
Citation: Vu, M.-T.; Hsia, K.-H.;

El-Sousy, F.F.M.; Rojsiraphisal, T.;

Rahmani, R.; Mobayen, S. Adaptive

Fuzzy Control of a Cable-Driven

Parallel Robot. Mathematics 2022, 10,

3826. https://doi.org/10.3390/

math10203826

Academic Editor: António Lopes

Received: 19 September 2022

Accepted: 15 October 2022

Published: 16 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

mathematics

Article

Adaptive Fuzzy Control of a Cable-Driven Parallel Robot
Mai-The Vu 1 , Kuo-Hsien Hsia 2, Fayez F. M. El-Sousy 3 , Thaned Rojsiraphisal 4,5,* , Reza Rahmani 6

and Saleh Mobayen 7,*

1 School of Intelligent Mechatronics Engineering, Sejong University, Seoul 05006, Korea
2 Department of Electrical Engineering, National Yunlin University of Science and Technology,

123 University Road, Douliou 64002, Taiwan
3 Department of Electrical Engineering, Prince Sattam Bin Abdulaziz University, Al Kharj 16278, Saudi Arabia
4 Advanced Research Center for Computational Simulation, Department of Mathematics, Faculty of Science,

Chiang Mai University, Chiang Mai 50200, Thailand
5 Data Science Research Center, Department of Mathematics, Faculty of Science, Chiang Mai University,

Chiang Mai 50200, Thailand
6 Multidisciplinary Center for Infrastructure Engineering, Shenyang University of Technology,

Shenyang 110870, China
7 Graduate School of Intelligent Data Science, National Yunlin University of Science and Technology,

123 University Road, Section 3, Douliou 640301, Taiwan
* Correspondence: thaned.r@cmu.ac.th (T.R.); mobayens@yuntech.edu.tw (S.M.)

Abstract: Cable robots are a type of parallel robot in which cables have replaced the usual rigid arms.
In cable robots, due to the tensile strength of the cable, the workspace analysis is much more complex
than in conventional robots. In this paper, we design an adaptive fuzzy controller for a cable-driven
parallel robot (CDPR). In the proposed controller, the results show that the accuracy of the system
performance in tracking the reference value as well as the controller performance speed is better than
that of the robust method. In one of the simulation modes, the performance speed of the control
system for convergence is reduced and its error is very small, which indicates the proper performance
of the proposed adaptive fuzzy method. It should be noted that all simulations are performed in a
MATLAB software environment.

Keywords: parallel robot; dynamic modeling; adaptive control; fuzzy controller; composite control
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1. Introduction

The widespread use of robots in various applications has led to the fact that many
common industrial robots today are not able to meet all requirements [1–4]. This has led
to the design and construction of new structures of robots to meet the vast amount of
human needs. One of these types of robots is mobile or cable-driven robots [5]. Due to the
unique features of cable mechanisms, their application is increasing day by day. This has
a wide range of new applications in a variety of industries, from the transport of heavy
objects to rehabilitation and space applications. The crane robot is one of the most widely
used cable mechanisms in the transport of objects and has the aim of increasing safety
and control over conventional cranes. The aerial imaging of stadiums is another useful
application of these mechanisms to the general public worldwide. Replacing the cable with
rigid arms in parallel robots makes these robots a good alternative to deal with the inherent
and structural shortcomings of conventional series and parallel robots. However, this raises
new challenges and horizons for researchers [6]. One of the challenges in cable robots is
the possibility of cables colliding with each other and the body of the robot, and this leads
to a constraint in the optimal design of the robot. In addition to the above, the number of
cables, the geometry of the robot body, and the location of the cable connections must be
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considered during the design process. Compared to the large volume of work conducted
in the field of control of series and parallel robots, less has discussed the control of cable
robots. The purpose of this paper is to control a cable-driven parallel robot (CDPR) that,
as its name implies, has parallel and flexible cables [7]. Figure 1 shows the structure of a
cable-driven parallel robot.
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Figure 1. The structure of a cable-driven parallel robot. 

