k4 + k2
3 −k3

−k1 −k3

k1k3

k2

⎤
⎥⎥⎥⎦

The derivative of equation (13) is obtained
V̇ = 2ηTBη̇

= |s| 5
2

[
−3

2
k1

(
4k2 + k2

1

) − k3

(
2k4 + k2

3

) − k3k4

]
+ |s|2

[
−5

2
k2

1k3 + k1k2

]

+ |s|w
[

3

2
k1 + (

2k4 + k2
3

)] − 3

2
k3

(
4k2 + k2

1

) |s| 7
2 + |s|3

[
−3

2
k1k3 − k1k

2
3 − k1k4

]

+ |s|2w

[
3

2
k1k3 + 3

2

(
4k2 + k2

1

)] + |s| 3
2 w

[
3

2
k1k3 + k2

3 + k1k3 + 2k4

]

− 3

2
k1|s| 1

2 w2 + |s| 3
2
[−k1

(
2k4 + k2

3

) + k2k3

] − k3w2

= −|s|− 5
2
(
ηTT1η

) (
ηTT1η

)T − |s|− 3
2 ηTT2η − |s| 1

2 ηTT3η − ηTT4η (14)
where T1, T2, T3, T4 are symmetric positive definite matrices. �

Since |s| 3
2 ≤ ‖η‖2 ≤

(
V

λmin(B)

) 1
2
, |s| 5

2 ≤ ‖η‖ 5
3
2 ≤

(
V

λmin(B)

) 5
6
. Therefore, it follows that

V̇ ≤ − (λmin(B))
5
6 (λmin(T1))2

V
5
6

V2

(λmax(B))2
− (λmin(B))

1
2 λmin(T2)

V
1
2

V

λmax(B)

= − (λmin(B))
5
6 (λmin(T1))2

(λmax(B))2
V

7
6 − (λmin(B))

1
2 λmin(T2)

λmax(B)
V

1
2 (15)

According to Lemma 1, the sliding surface s and ṡ can converge to the origin in fixed-time T , that is,
the system (5) can achieve stability in fixed-time T , and the convergence time is estimated as

T ≤ 6(λmax(B))2

(λmin(B))
5
6 (λmin(T1))2

+ 2λmax(B)

(λmin(B))
1
2 λmin(T2)

(16)

https://doi.org/10.1017/S0263574724001516 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574724001516


Robotica 7

Remark 1. The convergence time of finite-time sliding mode control (FTSMC) is related to the initial
conditions of the system. However, the initial conditions of the actual hybrid mechanism may be difficult
to obtain accurately in advance. In order to solve this problem, sliding mode surface (7) and control
law (11) are designed on the basis of Lemma 1. The fixed-time performance parameters satisfying the
conditions P > 1 and 0 < Q < 1 are introduced into sliding variables and the transcendental function of
the super-twisting algorithm respectively, so that the contraction of Lyapunov function can be applied
to the form of lemma. Therefore, the global fixed-time convergence of the system is guaranteed.

Remark 2. The existence of sliding mode must be guaranteed during the implementation of SMC. It is
worth noting that a sliding mode does exist on a discontinuity surface whenever the distances to this sur-
face and the velocity of its change ṡ are of opposite signs [36], that is, lims→0+ ṡ < 0, lims→0− ṡ > 0.
Therefore, Utkin was the first to propose sufficient conditions for the existence of sliding modes:
lims→0+ ṡ ≤ 0, lims→0− ṡ ≥ 0, also known as the local reachability condition [37]. Further, if the con-
dition sṡ ≤ 0 is satisfied, it is called the global reachability condition of the sliding mode. According to
the analysis of Theorem 1, the SMC designed in this paper satisfies the global reachability condition.
Therefore, controller u needs to find u− and u+ to ensure that the system state variables can continue
sliding along s = 0 when it reaches the sliding mode surface s. According to (5), u− and u+ should
be satisfied that g(x)u+ < − min (x2 + D(x) + f (x)), g(x)u− > − max (x2 + D(x) + f (x)). It can be seen
from the above that the boundary of the system uncertainty δ determines the realization of u to ensure
the robustness of the SMC for the uncertain hybrid mechanism. Therefore, when the uncertainty param-
eter of the system exceeds δ, the SMC of the system will collapse. In order to avoid the limitation of this
control, this paper will further introduce RBF neural network to deal with the control problem of the
system with a wide range of uncertainties.

