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A Fractional-Order Sliding Mode Controller
Design for Cable-Driven Parallel Robots

Hamzeh Ansari1*, and Mostafa Siavashi2

Abstract: In this paper, the fractional-order sliding mode approach is employed to control a cable-driven parallel
robot. Due to uncertainties in kinematic and dynamic parameters, as well as the use of tension cables, cable-
driven robots inherently exhibit a vibrating structure and uncertainty. Consequently, robustness is a crucial
aspect of controlling such systems. To achieve full controllability, actuation redundancy is also necessary. For
all cable-driven robots, the cables cannot have negative tension values. Furthermore, because of the positive
tension in the cables, the control rules must also yield positive values. The combination of positive tension,
actuation redundancy, and a vibrating structure makes the control of these robots a challenging problem for
engineers, highlighting the importance of designing a robust controller. In this article, robust sliding mode
controllers are modified using the fractional-order approach. The proposed method demonstrates superior
results compared to the conventional sliding mode method, particularly under disturbance conditions. The
Lyapunov stability theorem is utilized to establish the stability and validity of the proposed method, and its
effectiveness is illustrated through simulations in MATLAB/Simulink.
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I Introduction
Today, simple cable robots and cable-driven parallel

robots (CDPRs) are prominent examples of robots used
in engineering and industrial applications. For instance,
these specialized robots are employed in monitoring
aquatic environments, simulator devices, contour craft-
ing systems [1], 3D printing devices [2], virtual training
devices [3], and more. Consequently, CDPRs have been
increasingly explored from various perspectives and ap-
proaches.

A Literature
The primary issues examined in this literature include

the kinematics, dynamics, and control of CDPRs. Addi-
tionally, one of the key elements in these studies is the
cables utilized in CDPRs. The adoption of flexible ca-
bles in CDPRs, as opposed to rigid links, offers signifi-
cant advantages such as a high payload-to-weight ratio,
high-speed motion, low production costs, and expansive
workspaces [4]. Furthermore, CDPRs can be easily re-
configured and implemented [5]. However, the elastic
properties of the flexible cables can potentially lead to
unwanted motions of the end-effector, resulting in errors
in its orientation and position. Thus, the use of flexible
cables in CDPRs introduces new challenges and draw-
backs in their control. In other words, precisely control-
ling the end effector in CDPRs presents a challenging
problem. To address this issue, various research efforts
have been undertaken to design effective controllers for
CDPRs. Consequently, a range of strategies has been
proposed for controlling CDPRs. For example, in [6], a
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Lyapunov-based technique was introduced to effectively
control a cable-suspended robot. In [7], a robust sliding
mode control strategy for a 6-DOF cable-suspended par-
allel robot under uncertain disturbances was presented.
Taghirad et al. proposed a robust PID controller for fully-
constrained CDPRs [8]. Khosravi et al. developed a
dynamic model for a CDPR and subsequently designed
a sliding mode controller, identifying chattering as the
primary issue with their controller [9]. Babaghasabha et
al. created an adaptive robust sliding mode controller by
adapting the upper bound of the uncertainties [10]. Addi-
tionally, Babaghasabha et al. designed and implemented
an adaptive controller for a cable-driven robot named
KNTU, addressing uncertainties in dynamic and kine-
matic parameters. Generally, CDPRs can be categorized
into two types: 2D (or planar) CDPRs and 3D CDPRs.
An empirical study on a planar CDPR utilizing robust
PID control was presented in [11]. Oh et al. developed
a control strategy based on positive tension controllers
for a planar CDPR with redundant cables [12]. A model-
predictive controller was created for a 3D CDPR [13].
Furthermore, experimental work has been conducted on
CDPRs to validate the effectiveness of various control
strategies. For instance, Xue et al. employed a feed-
forward controller to reduce tracking position errors in
a laparoscopic surgical robot [14]. In another experi-
mental study, Bayani et al. designed a vision-based po-
sition controller for a planar CDPR [15]. The four-bar
linkage kinematic concept was utilized for the kinematic
modeling of the robot. They also developed a technique
based on the Recursive Least Squares algorithm to mit-
igate uncertainties in the parameters of the kinematic
model. For developing a robotic system, especially CD-
PRs, modeling uncertainties are a major problem [16].
Kinematic and dynamic uncertainty modeling of CD-
PRs, as well as the effects of parameter uncertainties in
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the kinematic and dynamic models, have been the focus
of many studies. For instance, Babaghasabha et al. pro-
posed an adaptive robust sliding mode controller based
on adaptation of the upper bound of the uncertainties [9].
Korayem et al. [17] designed a sliding mode controller
for a cable-suspended robot to compensate for flexibil-
ity uncertainties. Indeed, disturbance and uncertainty
are the main challenges in modeling and control of CD-
PRs. Usually, disturbances originate from the robot’s
environment [18,19], arising from noise, variations, and
set-point changes. Under external disturbances, the end-
effector may experience large horizontal sway and oscil-
lations, especially when the end-effector is light in CD-
PRs [20]. To overcome this, various studies have been
performed. For example, in [11] a robust sliding mode
control approach under uncertain disturbances was ap-
plied to a 6-DOF cable-suspended parallel robot.