CDPRs are a type of parallel robot that has high accuracy, high acceleration, and a 
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in use for many years, with new concepts for robotic lifts being developed. These concepts 
use the basic idea of the Stewart platform, which is similar to an arm. NIST’s achievement 
is the use of cables as parallel connections and the use of towing devices as actuators in-
stead of hydraulic cylinder legs. In this system, gravity ensures that the cables are 
stretched at all times [8]. In [9], the Newton–Euler method is used for the dynamic analysis 
of parallel robots. In this method, a better intuitive understanding of the physics of a prob-
lem can be achieved because all internal forces, constraints, etc., can be seen in this 
method; however, the complexity of equations and their large volume make it impossible 
to achieve the desired equations even for simple problems. In [10], a new modeling 
method for cable robots, which considers the elastic properties of the cable, is presented. 
In this research, the obtained model has a higher accuracy than other models. In [11], a 
Proportional–Integral–Derivative (PID) controller was introduced to control the cable ro-
bot. In this study, first the dynamic equations of the robot are presented, and then the 
proportional controller for the control of the robot is presented, the results of which, for 
the controller, were acceptable. In [12], a reverse controller was proposed to control the 
cable robot in question, which used the type 2 neural-fuzzy network algorithm. The re-
sults of this study show that the use of the neural-fuzzy type 2 algorithm has a very good 
performance due to its lack of sensitivity to the parameters and system model. In [13], the 
same method was performed on another type of cable robot. In [14], a robust sliding mode 
control was used to track the dynamic path of the cable robot. A comparison between the 
results of the previous studies shows the superiority of the proposed robust controller 
over other controllers. 
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CDPRs are a type of parallel robot that has high accuracy, high acceleration, and a
high load-carrying capacity. In fact, CDPRs are a type of skilled arm in which the actuator
connection is supported using n cables parallel to the traction motors. In addition to the
advantages of parallel robots over other robots, CDPRs can have lower mass and better
rigidity (high rigidity causes less environmental noise to affect the robot) than other parallel
robots. CDPRs were first used for forklifts in the 1980s and were developed by the Institute
of Standards and Technology (NIST) for use in loading bays. This robot has been in use
for many years, with new concepts for robotic lifts being developed. These concepts use
the basic idea of the Stewart platform, which is similar to an arm. NIST’s achievement is
the use of cables as parallel connections and the use of towing devices as actuators instead
of hydraulic cylinder legs. In this system, gravity ensures that the cables are stretched at
all times [8]. In [9], the Newton–Euler method is used for the dynamic analysis of parallel
robots. In this method, a better intuitive understanding of the physics of a problem can be
achieved because all internal forces, constraints, etc., can be seen in this method; however,
the complexity of equations and their large volume make it impossible to achieve the
desired equations even for simple problems. In [10], a new modeling method for cable
robots, which considers the elastic properties of the cable, is presented. In this research, the
obtained model has a higher accuracy than other models. In [11], a Proportional–Integral–
Derivative (PID) controller was introduced to control the cable robot. In this study, first the
dynamic equations of the robot are presented, and then the proportional controller for the
control of the robot is presented, the results of which, for the controller, were acceptable.
In [12], a reverse controller was proposed to control the cable robot in question, which used
the type 2 neural-fuzzy network algorithm. The results of this study show that the use of
the neural-fuzzy type 2 algorithm has a very good performance due to its lack of sensitivity
to the parameters and system model. In [13], the same method was performed on another
type of cable robot. In [14], a robust sliding mode control was used to track the dynamic
path of the cable robot. A comparison between the results of the previous studies shows
the superiority of the proposed robust controller over other controllers.