Remark 3. From the design viewpoint of the FTSTSMC, the method of literature [33] (FTSTSMC-1)
can only achieve fixed-time convergence in the reaching stage of SMC. When it is applied to the hybrid
mechanism, the sliding phase of SMC is greatly affected by the initial information of the system.
Compared with FTSTSMC-1, the method designed in this paper (FTSTSMC) achieves fixed-time con-
vergence in both reaching stage and sliding stage of SMC by adding the exponential power terms with
the fixed-time performance parameters in sliding variables and the transcendental function of the super-
twisting algorithm. Therefore, FTSTSMC achieves the global convergence performance of the system
and overcomes the limitation that the sliding phase of FTSTSMC-1 is greatly affected by the initial
information of the system.

3.2. Intelligent fixed-time super-twisting sliding mode control
RBF neural network [38] is a neural network for local approximation proposed by J. Moody and C.
Darken in the late 1980s. It can approximate any nonlinear function and deal with the law that is difficult
to analyze in the system. In (5), F(x) = f (x) + D(x) is designed to be an unknown nonlinear function of
the system, where r(x) represents the load variation in D(x). The uncertainty and unknown nature of
F(x) make it challenging to ensure the realization of the control law u. Therefore, RBF neural network
is introduced to improve the adaptability of the system to the uncertainties with a wide range of changes.

RBF neural network is a forward-oriented network composed of three-layer networks.
The first layer: input layer, x = [x1, · · · , xn]T is the input of the network, and n represents the number

of dimensions of the input.
The second layer: the implicit layer, the output is h(x) = [h1, · · · , hm]T . Using the Gaussian basis

function as the membership function of the input layer, that is,

hj(x) = exp

(
−‖x − c‖2

2b2

)
where c is the coordinate vector of the centroid of the Gaussian basis function in the implicit layer, b
is the width of the Gaussian basis function in the implicit layer, j = 1, · · · , m. The RBF neural network
weight is W = [W1, · · · , Wm]T .
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The third layer: the output layer, the output of the neural network is y = WTh(x).
The RBF neural network is used to approximate F(x), and the ideal output of the neural network is

given as

F(x) = W∗Th(x) − ε

where W∗ is the ideal weight of the RBF neural network, h(x) is the output of the Gaussian function,
and ε is the approximation error of the network. Let the actual output of the neural network be

f̂ (x) = ŴTh(x)

where Ŵ is the actual weight of the neural network. Defining W̃ = W∗ − Ŵ, f̃ (x) = F(x) − f̂ (x), where
W̃ is the error between the ideal weight and the actual weight, and f̃ (x) is the error between the ideal
output and the actual output, so the fixed-time sliding mode controller based on RBF neural network
can be designed as

u = −g−1(x)
[
f̂ (x) − ẍ1d + α|e|α−1ė + β|e|β−1ė + k1sig

1
2 (s) + k3sig

3
2 (s) − w

]
(17)

Then, the control law based on the super-twisting algorithm is{
ṡ = −k1sig

1
2 (s) − k3sig

3
2 (s) + w + W̃Th(x) − ε

ẇ = k2sig
1
2 (s) − k4sig

3
2 (s)

(18)

Theorem 2. If Assumption 1 is true, for the dynamic control system of hybrid mechanism (5), the intel-
ligent super-twisting second-order sliding mode dynamic control law designed by (17) is adopted. Then
the sliding mode surface s and ṡ designed based on tracking error can converge to the origin within a
real fixed-time.

