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 Fast-tracking of reference trajectory and performance improvement in 
the presence of dynamic and kinematic uncertainties is of paramount 
importance in all robotic applications. This matter is even more 
important in the case of cable-driven parallel robots due to the flexibility 
of the cables. Furthermore, cables are limited in the sense that they can 
only apply tensile forces, for this reason, feedback control of such robots 
becomes more challenging than conventional parallel robots. To address 
these requirements for a suspended cable-driven parallel robot, in this 
paper a novel adaptive fast terminal sliding mode controller is proposed 
and then the stability of the closed-loop system is proven. In the proposed 
controller, a nonlinear term as a fractional power term is used to 
guarantee the convergent response at a finite time. At last, to show the 
effectiveness of the proposed controller in tracking the reference 
trajectory, simulations and the required experimental implementation is 
performed on a suspended cable-driven robot. This robot, named ARAS-
CAM, has three degrees of transmission freedom. The obtained results 
confirm the suitable performance of this method for cable robots. 
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1.  INTRODUCTION 

Cable-driven parallel robots (CDPRs) are a special 
class of parallel robots and similar to parallel robots 
where the end-effector’s motion is bounded by several 
closed kinematic chains, cable robots also constrain 
the motion of the moving platform by several closed 
chains comprised of cables. Exploiting cables instead 
of heavy and expensive rigid links brings many 
advantages to the robot such as high acceleration [1], 
large workspace [2], and simple structures [3]. These 
properties make this family of robots suitable choices 
for real-world applications. From the many scenarios 
where cable robots have been employed, we can name 
airplane maintenance facilities [4], video capturing 
[5], rehabilitation and rescue missions [6].  

Cable tension is of paramount importance in CDPRs 
since cables can only pull the end-effector but not 
push it. This physical limitation divides this category 
of robots into two groups; fully constrained and 
suspended. In fully constrained cable robots, the 
number of actuators is at least one more than the 
degrees of freedom (DOF) [7]. Moreover, larger 
workspaces and optimized performance can be 
achieved through extra cables. However, in cable–
suspended parallel robots (CSPRs), cables are pulled 
by an external force (passive force). Gravity is an 
example of a passive force that is used in different 
structures [8]. However, the control of these robots is 
much more challenging than conventional parallel 
robots due to the replacement of cables rather than 
the rigid links, as well as the existence of dynamic and 
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kinematic uncertainties [9]-[12]. For this purpose, it is 
essential to provide a controller that can increase 
tracking speed while also increase accuracy.  

Sliding mode controller (SMC) is one of the most 
recognized nonlinear and robust controllers due to 
features such as simple design, robustness, reduced 
order, and ease of implementation [13]. Due to these 
suitable properties, it has been applied in many 
applications in various industries, e.g., robotic 
manipulators [14], spacecraft [15], and power 
systems [16]. The main idea of this method is to 
design a controller that drives the states of the system 
towards a defined sliding surface. In traditional SMCs 
though, since the sliding surface is defined to be 
linear, the asymptotic convergence cannot be 
achieved in finite time. To solve this problem, a 
nonlinear term (a fractional power term) is used in 
the sliding surface [17], through which the 
convergence of the system to the equilibrium point is 
guaranteed to happen at a finite time, this procedure 
is called terminal sliding mode control (TSM). 
Although TSM has been able to offer better 
performance, it has challenges such as slow 
convergence to the origin, when the system is far from 
the origin, even slower than SMC [18]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

2.  ARAS-CAM CABLE- SUSPENDED PARALLEL ROBOT 

 
The ARAS–CAM robot is a prototype of a cable-

suspended parallel robot (As shown in Fig. 1) in which 
gravity is used as a passive force to ensure that cables 
are tensile. 

 For this purpose, Yu and Man proposed the fast 
terminal sliding mode (FTSM) controller [19]. This 
method combines the advantages of the TSM control 
and the SMC so that fast transient convergence both at 
a distance from and at a close range of the origin can 
be obtained.   

The main focus of this paper is to design and 
implement an adaptive FTSM controller to increase 
speed and precision of tracking performance in the 
presence of dynamic uncertainties for a cable robot. 
Furthermore, the stability of the closed-loop system is 
proved by the Lyapunov stability theorem, also to 
demonstrate the effectiveness of the proposed 
controller, it is implemented on the ARAS-CAM.  

The rest of this paper is organized as follows: In 
Section 2, ARAS-CAM's general structure and 
characteristics are described. In Section 3, the 
kinematic and the dynamic modeling of the robot are 
introduced in detail. The synthesis and design of the 
proposed controller (adaptive FTSM controller) for 
the suspended robot are explained in Section 4. 
Section 5 is dedicated to present the simulation result 
and experimental performance of the proposed 
control scheme for the mentioned robot. Finally, 
Section 6 concludes this paper. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
In this robot, four actuators have been used to 

move the end-effector   in   three  degrees  of  freedom   
by driving the cables as shown in Fig.2. (transitional 
movement on axes x, y, and z). 

As shown in Figures 1 and 2, each cable, on one 
side, is connected to a common point on the end-

 

 

 

 

 

Figure 1:  Prototype of a CSPR with one degree of actuator redundancy called ARAS-CAM. 
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effector and the other side, it is connected to the 
actuator by a guiding pulley and a few other pulleys. 
Furthermore, to improve the performance of the 
robot, a load cell as a force sensor in each kinematic 
chain and a stereo camera modified to be strictly 
sensitive to IR light as position sensors have been 
used. A more detailed description of the designed 
system for the robot is given in [11]. 

 
 

 
 

Figure 2:  A part of a kinematic chain of ARAS-CAM robot. 
 