In [15], a method is proposed to optimize the design and modeling of a parallel
cable robot, which actually optimizes and improves the movement and routing of the
robot. In [16], an adaptive controller is provided to control the flexible cable robot. In this
paper, some control constraints are also considered, and the results show that the designed
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controller has a much better performance than other studies conducted in this field. In [17],
the routing programming of a suspended cable robot using the optimized linearized
feedback approach is presented. It can be seen that the proposed control system has several
separate control sections that control the different parts of the robot for routing. In [18],
dynamic modeling, optimal path design, and the control of a cable robot are presented.
Path design in parallel robots requires a consideration of the kinematic characteristics of
the robot to detect the technique and an examination of its dynamic structure to determine
operating constraints. Route design and control algorithms have been implemented on
an Aras Laboratory cable robot, and the laboratory results indicate the efficiency of the
proposed solution. In [19], a two-stage controller is proposed, which consists of two control
loops including (1) a voltage control loop and (2) a control loop. In this reference, the
control structure for a parallel cable robot is presented, which shows the simulation results
and high-accuracy tracking of the reference path for this control method. In [20], a cable
robot with three degrees of freedom is modeled and controlled. The control method in
this paper is based on fuzzy adaptive torque control. Reference [21] provides an adaptive
controller for controlling a parallel cable robot. In this reference, the issue of uncertainty
in these robots and its effect on robot performance is mentioned. In [22], a robust sliding
mode control is used for the dynamic routing of the cable robot. First, the robot dynamic
equations are extracted; then, the sliding mode control algorithm is implemented in the
presence of perturbation. Due to the limitations of cable robots that can only withstand
tension and not pressure, an algorithm is applied that binds the system inputs from the
controller to the positive tension of the cable. Finally, a plate robot is simulated to track
the path, and the results of motor torque and dynamic response of the final operator are
presented. A comparison between the results of previous studies shows the superiority of
the proposed robust controller over other controllers.

Reviewing various sources, it can be seen that controlling cable robots has always
been one of the challenges in this field; moreover, due to the novelty of this type of robot,
methods beyond classical controllers have been used, and research is limited. For this
reason, this study presents an adaptive fuzzy controller that is expected to have high
accuracy. Because adaptive controllers have been recently used in many systems, and due
to their adaptability to different operating conditions and high accuracy, they are suitable
for controlling cable robots. In this research, the adaptive controller is improved by the
fuzzy method, which is utilized to increase the accuracy of the controller operation. The
first step in designing a controller is to have a complete model of the robot. Therefore, in
this paper, we first model the system under study and obtain the system equations. The
main purpose of this paper is to use an adaptive fuzzy robust control method to control
the position of a parallel cable robot. Therefore, first, the control algorithm and its related
relations are presented, and then the proposed controller is designed and simulated.

2. Dynamic Analysis of Cable Parallel Robot

The workspaces defined in the field of parallel cable robots can be divided into four
main groups: available workspace [23], static workspace [24], dynamic workspace [25], and
controllable workspace [26]. The available workspace is obtained by considering the real
and physical demands of the robot, such as the minimum and maximum limits on the force
of the cables or the application of a specific set of external forces to the final executor of the
mechanism. Some researchers have introduced this type of workspace, sometimes referred
to as a rotating work space, force-workable space, or acceptable work space. One of the
defined workspaces is the dynamic workspace in which the linear and angular accelerations
of the final performer of the mechanism are considered. In fact, this type of space is a subset
of the available workspace where the external force is due to the determined accelerations.
Researchers have studied this type of workspace for space robots and have claimed that
it can be extended to space robots as well. One of the most common workspaces in cable
mechanisms is the controllable workspace. In this workspace, external force vectors are a
set of all force vectors in any direction and of any size. One of the important points in this
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type of space is the requirement of cable redundancy in the mechanism, and this can be
considered in fully restricted mechanisms. Since there is no limit other than the positive
force of the cable in this type of attitude, this workspace depends only on the geometry of
the robot and how the connection points to the stationary and moving frame are located
in the robot. The design of a fully restricted cable mechanism is very important. Because
of this, relatively extensive research has been conducted in this type of workspace than
in other workspaces. In reference [27], the collision of the cable with the end-effector is
also considered, and an effective algorithm is presented in this regard. In this method, by
examining the cable near the end-effector, the method of collision is considered. Although
the proposed algorithm is an efficient and effective method allowing the cable to deal with
the end-effector, the end-effector is only considered through cubic geometry. Although
significant studies have been conducted on the working space of cable mechanisms, it is
still one of the most challenging issues for this type of mechanism.