Proof. Selecting Lyapunov function

V2 = ηTBη (19)

where η = [|s| 3
2 sign(s), w, W̃], B is a symmetric positive definite matrix, defined as

B = 1

2

⎡
⎢⎣

4k2 + k2
1 k1k3 −k1

k1k3 2k4 + k2
3 −k3

−k1 −k3 2

⎤
⎥⎦

The derivative of equation (19) is obtained

V̇2 =2ηTBη̇

= − 6k1

(
k2 + k2

1

) |s| 5
2 − 6k3

(
k2 + k2

1

) |s| 7
2 − 6

(
k2 + k2

1

) |s|2w + 6
(
k2 + k2

1

) |s|2

× W̃Th(x) − 6
(
k2 + k2

1

) |s|2ε − 3

2
k2

1k3|s|w − 3

2
k1k2

3|s|2w + 3

2
k1k3|s| 1

2 w2

+ 3

2
k1k3|s| 1

2 wW̃Th(x) − 3

2
k1k3|s| 1

2 wε + 3

2
k2

1W̃|s| + 3

2
k1k3W̃|s|2 − 3

2
k1 (20)

× |s| 1
2 wW̃ − 3

2
k1|s| 1

2 W̃W̃Th(x) + 3

2
k1|s| 1

2 W̃ε + k1k2k3|s|2 − k1k3k4|s|3

+ k2(2k4 + k2
3)|s| 1

2 w − k4(2k4 + k2
3)|s| 3

2 w − k2k3W̃|s| 1
2 + k3k4W̃|s| 3

2

− k1|s| 3
2 ˙̃W − k3w ˙̃W + 2W̃ ˙̃W

≤ − |s|− 5
2 (ηTT5η)(ηTT5η)T − |s|− 1

2 ηTT6η − |s| 1
2 ηTT7η − ηTT8η + η0

where ε = 0 is negligible, η0 > 0, ˙̃W = −3
(
k2 + k2

1

) |s|2h(x), and T5, T6, T7, T8 are symmetric positive
definite matrices. �
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Figure 3. Structure of hybrid mechanism system (single side).

Since |s| 3
2 ≤ ‖η‖2 ≤

(
V2

λmin(B)

) 1
2

, |s| 1
2 ≤ ‖η‖ 1

3
2 ≤

(
V2

λmin(B)

) 1
6

, |s| 5
2 ≤ ‖η‖ 5

3
2 ≤

(
V2

λmin(B)

) 5
6

.

Therefore, it follows that

V̇2 ≤ − (λmin(B))
5
6

V
5
6

2

(λmin(T5))2 V2
2

(λmax(B))2
− (λmin(B))

1
6

V
1
6

2

λmin(T6)
V2

λmax(B)
+ η0

= − (λmin(B))
5
6 (λmin(T5))2

(λmax(B))2
V

7
6

2 − (λmin(B))
1
6 λmin(T6)

λmax(B)
V

5
6

2 + η0 (21)

According to Lemma 2, the sliding mode surface s and ṡ can converge to the origin in the real fixed-
time T̄ , that is, the system (5) can achieve stability in the real fixed-time T̄ , and the estimated convergence
time is

T̄ ≤ 6(λmax(B))2

λmin(B))
5
6 (λmin(T5))2φ̄

+ 6λmax(B)

(λmin(B))
1
6 λmin(T6)φ̄

(22)

And the system states converge to the following compact set 
 within the real fixed-time T̄ .


 ∈
{

x|V2(x) ≤ min

{(
η0(λmax(B))2

(1 − φ̄)(λmin(B))
5
6 (λmin(T5))2

) 6
7

,

(
η0λmax(B)

(1 − φ̄)(λmin(B))
1
6 λmin(T6)

) 6
5

}}

4. Simulations
To verify the effectiveness of the proposed methods, the proposed method FTSTSMC is compared with
FTSMC, and the proposed method IFTSTSMC is compared with FTSTSMC. Simulation comparisons
are conducted with Matlab/Simulink.

The unilateral structure of the bilaterally symmetrical hybrid mechanism system is shown in Figure 3.
The forward and backward movement of the hybrid mechanism system is driven by the walking wheels.
The up-down and turnover movement is achieved by two symmetrical parallel mechanisms. The rack
of the lifting and turning mechanism (LTM) is the motion part of the walking mechanism. Two sets of
LTM are connected via a connecting rod and a fixed mount used to place the car body. The LTM consists
of a lifting part fixed on the walking mechanism and a turning part fixed on the connecting rod. Via the
combination of the walking mechanism and the LTM, the car body is driven to realize the forward and
backward, up and down, turnover, and compound movement.
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Figure 4. Tracking trajectory curves of sliders and driving wheel.
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Figure 5. Tracking error curves of sliders and driving wheel.