B Contribution
In this paper, we also use a robust sliding mode control

approach to address uncertainty and disturbance. When
compared to traditional control methods, sliding mode
control stands out due to its straightforward implemen-
tation, strong robustness against system uncertainties,
and notably rapid transient performance [21, 22]. Here,
we modify the traditional sliding mode control using
fractional calculus mathematics and compare the perfor-
mance of the traditional sliding mode controller with our
proposed fractional-order (FO) sliding mode approach
under varying gain parameters. The performance of the
two controllers is studied under disturbance conditions,
and the Lyapunov stability theorem is used to prove the
stability and validity of the proposed method. Simula-
tions in MATLAB/Simulink are used to demonstrate the
effectiveness of the proposed method.

C Organization
The rest of this paper is organized as follows. In Sec-

tion II, the kinematics and dynamics of cable-driven par-
allel robots are examined. In Section III, a simple sliding
mode controller is designed. Section IV presents a novel
FO sliding mode controller for the cable-driven parallel
robot. Then, in Section V, the performance of the integer-
order sliding mode controller is compared with that of
the designed controller. Finally, Section VI concludes
and suggests directions for future work.

II Modeling
Assuming negligible cable mass and flexibility, the

motion equation of the cable-driven parallel robot can
be expressed as

𝑀 (𝑋) ¥𝑋 + ℎ(𝑋, ¤𝑋) = −𝐽𝑇 (𝑋)𝜏 (1)

where

ℎ(𝑋, ¤𝑋) = 𝐶 (𝑋, ¤𝑋) ¤𝑋 + 𝐺 (𝑋) + 𝑁 ( ¤𝑋) + 𝑇𝑑 (2)

and
𝑁 ( ¤𝑋) = 𝐹𝑑 ( ¤𝑋) + 𝐹𝑠 ( ¤𝑋) (3)

Here, 𝑋 denotes the generalized coordinate vector of the
end-effector,𝑀 (𝑋) is the positive-definite inertia matrix,
𝐶 (𝑋, ¤𝑋) represents the Coriolis and centrifugal terms,
𝐺 (𝑋) denotes the gravitational force vector, 𝑁 ( ¤𝑋) rep-
resents the friction force, 𝑇𝑑 denotes the external distur-
bance, 𝜏 is the cable tension vector, and 𝐽 (𝑋) is the
configuration-dependent Jacobian matrix. The general-
ized coordinate vector of the planar CDPR is given by

𝑋 =
[
𝑥 𝑦 𝜙

]𝑇 ∈ R3 (4)

On the other hand, the actuator dynamics are expressed
as [23]

𝐼𝑚 ¥𝑞 + 𝐷 ¤𝑞 − 𝑟𝜏 = 𝑢 (5)
where 𝑞 ∈ R4 is the actuator shaft-angle vector, 𝐼𝑚 is the
actuator inertia matrix, 𝐷 is the viscous damping matrix,
𝑟 is the drum radius, 𝑢 ∈ R4 is the actuator torque vector,
and 𝜏 ∈ R4 is the cable tension vector.

