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Abstract. In order to achieve high-precision tracking control of the manipulator control
system, a fractional non-singular fast terminal sliding mode control method based on the
disturbance observer is proposed. Firstly, a fractional non-singular fast terminal sliding
mode surface is designed according to the theory of fractional calculus to achieve rapid
convergence of the trajectory tracking error of the manipulator and improve the tracking
performance of the controller; then, the super twisting algorithm is introduced into the
sliding mode reaching law and the hyperbolic tangent function reduces the chattering of
the control input; and the nonlinear disturbance observer is used to accurately estimate
the compound uncertainty disturbance to realize the compensation of the controller; ﬁnally, the Lyapunov stability theory is used to prove the stability of the system. Finally, a
simulation experiment is carried out with a two-joint manipulator as the research object,
and the results verify the eﬀectiveness and robustness of the designed controller.
Keywords: Manipulator control system, Terminal sliding mode control, Fractional calculus, Super-twisting algorithm, Disturbance observer

1. Introduction. With the rapid development of the electronics and mechanical industries, high-performance manipulator systems are widely used in production and life. The
manipulator control system is a complex nonlinear system with high coupling and nonlinear characteristics. In order to ensure that the manipulator can safely and stably complete
the operation tasks accurately, a high-performance controller is essential. Therefore, how
to design a high-performance controller is a research hotspot in the ﬁeld of manipulator
trajectory tracking control.
In view of the trajectory tracking control of the robotic arm, many control methods have
been proposed at home and abroad, such as sliding mode control [1-3], adaptive control [4],
fuzzy control [5], and neural network control [6]. Sliding mode control is a special kind of
nonlinear control, which forms a sliding mode surface according to the current state of the
system (such as error and its derivatives). Through the switching of the control quantity,
the system is forced to slide along the speciﬁed state trajectory to make the system.
It is invariant when subjected to uncertain parameters or external interference, and the
structure is simple [7,8]. However, the control law used in traditional sliding mode control
has a relatively large control gain, which can cause chattering [9]. Therefore, it has certain
practical signiﬁcance to improve the control accuracy of the system while improving the
chattering. Since it is diﬃcult to accurately obtain the magnitude of external interference
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in actual systems, the introduction of disturbance observers can eﬀectively solve this
problem [10].
The sliding mode can be mainly divided into linear sliding mode and nonlinear sliding
mode. The ordinary linear sliding mode can make the system gradually converge to the
equilibrium point, and the nonlinear sliding mode can make the system state converge to
the equilibrium point in a ﬁnite time. In [11], an adaptive sliding mode control method
based on a disturbance observer is proposed, which improves the system chattering and
realizes the precise control of the joint motion of the manipulator. In [12], a new type
of variable boundary layer non-singular fast terminal sliding mode control strategy is
proposed, which uses the variable boundary layer to weaken chattering and realizes the
accurate tracking of permanent magnet synchronous motors. In [13], a super-twisted nonsingular sliding mode controller is designed to realize the coordinated control of multiple
permanent magnet synchronous motors. However, most of the above-mentioned work
uses integer-order control schemes. Fractional calculus is the extension of integral and
diﬀerential to non-integer-order integral and diﬀerential. Compared with integer-order, its
process is more delicate and soft, so fractional-order theory is widely used in various industrial projects. In [14], an adaptive fractional-order non-singular fast terminal sliding mode
controller is proposed to achieve rapid convergence of the robot system. The simulation
results show that the fractional-order controller has better control performance than the
integer-order controller. However, the unknown disturbance in the control system has not
been properly dealt with. In [15], a fractional-order non-singular terminal sliding mode
control method is proposed to achieve accurate tracking and ﬁnite-time convergence of
the cable manipulator. However, the sliding mode control algorithm used is not advanced
enough. In [16], a super distortion algorithm with fractional order integral is proposed
to suppress the inﬂuence of non-integer order perturbation and dynamic uncertainty and
realize the precise control of the electric system. However, the unknown interference in
the system is not accurately estimated, and the super-twist algorithm is not used in the
robotic arm system.
Inspired by the above-mentioned articles, this paper designs a fractional non-singular
fast terminal sliding mode control method based on a nonlinear disturbance observer for
the trajectory tracking control problem of the manipulator, which combines the supertwist algorithm with the hyperbolic tangent function to form a sliding control method.
Mode reaching law can eﬀectively reduce chattering, fractional non-singular fast terminal sliding mode surfaces can achieve rapid system convergence, and nonlinear disturbance observers can estimate uncertain disturbance to achieve system input compensation.
Through simulation experiment comparison with other control methods, the accuracy and
eﬀectiveness of the designed controller for the trajectory tracking of the manipulator are
veriﬁed.
The speciﬁc contributions of this paper are as follows.
1) In this paper, a fractional-order non-singular fast terminal sliding mode surface is
designed to improve the convergence accuracy and speed of the system state in the sliding
mode.
2) The super-twisting algorithm improves the performance of the system state in the
approaching mode, and accelerates the speed of the system state approaching the sliding
mode surface.
3) This paper introduces a disturbance observer to accurately estimate the external
disturbance in the system, and further improves the accuracy of the manipulator control
system.
4) The stability of the control system is proved by the Lyapunov function.
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The rest of the paper is arranged as follows. The second section introduces the basic
theory of fractional order and the dynamic model of the manipulator. The third section
introduces the control scheme designed in this paper, the fourth section carries on the
simulation analysis, and the ﬁfth section is the conclusion part.
2. Mathematical Preliminaries.
2.1. The basic theory of fractional order. At present, there are three deﬁnitions of
fractional calculus that are widely used in the control ﬁeld, namely: Grunwald-Letnikov
(GL) deﬁnition, Riemann-Liouville (RL) deﬁnition and Caputo deﬁnition [17]. The definition of the initial conditions of Caputo-type fractional calculus is consistent with that
of integer-order calculus and has been extensively studied in engineering applications in
recent years.
The deﬁnition of Caputo-type fractional calculus is as follows [18]:
∫ t
1
f (m) (σ)
α
dσ, m − 1 < α ≤ m
(1)
a Dt f (t) =
Γ(m − α) a (t − σ)α−m+1
where a Dtα is the fractional calculus operator, where a and t represent the lower limit
and upper limit of the fractional calculus operator, respectively, and α is the order of the
fractional calculus operator. To simplify the expression, use a Dtα instead of Dα . m is the
smallest integer greater than α, and Γ(.) is the Gamma function.
Lemma 2.1. [19]:
Dα x(t) = f (x, t)
(2)
If it is the equilibrium point of the non-autonomous fractional-order system, it satisfies
the Lipschitz condition. Suppose there is a Lyapunov function that satisfies the following
conditions:
α1 ∥x∥ ≤ V (t, x) ≤ α2 ∥x∥, V̇ (t, x) ≤ −α3 ∥x∥
(3)
where α1 , α2 and α3 are all normal numbers, β ∈ (0, 1). Then the system (2) is progressively stable.
2.2. Dynamics model of the manipulator. For the n-joint rigid manipulator, according to the Lagrange equation, its dynamic model is expressed as
M (q)q̈ + C (q, q̇) q̇ + G(q) = τ