In FTSTSMC, the parameters are respectively designed as k1 = 1.80, k2 = 1.90, k3 = 18.70, k4 =
6.40, ρ = 2.00, α = 0.66, β = 2.00. The simulation results of FTSTSMC and FTSMC are as follows.
Since the hybrid mechanism system has the characteristics of bilateral symmetry, the tracking trajectory
curves and tracking error curves of sliders 1, 2 and driving wheel 1 are shown in Figure 4 and Figure 5,
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Table I. The RMSE and MASSE of the active joints for simulation experimental results.

FTSMC FTSTSMC-1 FTSTSMC IFTSTSMC
RMSE slider 1 3.584 × 10−3 3.231 × 10−3 3.228 × 10−3 2.156 × 10−3

slider 2 3.575 × 10−3 3.210 × 10−3 3.206 × 10−3 2.152 × 10−3

driving wheel 1 1.450 × 10−3 1.316 × 10−3 1.290 × 10−3 7.720 × 10−4

MASSE slider 1 2.426 × 10−3 1.167 × 10−3 4.008 × 10−4 1.221 × 10−4

slider 2 2.202 × 10−3 1.707 × 10−3 8.117 × 10−4 1.737 × 10−4

driving wheel 1 2.972 × 10−3 4.784 × 10−3 2.829 × 10−3 2.791 × 10−3
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Figure 6. Tracking trajectory curves of sliders and driving wheel.

respectively. As seen in the partial block of Figure 4, the trajectory tracking curves of slider 1 and slider 2
for the hybrid mechanism system show the abrupt changes caused by the fluid resistance when entering
into the tank. The values of the abrupt changes are 0.3916m and 0.3913m, respectively, which affect
the tracking accuracy and the control performance of the system. Compared to FTSMC, due to the
fixed-time control with faster convergence performance and better robustness, FTSTSMC can reduce
the abrupt changes caused when the hybrid mechanism system enters into the tank. In addition, the
root mean square error (RMSE) and the maximum absolute steady-state error (MASSE) of the active
joints are shown in Table I; it can be seen that the RMSE of the active joints for FTSTSMC is about
9.93%, 10.32%, and 11.03% reduced than FTSMC, respectively. And the MASSE of the active joints
for FTSTSMC is about 83.47%, 63.14%, and 4.81% reduced than FTSMC, respectively. Therefore,
FTSTSMC has better tracking accuracy.

From the design viewpoint of the FTSTSMC, compared with literature [33] (FTSTSMC-1), the
method designed in this paper (FTSTSMC) has variable fixed-time performance parameters, and
FTSTSMC achieves fixed-time convergence in both reaching stage and sliding stage of the SMC.
Figure 6 and Figure 7 show the comparison results of the above two simulation experiments. Table I
shows the RMSE and MASSE of the active joints for the controllers. It shows that the RMSE of the
active joints for FTSTSMC is about 0.09%, 0.12%, and 1.98% reduced than FTSTSMC-1, respectively.
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Figure 7. Tracking error curves of sliders and driving wheel.

The MASSE of the active joints for FTSTSMC is about 65.66%, 52.45%, and 40.87% reduced than
FTSTSMC-1, respectively. Therefore, the FTSTSMC designed in this paper has better tracking effect.

However, it can be seen from Figure 4 and Figure 5 that the tracking effect of FTSTSCM has not been
greatly improved and local chattering still exists. Therefore, IFTSTSCM is proposed in this paper. In the
IFTSTSMC, the parameters are, respectively, designed as k1 = 3.00, k2 = 2.30, k3 = 56.69, k4 = 229.54,
α = 0.52, β = 1.01. The simulation results are shown in Figure 8 and Figure 9. It can be seen from
the partial block of Figure 8 that the trajectory tracking curves for IFTSTSCM converges about 57.47%
faster than FTSTSMC. Table I shows that the RMSE of the active joints for IFTSTSCM is about 33.21%,
32.88%, and 40.16% reduced than FTSTSMC, respectively. And the MASSE of the active joints for
IFTSTSCM is about 69.54%, 78.60%, and 1.34% reduced than FTSTSMC, respectively. Therefore,
compared with FTSTSMC, IFTSTSMC has better tracking effect. When the uncertainties of the hybrid
mechanism change in a wide range, the existence condition of SMC is destroyed, resulting in the failure
of the robustness for the FTSTSMC. IFTSTSMC introduces RBF neural network, which deals with
nonlinear functions containing the inherent dynamics and uncertainties of the system. In order to break
through the uncertainties range of FTSTSCM, the uncertainties are amplified by 10 times and 100 times
for simulation experiments. Figure 10 and Figure 11 show the tracking curves and error tracking curves
of the system after the uncertainties amplification. It can be seen that FTSTSCM can achieve system
stability in response to uncertainties within a certain range. However, when faced with a wide range
of uncertainties, it may lead to control failures. IFTSTSMC has a good adjustment effect on a wide
range of uncertainties. It can not only make the system converge in real fixed-time but also improve the
adaptability of the hybrid mechanism system to the uncertainties with a wide range of changes.