The cable-length variation is given by

Δ𝐿 = 𝑟𝑞 = 𝐿 − 𝐿0 (6)

which leads to
𝑞 = 𝑟−1 (𝐿 − 𝐿0) (7)

The cable-length velocity is related to the end-effector
velocity through

¤𝐿 = 𝐽 (𝑋) ¤𝑋 (8)
Therefore,

¤𝑞 = 𝑟−1𝐽 (𝑋) ¤𝑋 (9)
Since the Jacobian matrix is generally configuration-

dependent, its time derivative cannot, in general, be ne-
glected. Hence, differentiating (9) yields

¥𝑞 = 𝑟−1𝐽 (𝑋) ¥𝑋 + 𝑟−1 ¤𝐽 (𝑋, ¤𝑋) ¤𝑋 (10)

where
¤𝐽 (𝑋, ¤𝑋) = 𝜕𝐽 (𝑋)

𝜕𝑋
¤𝑋 (11)

Substituting (9) and (10) into (5) gives

𝐼𝑚
[
𝑟−1𝐽 (𝑋) ¥𝑋 + 𝑟−1 ¤𝐽 (𝑋, ¤𝑋) ¤𝑋

]
+ 𝐷𝑟−1𝐽 (𝑋) ¤𝑋 − 𝑟𝜏 = 𝑢

(12)

Consequently, the cable tension vector is obtained as

𝜏 = 𝑟−1
[
𝐼𝑚𝑟

−1𝐽 (𝑋) ¥𝑋 + 𝐼𝑚𝑟−1 ¤𝐽 (𝑋, ¤𝑋) ¤𝑋

+ 𝐷𝑟−1𝐽 (𝑋) ¤𝑋 − 𝑢
] (13)

Substituting (13) into (1), and multiplying the resulting
equation by 𝑟 , yields the equivalent dynamic model

𝑀eq (𝑋) ¥𝑋 + ℎeq (𝑋, ¤𝑋) = 𝐽𝑇 (𝑋)𝑢 (14)
where

𝑀eq (𝑋) = 𝑟𝑀 (𝑋) + 𝐽𝑇 (𝑋)𝐼𝑚𝑟−1𝐽 (𝑋) (15)

and
ℎeq (𝑋, ¤𝑋) = 𝑟ℎ(𝑋, ¤𝑋)

+ 𝐽𝑇 (𝑋)𝐼𝑚𝑟−1 ¤𝐽 (𝑋, ¤𝑋) ¤𝑋
+ 𝐽𝑇 (𝑋)𝐷𝑟−1𝐽 (𝑋) ¤𝑋

(16)
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Accordingly, the equivalent dynamics can be written
in the following MIMO state-space form:

¥𝑋 = 𝑓 (𝑋, ¤𝑋) + 𝑔(𝑋)𝑢 (17)

where
𝑓 (𝑋, ¤𝑋) = −𝑀−1

eq (𝑋)ℎeq (𝑋, ¤𝑋) (18)

𝑔(𝑋) = 𝑀−1
eq (𝑋)𝐽𝑇 (𝑋) (19)

Therefore, we have

¥𝑋 = −𝑀−1
eq (𝑋)ℎeq (𝑋, ¤𝑋) + 𝑀−1

eq (𝑋)𝐽𝑇 (𝑋)𝑢 (20)

Since the considered CDPR is redundantly actuated,
a virtual task-space control input 𝑣 ∈ R3 is introduced.
The actuator control input is allocated as

𝑢 =
(
𝐽𝑇 (𝑋)

)†
𝑣 + 𝑁 (𝐽𝑇 (𝑋))𝜂 (21)

where

𝑁 (𝐽𝑇 (𝑋)) = 𝐼4 −
(
𝐽𝑇 (𝑋)

)†
𝐽𝑇 (𝑋) (22)

is the null-space projector and 𝜂 ∈ R4 is an arbitrary
redundancy-resolution vector.

Since
𝐽𝑇 (𝑋)𝑁 (𝐽𝑇 (𝑋)) = 0 (23)

it follows that
𝐽𝑇 (𝑋)𝑢 = 𝑣 (24)

(14) can be also rewritten as

¥𝑋 = 𝑓 (𝑋, ¤𝑋) + 𝑏(𝑋)𝑣 (25)

where
𝑏(𝑋) = 𝑀−1

eq (𝑋) (26)

The redundancy-resolution vector 𝜂 should be selected
such that the physical cable-tension constraints are satis-
fied:

𝜏𝑖 (𝑡) ≥ 0, 𝑖 = 1, . . . , 4 (27)

In the considered operating region, the Jacobian matrix
is approximated by a constant numerical matrix evalu-
ated at the nominal configuration. Accordingly, its time
derivative is assumed to be zero, i.e., ¤𝐽 = 0, and all sub-
sequent modeling and control-design derivations are de-
veloped under this assumption.