(4)

where q ∈ R is the joint position, q̇ ∈ R and q̈ ∈ R are the velocity vector and
acceleration vector, M (q) ∈ Rn×n is the inertia matrix, C (q, q̇) ∈ Rn×n is the centrifugal
force and Coriolis force matrix, G(q) ∈ Rn is the gravity term, and τ ∈ Rn is the control
moment.
In practical applications, due to the inﬂuence of external environmental noise and
measurement errors, M (q), C (q, q̇) and G(q) are not easy to obtain. Considering the
uncertainty of the parameters, the above parameters are divided into nominal values and
disturbance values:
M (q) = M0 (q) + ∆M (q)
(5)
C (q, q̇) = C0 (q, q̇) + ∆C (q, q̇)
(6)
G(q) = G0 (q) + ∆G(q)
(7)
where M0 (q), C0 (q, q̇), G0 (q) are nominal values; ∆M (q), ∆C (q, q̇), ∆G(q) are disturbance values.
Regarding system modeling errors, parameter changes and other uncertain factors as
external disturbances, expressed by τd , (4) becomes
n

n

n

M0 (q)q̈ + C0 (q, q̇)q̇ + G0 (q) = τ + τd

(8)
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3. Design of Manipulator Control System.
3.1. Design of sliding controller. According to the dynamic model of the manipulator,
qd (t) is deﬁned as the ideal position of the joint and q(t) is the actual position of the
joint. The position tracking error of each joint of the manipulator is deﬁned as
e(t) = qd (t) − q(t)