5. Prototype experiment
The prototype of hybrid mechanism system is shown in Figure 12. Figure 13 and Figure 14 show the
time-series images of the hybrid mechanism pose in operation and the pose of the hybrid mechanism
system in operation with the electrophoretic tank, respectively. The physical parameters of the prototype
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Figure 8. Tracking trajectory curves of sliders and driving wheel.
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Figure 9. Tracking error curves of sliders and driving wheel.

include the length of the connecting rod is 0.495m, the length of the connecting rod is 0.72m, the lead
of the lead screw is 0.01m, the radius of the active driving wheel is 0.025m, and the radius of the driven
driving wheel is 0.075m. The control system is divided into three layers: upper computer (PC), lower
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Figure 10. Tracking trajectory curves of sliders and driving wheel with RBF neural network.
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Figure 11. Tracking error curves of sliders and driving wheel with RBF neural network.

computer (UMAC), and servo drive system. Among them, the PC uses Intel Core i7-4790 3.60 GHz pro-
cessor to complete the functions of the human-computer interaction, code initialization and compilation,
and condition monitoring. The UMAC mainly includes a TURBO PMAC2 OPT-5C0 CPU main board,
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The prototype of the hybrid mechanism system in the figure mainly contains the upper computer, 

the lower computer and the hybrid mechanism. The upper computer is used to achieve human-

computer interaction, program initialization and compilation, and operational state monitoring. 

The lower computer is used to accomplish data calculation, digital to analog conversion, and 

motion control. 

Figure 12. The prototype of hybrid mechanism system.

tow AC-24E2A axis board, one AC-65E I/O board, and one AC-E1 power board. It is used to accomplish
data calculation, digital to analog conversion, and motion control. The servo drive system is composed
of MRJ4-70A(30W), MR-J4-100A(30W) servo drivers, and HG-KR73BJ(750W), HG-SR102BJ(30W)
AC servo motors. The reducer is selected as EVH-115-20-K7-28HF24, and its reduction ratio is 1:20.
To realize the feedback control loop of the system, the 22-bit (4194304pulses/rev) high-resolution abso-
lute position encoder is selected. Based on the above setup, an experimental platform of the hybrid
mechanism system for the automobile electro-coating conveying is constructed. The control algorithm
is implemented as follows: opening the Pewin32 software to enable the PC to communicate with the
UMAC; the AC servo motor is closed looped via Pewin32 software instruction and the motion trajec-
tory program is downloaded to UMAC; opening the PC interface via VC++ 6.0(SP6) and downloading
the control algorithm program into the UMAC; and running the designed control algorithm program.

Three contrast motion control experiments are carried out on the prototype. The control algorithm is
realized by establishing the connection between PC and UMAC to open the closed loop of the system.
Download the required tracks and user-defined motion programs precompiled by PeWin32pro software
to the UMAC buffer. The results of the comparison experiments between FTSTSCM and FTSCM,
FTSTSCM-1 and FTSTSCM, and FTSTSCM and IFTSTSCM are shown in Figure 15, Figure 16,
and Figure 17, respectively. And the RMSE and MASSE of the comparison experiments are shown
in Table II, where the RMSE of the active joints for FTSTSCM is about 59.26%, 59.28%, and 59.87%
reduced than FTSMC; the MASSE of the active joints for FTSTSCM is about 60.55%, 62.25%, and
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The pose of the hybrid mechanism used for automobile electro-coating conveying at different 

moments in the operation. 