Unlike skilled mechanical arms, the dynamic modeling of parallel mechanical arms
is very complex. Unlike much research on the kinematics of parallel robots, the work
performed on the dynamics of these robots is limited. The most common method for
obtaining dynamic equations of motion in parallel robots is the Newton–Euler method.
With this method, a better intuitive understanding of the physics of the problem can be
achieved, because all the internal forces, constraints, etc., can be seen in this method;
however, the complexity of the equations and their large volume make it impossible to
make arbitrary equations even for simple problems. In [28], this method has been used
for the analysis of parallel plane and space robots. In this reference, the Newton–Euler
method has been used to obtain the dynamic equations of the motion of the Stuart–Go
robot, which is the most famous parallel mechanism. To do this, the author obtained the
equations of motion of all the branches and the moving platform, taking into account the
forces of constraints, the volume of which is high. The Lagrange method, which describes
system dynamics using the concepts of work and energy, has also been used to model
parallel robots. Because constraint forces are removed and not seen in this method, this
method is computationally more efficient than the Newton–Euler method. In [29], this
method is used to model a parallel mechanism of six degrees of freedom, and the dynamic
equations of motion in closed form are obtained. In this model, they considered branches
as point masses. Of course, it should be noted that, in this method, due to the existence of
multiple kinematic circles, it is very difficult to obtain explicit equations of motion in terms
of generalized independent coordinates. Other methods used in the dynamic modeling of
parallel robots include the virtual work method [30]. In this method, by using the linear and
angular accelerations of each object, forces and moments of inertia are calculated, and there
is no need to calculate the constraint forces. Other common methods for obtaining dynamic
equations for systems with closed kinematic loops have reduced system use. This idea was
first proposed in the study of the dynamics of mechanisms with closed kinematic loops [31].
In this method, first, the kinematic closed-loop mechanism is transformed into an open-
loop mechanism with a tree structure; then, all the open torques of the open-structure
mechanism are calculated based on the desired motion of the closed-loop mechanism,
before the same is performed for the joint torques. The open-loop system is obtained by
considering the constraints. Using cable instead of the usual rigid arms in parallel cable
robots, despite its simplicity in design and cost, poses new challenges for researchers,
especially in the field of dynamics and control. In addition, due to the inherent nature of
the cable, which is only able to apply tensile forces, in the dynamic design of these robots,
how to apply and distribute these forces should be considered properly.

In many cable robots, the mass of the cables is ignored and the cable is considered as
a solid element without mass [32]; this simplistic assumption in applications with a large
workspace such as giant telescopes, due to a lack of a proper description of behavior cable
dynamics, cannot be used; moreover, the problem of cable bending and stretching must
be addressed in some way, and appropriate solutions must be provided to deal with this
problem. Assuming the mass of the cable is considerable, the bending due to the cable
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is significant; therefore, the cable must be well understood from a static point of view.
As noted, most of the cable models studied are static models used in kinematic analysis
and system stiffness matrices. From a dynamic point of view, different models have been
studied for cable modeling in parallel cable mechanisms. In the vast majority of these
studies, cables are considered as solid, non-massive elements. With this assumption, the
robot dynamics simplifier will depend on the dynamic characteristics of the final executor.
However, in applications with high accuracy and speed, this simplifying assumption can
no longer be applied, and more accurate models must be used. The dynamic modeling of a
system is a useful way to study the behavior of that system before construction operations
and thus reduces construction time and cost. In this section, the dynamic equations of the
CDPR are obtained. The CDPR studied in this study is seen in Figure 2.
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According to Figure 2, the dynamic model of the cable robot can be written as the
following equation [33]:

M(x)
..
x + C

(
x,

.
x
) .

x + N
(
x,

.
x
)
+ Td = JTK(L2 − L1)

Im
..
q + rK(L2 − L1) = u

(1)

in which,
N
(
x,

.
x
)
= G(x) + Fd

.
x + Fs

( .
x
)
,

L2 = rq + L0
(2)

where x is the position vector of the robot, M(x) is robot mass, C(x,
.
x) are Coriolis and

centrifugal terms, G(x) is the gravity term, Fd is the viscosity friction coefficient matrix, Fs
is the Columbine friction matrix, and Td is turbulence. Moreover, L2 and L1 are the cable
length and the voltage cable length of vector, or an estimate is provided by solving the
robot’s inverse kinematic problem; L0 is the cable length vector at x = 0 and j is the Jacobin
matrix. In addition, q is the angular vector of the actuators, Im is the inertia coefficient matrix,
u is the input torque vector, r is the actuator radius, and K is the cable stiffness matrix.

3. Proposed Adaptive Fuzzy Controller

In this section, an adaptive fuzzy controller is proposed to control the position of the
cable-driven parallel robot and all the dynamic and kinematic terms of the robot model are
uncertain. There is no information about its accuracy for their end boundaries. With this
assumption, the control law is expressed as follows [34]:

u = ur + Kv

( .
L1 −

.
L2

)
(3)
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where Kv

( .
L1 −

.
L2

)
is a term of control and Kv is a symmetric definite matrix with positive

diagonal elements. Let us define ur as follows:

ur = ĴF + rQ (4)

In this equation, Ĵ is the Jacobin matrix, and Q is the physical interpretation of the
external force. It should be noted that, to keep the cables under the stress of the robot,
external forces are used in this control structure. The term F in Equation (4) is the law of
Cartesian force, and this is expressed as

F = M̂eq
..
xr + Ĉeq

.
xr + N̂eq − Kmtanh

(
S
ε

)
(5)

in which,
S =

.
x̃ + Λx̃

xr = xd −Λ
t∫

0
x̃dt, x̃ = x− xd

(6)

where S = [S1, . . . , Sn]T is the sliding surface vector, є = diag(є1, . . . , єn) is the threshold
width on the boundary layer of S, and xd is the reference signal. Λ = diag(Λ1, . . . , Λn)
is a positive definite matrix, and Km = diag(kd1, . . . , kdn) is a positive-definite matrix in
which kdi = ki + ρ̂i is the control gain and ρ̂i denotes estimation of the uncertainties
upper bound [29]:

.
ρ̂ = Γ−1

i |Si|sgn((|Si| − εi)ρ̂i) (7)

where i is the diagonal element of Γ = diag(Γ1, . . . , Γn). Moreover, M̂eq, Ĉeq, and N̂eq in
Equation (5) are estimates of the following dynamic matrices:

Meq(x) = rM(x) + r−1 JT Im J
Ceq
(
x,

.
x
)
= rC

(
x,

.
x
)
+ r−1 JT Im

.
J

Neq
(
x,

.
x
)
= rN

(
x,

.
x
) (8)

The above matrix is used in the analysis of the stability of the adaptive fuzzy controller.