III Controller Design
One major disadvantage of simple sliding mode con-

trollers is the chattering phenomenon. Chattering pro-
duces high-frequency, small-amplitude oscillations that
cause thermal losses in power circuits and mechanical
wear. In robotic systems, chattering often arises from
unmodeled uncertainties. Although conventional slid-
ing mode controllers cannot completely eliminate chat-
tering, its side effects can be reduced using other tech-
niques. Two main factors contribute to chattering: the
presence of the sign function and the gain applied to it in

the control input. Many approaches have been proposed
to mitigate chattering, such as higher-order sliding mode.
In this study, the FO sliding mode controller is adopted
to address the problem. The next section describes the
controller design process for the CDPR.

The tracking error vector is defined as

𝑒(𝑡) = 𝑋𝑑 (𝑡) − 𝑋 (𝑡) (28)

where 𝑋𝑑 (𝑡) denotes the desired trajectory.
The FO sliding surface is defined as

𝑠(𝑡) = 𝐶𝐷𝛼
𝑡 𝑒(𝑡) + Λ𝑒(𝑡), 0 < 𝛼 < 1 (29)

where 𝐶𝐷𝛼
𝑡 denotes the Caputo fractional derivative of

order 𝛼, and
Λ = Λ𝑇 > 0 (30)

To explicitly account for modeling uncertainties and
external disturbances, the system dynamics are repre-
sented as

¥𝑋 = 𝑓 (𝑋, ¤𝑋) + 𝑏̂(𝑋)𝑣 + Δ(𝑋, ¤𝑋, 𝑡) (31)

where 𝑓 (𝑋, ¤𝑋) and 𝑏̂(𝑋) denote the estimated dynam-
ics and input matrix, respectively, and Δ(𝑋, ¤𝑋, 𝑡) repre-
sents the lumped modeling uncertainty and external dis-
turbance. It is assumed that

Δ(𝑋, ¤𝑋, 𝑡)

 ≤ Δmax (32)

The equivalent control is selected as

𝑣eq = 𝑏̂−1 (𝑋)
[ ¥𝑋𝑑 − 𝑓 (𝑋, ¤𝑋) + 𝐶𝐷1−𝛼

𝑡 Λ ¤𝑒
]

(33)

The switching control is defined as

𝑣sw = 𝐾sm sgn(𝑠) (34)

where 𝐾sm = 𝐾𝑇
sm > 0. Therefore, the virtual control law

is selected as

𝑣 = 𝑏̂−1 (𝑋)
[
¥𝑋𝑑 − 𝑓 (𝑋, ¤𝑋)

+ 𝐶𝐷1−𝛼
𝑡 Λ ¤𝑒 + 𝐾sm sgn(𝑠)

] (35)

Finally, the corresponding actuator input is obtained
through the redundant control allocation

𝑢 =
(
𝐽𝑇 (𝑋)

)†
𝑣 + 𝑁 (𝐽𝑇 (𝑋))𝜂 (36)

Consider the following Lyapunov function:

𝑉 (𝑡) = 1
2
𝑠𝑇 (𝑡)𝑠(𝑡) (37)

Taking the time derivative of (37) gives

¤𝑉 (𝑡) = 𝑠𝑇 (𝑡) ¤𝑠(𝑡) (38)

Under the proposed control law, the sliding-variable
dynamics are represented as

¤𝑠 = −𝐾sm sgn(𝑠) + Δ𝑠 (39)
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where Δ𝑠 represents the lumped uncertainty in the
sliding-variable dynamics and satisfies

‖Δ𝑠 ‖ ≤ Δmax (40)

Substituting (39) into (38) yields

¤𝑉 = 𝑠𝑇 [−𝐾sm sgn(𝑠) + Δ𝑠] (41)

Using the uncertainty bound, it follows that

¤𝑉 ≤ −𝜆min (𝐾sm) ‖𝑠‖1 + Δmax ‖𝑠‖ (42)