(9)

Take the second derivative of (9):
ë = q̈d − q̈

(10)

The non-singular fast terminal sliding surface in [20] is
s = e + λ |ė|γ sign (ė)

(11)

where λ is a system parameter and γ is a normal number. However, there is still room
for improvement in the convergence speed and control accuracy of the sliding surface.
To design a controller to improve the trajectory tracking eﬀect of the manipulator
system, a class of fractional non-singular fast terminal sliding surface is deﬁned as
q

s = Dα e + a · e + b · |e| p sign (e)

(12)

where α ∈ (0, 1) is a real number, a and b are normal numbers, p and q are all positive
odd numbers, 1 < q/p < 2.
Ensure that the exponent of the error e in the sliding mode surface function s is greater
than 1, which can avoid the error exponent being negative after deriving and ensure the
non-singularity of the sliding mode surface [21].
Take the derivative of (12):
q
q
ṡ = Dα−1 ë + a · ė + b · · |e| p −1 · ė · sign(e)
(13)
p
Since the sliding mode function needs to switch continuously in the sliding mode surface,
the sliding mode control algorithm will have chattering near the equilibrium point. For a
common sliding mode approaching law such as −εsign(s), the approaching speed is ﬁnite
and contains a sign function. The high-order sliding mode algorithm applies the sign
function to the high-order derivative of the sliding mode variable, which can eﬀectively
suppress chattering [22]. The super-twist algorithm is a high-order sliding mode algorithm,
which only needs sliding mode variables, so that the sliding mode variables are hidden
in the high-order derivatives, which can eﬀectively avoid chattering and help simplify the
controller structure. Through the super twisting nonlinear equation, the sliding mode
reaching law can be obtained as
∫ t
1
2
ṡ = −k1 |s| sign(s) −
k2 sign(s)dt − k3 s
(14)
0

where k1 , k2 and k3 are switching gains.
In Equation (14), the discontinuous sign function intensiﬁes the chattering in the sliding
mode control process, the hyperbolic tangent function is used instead of the sign function,
and the smoothness of this function is used to greatly alleviate the degree of control signal
switching chattering. The hyperbolic tangent function is deﬁned as
ex − e−x
(15)
tanh(x) = x
e + e−x
where e is a natural constant.
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The sliding mode reaching law based on the hyperbolic tangent function is as follows:
∫ t
1
2
ṡ = −k1 |s| tanh(s) −
k2 tanh(s)dt − k3 s
(16)
0

From (13) and (16), the control law is
(
(
∫ t
1
1−α
τ = M0 q̈d + D
k1 |s| 2 tanh(s) +
k2 tanh(s)dt + k3 s + a · ė
0
))
q
q
−1
+ b · · |e| p · ė · sign(e)
+ C0 q̇ + G0 − τd
p

(17)

Figure 1. Curve comparison between hyperbolic tangent function and
symbolic function
3.2. Design of nonlinear disturbance observer. In actual engineering, the composite
disturbance τd is usually diﬃcult to obtain and needs to be estimated, but there is a certain
error between the estimated value of the disturbance and the actual value. The basic idea
of disturbance observer design is to use the diﬀerence between the estimated output and
the actual output to correct the estimated value to achieve the eﬀect of suppressing
disturbance and enhance the robustness of the system to disturbance. τ̂d represents the
estimation of disturbance τd , and the nonlinear disturbance observer is designed as
{
ż = −L (q, q̇) z + L (q, q̇) (C0 (q, q̇) q̇ + G0 (q) − τ − p (q, q̇))
(18)
τ̂d = z + p (q, q̇)
where z is the deﬁned auxiliary variable; p (q, q̇) is the nonlinear function to be designed;
L (q, q̇) is the gain of the nonlinear observer, which satisﬁes the following conditions:
dp (q, q̇)
dt
The observation error f of the nonlinear disturbance observer is deﬁned as
L (q, q̇) M0 (q) q̈ =

f = τd − τ̂d

(19)