4. Lyapunov Stability Analysis

The studies show that controlling the cable-driven robots is more challenging than
controlling other robots due to the unique nature of the cables, which only need to be in
tension, and the control rules cannot be directly applied to these robots. This inherent limi-
tation not only causes worse performance but may also cause system instability; therefore,
it is necessary to use a proper control method to control such robots. In this section, the
Lyapunov method is used to analyze the stability of the system with the proposed adaptive
fuzzy controller. According to the robot dynamic equations and control rules, the following
equations can be written:

M(x)
..
x + C

(
x,

.
x
) .

x + N
(
x,

.
x
)
+ Td = JTK(L2 − L1) (9)

Im
..
q + rK(L2 − L1) = ur + Kv

( .
L1 −

.
L2

)
(10)

If z = K(L2 − L1) and K = K1/ε2
p, Kv = K2/εp, where K1 and K2 are in order of O(1),

the following equations can be written:{
M(x)

..
x + C

(
x,

.
x
) .
x + N

(
x,

.
x
)
+ Td = JTz

ò2
pr−1 Im

..
z + òpK2

.
z + rK1z = K1

(
ur − r−1 Im

..
L1

) (11)
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According to theorem of Tikhonov [28]:{
z(t) =

−
z(t) + η(τ) + O

(
εp
)

x(t) =
−
x(t) + O

(
εp
) (12)

Considering this result, the elastic system (9) and (10) can be estimated to O
(
εp
)

by

M(x)
..
x + C

(
x,

.
x
) .
x + N

(
x,

.
x
)
= JT

(−
z + η(τ)

)
− Td (13)

r−1 Im
d2η

dτ2 + K2
dη

dτ
rK1η = 0 (14)

If
..
L1 = J

..
x +

.
J

.
x, we have:(

rM(x) + r−1 JT Im J
) ..

x +
(

rC
(

x,
.
x
)
+ r−1 JT Im

.
J
) .

x + rN
(

x,
.
x
)
+ rTd = JT(ur + rη(τ)) (15)

Considering the following equations:
h =

[
ηT .

η
T
]T

A =

[
0 I

−r2 I−1
m K −rI−1

m Kv

] (16)

the following equation can be expressed:

.
h = Ah (17)

The Lyapunov function is constructed as:
V(t) = (ST MeqS+ρ̃TΓρ̃+hTWh)

2

W =

[
r2(Kv + K) rIm

rIm Im

]
ρ̃ = ρ̂− ρ

(18)

where ρ is the upper bound of the robot uncertainties and ρ̂ is an estimation of ρ. Using
(18), we can write:

.
V(t) = ρ̃TΓ

.
ρ̃− hTZh + ST

[
JTur + JTrη −

(
Meq

..
xr +Ceq

.
xr + Neq + rTd

)]
(19)

in which,

Z =

[
r3K 0

0 r(Kv − Im)

]
(20)

Applying Cartesian force control law (5):

.
V(t) = ST

[
−KDtanh

(
S
ò

)
+ ∆

]
+ ρ̃TΓ

.
ρ̃ + ST JTrη − hTZh (21)

in which,

∆ =
(

M̃eq
..
xr + C̃eq

.
xr + Ñeq − rTd

)
−
(

I − JT Ĵ†)F− ( ĴT − JT)rQ

M̃ = M̂−M,
C̃ = Ĉ− C,
Ñ = N̂ − N

(22)
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Given the uncertainty and Rayleigh–Ritz inequality, the following limitations can
be considered: .

V(t) ≤ λ(km)(‖ S ‖ −1)T
min (23)

in which,

d =

[
‖ S ‖
‖ h ‖

]
C =

[
λmin(km) 0.5rσmax

(
JT)

0.5rσmax
(

JT) λmin(Z)

] (24)

where km = diag(k1, . . . , kn) denotes a positive definite matrix and λmin and σmax are the
minimum of eigenvalue and maximum singular value of the matrices.