Figure 13. Time-series images of the hybrid mechanism pose in operation.

The operation of the hybrid mechanism system used for automobile electro-coating conveying is 

divided into three stages: entry into the tank, in-tank and out-tank. The lifting and turning 

mechanism perform the downward turning motion with an overall turning angle of 180 degrees to 

complete the motion of entry into the tank. In the tank, the walking mechanism moves in parallel

to make the body in white of the automobile to carry out electro-coating in the fluid and the lifting 

and turning mechanism perform the small amplitude sinusoidal motion to solve the air packet 

problem. Finally, the lifting and turning mechanism perform a turning movement with an overall 

turning angle of 180 degrees to complete the coating conveying process.

Figure 14. The pose of the hybrid mechanism system in operation with the electrophoretic tank.
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Figure 15. Experimental results of tracking errors for FTSTSCM and FTSCM.
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Figure 16. Experimental results of tracking errors for FTSTSCM-1 and FTSTSCM.
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Table II. The RMSE and MASSE of the active joints for prototype experimental results.

FTSMC FTSTSMC-1 FTSTSMC IFTSTSMC
RMSE slider 1 4.058 × 10−2 2.449 × 10−2 1.653 × 10−2 8.389 × 10−3

slider 2 4.138 × 10−2 2.496 × 10−2 1.685 × 10−2 8.528 × 10−3

driving wheel 1 4.124 × 10−2 2.481 × 10−2 1.655 × 10−2 8.292 × 10−3

MASSE slider 1 9.797 × 10−2 5.785 × 10−2 3.865 × 10−2 1.876 × 10−2

slider 2 9.956 × 10−2 5.738 × 10−2 3.758 × 10−2 1.886 × 10−2

driving wheel 1 9.798 × 10−2 5.998 × 10−2 3.917 × 10−2 1.933 × 10−2
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Figure 17. Experimental results of tracking errors for FTSTSCM and IFTSTSCM.

60.02% reduced than FTSMC; the RMSE of the active joints for FTSTSCM is about 32.50%, 32.49%,
and 33.29% reduced than FTSTSCM-1; the MASSE of the active joints for FTSTSCM is about 33.19%,
34.51%, and 34.69% reduced than FTSTSCM-1; the RMSE of the active joints for IFTSTSCM is
about 49.25%, 49.37%, and 49.89% reduced than FTSTSCM; and the MASSE of the active joints for
IFTSTSCM is about 51.46%, 49.81%, and 50.65% reduced than FTSTSCM. Therefore, in general, the
proposed control method can obtain better tracking control performance. As a nonlinear control method,
IFTSTSMC can effectively deal with the uncertainties of the system, so it is excellent in enhancing the
robustness of hybrid mechanism system to the uncertainties with a wide range of changes. In addition
to the uncertain hybrid mechanisms, IFTSTSMC can be used in mechanical systems, power systems,
aerospace systems, industrial production systems, and other practical systems. By designing the sliding
mode surface and control law reasonably, IFTSTSMC can effectively achieve the stability and conver-
gence of the system. In general, the method proposed in this paper is not only beneficial to the hybrid
mechanism, but also has universal applicability to other practical systems. Therefore, this method is of
great significance in engineering practice.
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6. Conclusion
In this paper, in order to improve the global convergence performance of STSMC for the uncertain
hybrid mechanism, the design idea of the fixed-time control is introduced into the STSMC. By adding
the exponential power terms with the fixed-time performance parameters in sliding variables and the
transcendental function of super-twisting algorithm, the convergence performance of STSMC in the
reaching stage and sliding stage is improved, so as to achieve the global convergence of the uncertain
hybrid mechanism system. Further, in order to enhance the robustness of hybrid mechanism system to
the uncertainties with a wide range of changes, the existence condition of FTSTSMC for the uncertain
hybrid mechanism is analyzed, and IFTSTSMC is designed by introducing RBF neural network. Finally,
the effectiveness of the control method is verified by simulation and prototype experiments. In the future,
we will further consider introducing deep learning method to enhance the intelligence of the uncertain
hybrid mechanism system.
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