(20)

Assume that the disturbance changes slowly relative to the dynamic characteristics of
the interference observer, that is
τ̇d = 0
(21)
According to (19) and (21), the dynamic equation of the observer can be obtained as
dp (q, q̇)
f˙ = τ̇d − τ̂˙ d = −τ̂˙ d = −ż −
dt

(22)
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Substituting (18) and (19) into Formula (22), we can get
f˙ = L (q, q̇) (z + p (q, q̇)) − L (q, q̇) (M0 (q)q̈ + C0 (q, q̇) q̇ + G0 (q) − τ )

(23)

Combining (8) and (18), (23) can be changed to
f˙ = L (q, q̇) τ̂d − L (q, q̇) τd = −L (q, q̇) f

(24)

Obtain the dynamic equation of the observer error system as
f˙ + L (q, q̇) f = 0
Design matrix L (q, q̇) = diag{c, c}, c > 0.
Choose the Lyapunov function
1
V1 = f T f
2
Taking the derivation of (26):

(25)

(26)

V̇1 = f T f˙ = −f T L (q, q̇) f ≤ 0
therefore, the disturbance estimation error gradually converges.
The control law becomes
(
(
∫ t
1
1−α
k2 tanh(s)dt + k3 s + a · ė
τ = M0 q̈d + D
k1 |s| 2 tanh(s) +
0
))
q
q
−1
+ b · · |e| p · ė · sign(e)
+ C0 q̇ + G0 − τ̂d
p
3.3. Stability analysis. Select the Lyapunov function
1
V = V1 + s2
2

(27)

(28)

(29)

It can be seen that (29) is greater than zero. According to Formula (27), V̇1 ≤ 0, the
derivative of (29) can be obtained
V̇ = V̇1 + s · ṡ
(
)
q
q
−1
α−1
p
= V̇1 + s · D ë + a · ė + b · · |e|
· ė · sign(e)
p
(
)
∫ t
1
k2 tanh(s)dt − k3 s
= V̇1 + s · −k1 |s| 2 tanh(s) −
0

≤0

(30)

According to the Lyapunov stability criterion, the system can be judged to be asymptotically stable.
4. Simulation Results. Taking the two-joint manipulator as an example, MATLAB
is used to simulate the system. Use FOMCON’s fractional-order modeling and control
toolbox to complete the numerical simulation. According to the aforementioned dynamic
model of the robotic arm system, its speciﬁc parameters are as follows:
]
[
v + q01 + 2q02 cos(q2 ) q01 + q02 cos(q2 )
M (q) =
q01 + q02 cos(q2 )
q01
]
[
−q02 q̇2 sin(q2 ) −q02 (q̇1 + q̇2 ) sin(q2 )
C(q, q̇) =
q02 q̇1 sin(q2 )
0
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]

8.75g cos(q1 + q2 )

τd = 3 sin(2πt)
where v = 13.33, q01 = 8.98, q02 = 8.75, g = 9.8. The two joint position commands are
q1d = cos(πt), q2d = sin(πt). The initial state of the two-joint manipulator system is given
as [q1 q2 q3 q4 ] = [0 3 1 0].
In order to reﬂect the superiority of the controller in this paper, the following three
control methods are used for simulation comparison and analysis. Compared with the
method proposed in this paper, the method 2 uses the sliding surface in [20], and the
method 3 uses the sliding mode approaching law in [13]:
Method 1:
(
(
∫ t
1
1−α
τ = M0 q̈d + D
k1 |s| 2 tanh(s) +
k2 tanh(s)dt + k3 s + a · ė
0
))
q
q
−1
+ b · · |e| p · ė · sign(e)
+ C0 q̇ + G0 − τ̂d
(31)
p
Method 2:
)
(
∫ t
1
1
2−γ
τ = M0 q̈d +
|ė|
sign(ė) + k1 |s| 2 tanh(s) +
k2 tanh(s)dt + k3 s
λγ
0
+ C0 q̇ + G0 − τ̂d
(32)
Method 3:

(
(
∫ t
1
1−α
τ = M0 q̈d + D
k1 |s| 2 tanh(s) +
k2 tanh(s)dt + a · ė
0
))
q
q
−1
+ C0 q̇ + G0 − τ̂d
(33)
+ b · · |e| p · ė · sign(e)
p
In order to reﬂect the superior performance of the controller, through a large number
of simulation experiments, the control parameters are set as a = 60, b = 5, p = 3, q = 5,
α = 0.1, k1 = 15, k2 = 30, k3 = 3, γ = 1.5, λ = 0.8.
Figure 2 shows the position tracking situation of the three control methods. All three
methods can achieve relatively eﬀective tracking. Method 1 can basically track the command trajectory in about 0.5 seconds, but method 2 and method 3 are basically completely
track the instruction trajectory at around 1.3 seconds and 2 seconds. After comparing and
analyzing the enlarged view of the tracking curve, it can be seen that the tracking eﬀect
of method 1 is better than that of method 2 and method 3, and its tracking performance
is better.
Figure 3 shows the comparison of the position error convergence of the manipulator
of the three methods. It can be seen that the error convergence rate of the method 1 is
faster than that of the method 2 and method 3. In order to analyze the performance of
the control method more clearly, the root mean square error of the angular displacement
adjustment time and position error are selected as the judgment reference value. Angular
displacement adjustment time refers to the time it takes for the angular displacement to
change from the initial state to the tracking error less than or equal to 0.01 rad. The
root mean square error can reﬂect the deviation between the observed value and the true
value to realize the judgment of the following performance. According to the simulation
data analysis, Table 1 is obtained. Analyze the data in the table. It can be seen that
the tracking speed and tracking eﬀect of method 1 are better than that of method 2 and
method 3.
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Figure 2. Position tracking of joint 1 and joint 2

Figure 3. Convergence of position error of joint 1 and joint 2
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Table 1. Data comparison of method 1, method 2 and method 3
Method 1 Method 2 Method 3
Joint 1 angular displacement adjustment time(s)
0.41
2.11
1.32
Joint 2 angular displacement adjustment time(s)
0.39
2.13
1.35
Root mean square error of joint 1 position error
2.66 × 10−5 2.52 × 10−3 1.69 × 10−4
after 2s (rad)
Root mean square error of joint 2 position error
8.86 × 10−5 3.11 × 10−3 1.71 × 10−4
after 2s (rad)

Figure 4. Control input of method 1
Figure 4 and Figure 5 show the system control input curve and disturbance estimation
curve of method one, respectively. It can be seen that method 1 has a good suppression
eﬀect on chattering, and the control input signal produced is relatively smooth. The
nonlinear disturbance observer has a good eﬀect on the disturbance, and the estimate is
more accurate.
5. Conclusions. In order to improve the control performance of the industrial manipulator system, this paper designs a fractional-order non-singular fast terminal sliding mode
controller based on the disturbance observer based on the dynamic model of the manipulator. The controller is mainly divided into three parts. First, a fractional-order
non-singular fast terminal sliding surface is designed to improve the speed and accuracy of the system state converging to the equilibrium point. Secondly, a super-twisting
algorithm is designed in the approaching stage of sliding mode control, which improves
the performance of the system state in the approaching mode. At the same time, the
nonlinear disturbance observer is used to accurately estimate the size of the external disturbance, which further improves the accuracy of the manipulator control system. Finally,
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Figure 5. Disturbance estimation of joint 1 and joint 2
the stability of the control system is proved by the Lyapunov function, and the simulation
analysis results show that under the action of the control method proposed in this paper,
the system state convergence speed and tracking accuracy are better than the other two
methods, which proves the superiority and eﬀectiveness of the controller designed in this
paper. The simulation results show that the controller proposed in this paper reduces
the root mean square error of the position error of the two joints to a certain extent.
Compared with the other two methods, the root mean square error of the position error
of joint one is reduced by 2.49 × 10−3 rad and 1.43 × 10−4 rad, and the root mean square
error of the position error of joint two is reduced by 3.03 × 10−3 rad, 8.24 × 10−5 rad. In
the future, the eﬀectiveness of the control scheme designed in this paper will be further
veriﬁed in actual projects.
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