By considering Rayleigh–Ritz, Equation (23) can be rewritten as follows:

.
V(t) ≤ 2λmax(ρm) ‖ S ‖ −dT Bd (25)

in which,

B =

[
λmin(km)λmax(ε) 0.5rσmax

(
JT)

0.5rσmax
(

JT) λmin(Z)

]
(26)

Inequality (25) can be written as:

.
V(t) ≤‖ d ‖ [2λmax(ρm)− λmin(B) ‖ d ‖] (27)

‖ d ‖>
(

2λmax(ρm)

λmin(B)

)
= δs (28)

Therefore, the proposed controller presented in this paper can stabilize the system,
and the position error is ultimately uniformly limited.

5. Structure of Proposed Adaptive Fuzzy Control System

The fuzzy logic approach has been employed on various problems, such as image
encryption [35], stabilization [36], tracking control [37], exoskeleton robots [38], humanoid
robots [39], photo-voltaic inverters [40,41], electric vehicles [42], nonlinear estimation [43],
data security [44], etc. In this paper, the adaptive control technique is improved using
the fuzzy method. In fact, in this case, the coefficients of the adaptive control system
are obtained by the fuzzy method, and this can help increase the accuracy and speed of
the controller operation and reduce the control error. Table 1 shows the fuzzy rules for
adjusting the adaptive fuzzy controller coefficient.

Table 1. Fuzzy rules to adjust the coefficient of the adaptive controller.

e′(t)

e(t)

NB NM NS Z PS PM PB

NB L L L L L L L

NM H L L L L L H

NS H H L L L H H

Z H H H L H H H

PS H H L L L H H

PM H L L L L L H

PB L L L L L L L

Three-dimensional curves related to fuzzy rules for calculating coefficients are shown
in Figure 3. The proposed controller block diagram is shown in Figure 4. The proposed
control system has various parts, such as an adaptive robust controller, fast-fuzzy control,
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adaptation law, cable-driven parallel robot, and internal force blocks. By using the sliding
surface S, the adaptation laws are used for design of the coefficient of adaptive robust
controller (ρ̂i). The fuzzy rules of the fast-fuzzy control block are used to calculate some
of the parameters of the adaptive robust controller. Finally, the adaptive robust fast-fuzzy
controller is applied on the cable-driven parallel robot. By using the feedback loop, the state
variables x of the cable-driven parallel robot are compared with the desired trajectories
xd at each moment. In the next section, a cable robot is introduced, and the values of its
related parameters are specified and simulated along with the control section in MATLAB
software, the results of which are then discussed. The proposed controller structure in
MATLAB/Simulink is shown in Figure 5, which demonstrates the connections between the
inputs, control blocks, and outputs.
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6. Simulation Results

The schematic of the robot in this paper is shown in Figure 2, and the values of the
parameters in this simulation are given in Table 2. The robot used in this simulation has
three degrees of freedom in the form of [x, y, ϕ], which are shown in Figure 2. The equations
for the robot model are in accordance with Equations (1) and (2). In what follows, for two
scenarios, the results of the adaptive fuzzy controller design are evaluated and compared.

Table 2. Values of robot parameters and control section.

Mass of Robot m 2.5 kg

Moment of inertia of the robot Iz 0.03 kgm2

Moment of inertia of the robot Im (0.6 ± 0.1) kgm2

Radius of the actuator drum r 0.035 m
Horizontal distance of Ai xA 2 ± 0.2 m

Vertical distance of Ai yA 2 ± 0.2 m
Radial distance of Bi RB 0.15 m

Gain of the control term Kv 600 I4×4
Constant matrix Λ 10 I3×3

Constant matrix of the
adaptation law Γ diag (25, 25, 5) × 10−2

Threshold width є diag (5, 5, 10) × 10−2

6.1. Case A

In Case A, the following reference trajectories are considered in the X, Y, and ϕ directions.

xd = 2e−t − 2.4e−t/1.2 + 0.4
yd = 2e−t − 2.4e−t/1.2 + 0.4
∅d = 0.2 sin(0.2πt)

(29)
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The input signals to the modeled cable robot, which are in fact the signals from the
output of the designed controller, are shown in Figure 6. Figure 6 shows performance of
the adaptive fuzzy controller in three directions using the proposed controller. According
to Figure 7, the control system works well and follows the reference value, and the system
is completely stable. The position errors are shown in Figure 8. As shown in Figure 7, the
adaptive fuzzy controller can successfully track the circular trajectory with accuracy in the
order of 10−3 m.
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According to Figure 8, the error values for the situation, in which the proposed
adaptive fuzzy controller is used, are much lower than the results of the other method,
which indicates the high accuracy of the proposed method.