If the switching gain is selected such that

𝜆min (𝐾sm) > Δmax + 𝜂, 𝜂 > 0 (43)

then

¤𝑉 ≤ −𝜂 ‖𝑠‖ < 0, 𝑠 ≠ 0 (44)

Therefore, the reaching condition is satisfied and the
sliding variable converges to the sliding manifold:

𝑠(𝑡) → 0 (45)

Once the sliding manifold is reached,

𝑠(𝑡) = 0 (46)

the reduced-order error dynamics are obtained as

𝐶𝐷𝛼
𝑡 𝑒(𝑡) = −Λ𝑒(𝑡) (47)

From [24], we can conclude that the FO sliding dynam-
ics are asymptotically stable if all eigenvalues of −Λ sat-
isfy

|arg (𝜆𝑖 (−Λ)) | >
𝛼𝜋

2
, 𝑖 = 1, 2, 3 (48)

Since Λ > 0, all eigenvalues of −Λ lie on the negative
real axis. Therefore,

|arg (𝜆𝑖 (−Λ)) | = 𝜋 >
𝛼𝜋

2
, 0 < 𝛼 < 1 (49)

Consequently,

𝑒(𝑡) → 0, 𝑡 → ∞ (50)

For the integer-order case, 𝛼 = 1, and therefore

𝐶𝐷1
𝑡 𝑒(𝑡) = ¤𝑒(𝑡) (51)

(a)

(b)

(c)

(d)

Figure 1. The simulation results for case I.

Hence, the FO sliding surface reduces to

𝑠(𝑡) = ¤𝑒(𝑡) + Λ𝑒(𝑡) (52)

Moreover, using
𝐶𝐷1−𝛼

𝑡 = 𝐶𝐷0
𝑡 = 𝐼 (53)

the proposed control law reduces to

𝑣 = 𝑏̂−1 (𝑋)
[ ¥𝑋𝑑 − 𝑓 (𝑋, ¤𝑋) + Λ ¤𝑒 + 𝐾sm sgn(𝑠)

]
(54)

which corresponds to the conventional integer-order
sliding-mode controller.
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(a)

(b)

(c)

(d)

Figure 2. The simulation results for case II.

IV Results and Simulations
In this section, the simulation is used to show the ef-

fectiveness of the proposed method using the MATLAB
Simulink. For the CDPR, due to the uncertainty, em-
ploying robust control strategies like sliding mode is a
necessary consideration. Additionally, given the unsta-
ble nature of these robots, implementing a no-chattering
controller is crucial. The CDPR’s parameters are listed
in Tabel 1. In this context, we utilize the FO sliding mode
control approach to address this issue. In the previous
section, we established two distinct FO values for a cir-

cular desired path. Here, we demonstrate the results for
two scenarios regarding the values of𝛼with a circular de-
sired path. In the first scenario, the results for an integer-
order controller (𝛼 = 1) are reported for a circular de-
sired path as shown in Fig. 2. In the second scenario,
the results for 0 < 𝛼 < 1 are demonstrated by setting
the FO value 𝛼 = 0.8 considering a circular desired path.
The results are shown in Fig. 3. The results indicate that
when 0 < 𝛼 < 1, the tracking performance surpasses
that of the conventional sliding mode. However, deter-
mining the optimal value for the order of FO controller
remains an open area for research, and this problem can
be addressed optimally.

Table 1. The CDPR parameters

Parameters Symbol Values
End-effector-mass 𝑚 3𝑘𝑔
End-effector-inertial 𝐼𝑧 0.2𝑘𝑔𝑚2

Gear ratio 𝑁 50
Drum radius 𝑟 5𝑐𝑚

Gravity acceleration 𝑔 9.8𝑚/𝑠2

V Conlusion
In this paper, we studied the control problem of CDPR,

which involves inherently flexible structures and un-
avoidable model uncertainties. To mitigate the chat-
tering phenomenon associated with traditional sliding
mode control, we adopted a fractional order (FO) modi-
fication of this control method. Simulation studies were
conducted in MATLAB/Simulink to validate the pro-
posed method. The selection of fractional derivative or-
der remains an open issue; determining its optimal value
can be considered a suggestion for future research in this
field.
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