6.2. Case B

In Case B, a circular path with a radius of 0.2 m is considered to examine how the
system works with the proposed controller, while the final effect always tries to maintain
ϕ = 0. Therefore, the following reference paths are considered:

xd = 0.2 cos(0.2πt)us(t− 2.5)
yd = 0.2 sin(0.2πt)
∅d = 0

(30)

In this case, the input signals to the cable robot are modeled, and these signals, which
are due to the output of the designed controller, are shown in Figure 9.
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It should be noted that the input signals which enter into the modeled parallel cable
robot determine the amount of tensile force of the cables, through which the cable robot is
placed in the desired position. The operation of the control system is shown in Figure 10,
which shows how the simulated cable robot follows the reference control signal. As
shown in Figure 9, the simulated parallel cable robot using a well-designed adaptive fuzzy
controller was able to follow the reference value. The system error value in this case for
adaptive fuzzy controllers is shown in Figure 11.
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As can be seen, in the second case, the control error related to the fuzzy-adaptive
method is low, which indicates the high accuracy of the controller designed in this paper to
control the parallel cable robot. In the continuation of this section, according to the curves
for the proposed adaptive fuzzy and adaptive robust controller, we made a numerical
comparison between these two methods. Table 3 shows the comparison of the results
obtained from the adaptive fuzzy controller with the adaptive robust controller. According
to Table 3, the performance speed of the fuzzy-adaptive controller is higher than the
robust controller in following the reference value, and this shows the superiority of the
proposed method.
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Table 3. Comparison of results obtained from fuzzy-adaptive controller with adaptive robust controller.

Convergence Time (s)

Case B Case A

6 6 Adaptive fuzzy Control
11 9 Adaptive robust control

7. Conclusions

In cable robots, due to the tensile strength of the cable, workspace analysis is much
more complex than conventional robots. For this reason, this issue is considered to be
one of the most important parts in the field of cable robots. Another challenge in the
field of cable robots is the possibility of cables colliding with each other and the body
of the robot, which leads to a constraint in the optimal design of the robot. In addition
to the above-mentioned point, the number of cables, geometry of the robot body, and
location of the cable connections should be considered during the design process. This
paper designs the robot model and simulates a proposed adaptive fuzzy controller for
cable-centric parallel robots. The adaptive fuzzy controller can control the complexity,
lack of accurate modeling, and extreme performance specifications. Moreover, using these
controllers, it is possible to control the multivariate systems much better, and, for this
reason, this control method has been used to control the parallel robot in this article. The
simulation results for the two scenarios studied in this paper show that the control method
and structure presented in this paper work well. The simulation results show that the
control signal follows the reference value well and that the control error is less than 1%,
which is a very small value. In addition to the accuracy of the controller, its speed is so
high that it follows the reference signal quickly and in less than a millisecond, and, through
this, the parallel cable robot reaches the intended location. The results show that, in the
proposed controller, the accuracy of the system performance in following the reference
value as well as the controller performance speed is better than the robust method. In one
of the simulation modes, the performance speed of the control system for convergence is
reduced and its error is very low, which indicates the proper performance of the proposed
adaptive fuzzy method. The main limitation of this research is the application of the control
method for cable robots with non-stretching axes, and it is not used for other robots. The
extension of the adaptive robust fuzzy control technique on the cable-driven parallel robot
with time-delay and input saturation is the topic of our future research.
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