3.  MODELING OF ARAS-CAM CSPR 

A.  Kinematic Model 

The kinematics notation of the robot 
aforementioned is shown in Fig. 3. In this figure, ╛ 
denotes the vector along Ὥ’ὸὬ cable and ὃ denotes 

anchor points on the XY plane of the coordinate frame 
 Constants ὥȟὦȟÁÎÄ Ὤ denote the width, length, and .ײַ

height of the robot's workspace, respectively. The 
positions of the anchor points and end-effector are 
represented by vectors ╧  and ╧, respectively. The 

loop closure relationship for the robot is given as 
follows  

╧ ╧ ╛     for Ὥ ρȟȣȟτ        (1) 

Inverse kinematics is derived by rewriting the loop 
closure relation algebraically as follows 

■░ ╧ ╧═░
╣
╧ ╧═░        (2) 

where ὰ is the length of Ὥ’ὸὬ cable. Rewrite (2) into 

scalar form as:  
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To derive Jacobian matrix, ╙╧ , differentiate (3) 

with to time as follows 
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      (5) 

B.  Dynamic Model 

Since the mass of the cables and air resistance are  

 
 
Figure 3:  Schematics of ARAS-CAM cable-driven robot 
 

extremely smaller than that of other mechanical 
parts, therefore in this section, we derive dynamic 
equations of the robot regardless of the mass of the 
cables and air resistance. Thus, the dynamic model of 
the robot can be written in the Cartesian space in the 
general form as 

╜ ╧╧ ╒╧ȟ╧╧ ╖╧ ╙╧ Ⱳ 

╜ ╧
ά π π
π ά π
π π ά

 

╒╧ȟ╧          ╖╧
π
π
άὫ

 

 (6) 
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where ╜ ╧  is the inertia matrix, ╒╧ȟ╧╧ is vector 

of Coriolis, and centripetal forces and ╖╧  the vector 
of gravitational forces. 

Some important properties of dynamic equations of 
a robot manipulator that will be very crucial to the 
stability analysis of the proposed controller are as 
follows [20]  
1. ╜ ╧  is a symmetric positive definite matrix for 

all ╧ᶰ╡ .  

2. The matrix ╜ ╧  ς╒╧ȟ╧  is skew-symmetric 

╠ ╜ ╧  ς╒╧ȟ╧ ╠ πȟ ╠ᶅᶰ╡        (7) 

3. The dynamic model of ARAS-CAM robot is linear, 
then, it can be represented in a linear regression 
form as follows 

╜ ╧╧ ╒╧ȟ╧╧ ╖╧

╨ ╧ȟ╧ȟ╧         (8) 

4.  CONTROLLER DESIGN  

This section presents the proposed adaptive FTSM 
control scheme to drive the ARAS-CAM robot. In the 
proposed controller, reference tracking is done in a 
finite time by the FTSM part of the controller and 
improving the tracking performance in the presence 
of dynamic uncertainties is achieved through the 
adaptation law. However, before entering the design 
of the controller, the initial definitions must be 
expressed. Hence, the concept of terminal sliding 
mode and fast terminal sliding mode is given below  

Lemma 1. Basic concepts on TSM introduced in [21]: 
Suppose that 6Ô is a positive definite continuous 
function and there exists a real number ʈ π and 
π ʂ ρ such that satisfies the differential inequality 
as follows 

ὠὸ ʈὠ ὸȟ     ᶅὸ ὸ         (9) 

Then, for any given Ô, 6Ô satisfies the following 

inequality 

  ὠ ὸ ὠ ὸ   ʈρ  – ὸ ὸ  
ὸ ὸ ὸ 

    (10) 

and  

ὠὸ πȟ      ᶅὸ ὸ     (11) 

with ὸ given by 

ὸ ὸ 
ὠ ὸ

 ʈρ  –
     (12) 

Lemma 2. Basic concepts on FTSM introduced in [19]: 
Although TSM expresses the convergence of finite 

time by (12), when the system is far from the origin, 
the convergence rate is slow. To overcome this 

problem, the term ɻ6 Ô is added to right-hand side 

of (9). So, (9) is rewritten as follows: 

ὠὸ ὠ ὸ ʈὠ ὸȟ     ᶅὸ ὸ      (13) 

where ɻ π is a real number and ɼ ρ is an odd 
integer. 

Then, 6Ô will converge to the origin in finite time 
for ɼ ρ 

ὸ ὸ
 
ὰὲὠὸ ʈ ὰὲ ʈ       (14) 

Let us consider tracking error as ╧ ╧ ╧ . Now, 

we define the sliding surface as follows 

▼ ╧ ╧ ╧        (15) 

in which ◔, ◔  are positive definite diagonal matrices 
and ὴ ρȾς.  

Sliding surface proposed in (15) may be 
interpreted as a velocity error term 

▼ ╧ ╧       (16) 

where ╧ ╧ ╧ ╧ , ȟ╧ ╧ ╧

ὴ ὨὭὥὫὢ ὢ ὢ ╧. Then, as ╧ᴼ , 

╧►ᴼ╧▀, hence ╧  is called the reference trajectory. 
Define the A-FTSM control law as  

Ⱳ ╙╧ ╜╧ ╖ ╚▼♪ ╚▼♪  

   ╙╧ ╨╧ — ╚▼♪ ╚▼♪  
    (17) 

where ╙╧ ╙╧ ╙╧  ╙╧  is the right 

pseudo-inverse of Jacobian matrix ╙╧ȟ╜ and ╖ are 
the estimate of ╜ and ╖, respectively. ╚ȟ╚  are 
positive definite diagonal matrices,  ρ is an odd 
integer and π  ρ is the ratio of two odd 

integers. The regressor form is equal to 

╨╧ —

ὢ

ὢ

ὢ Ὣ

ά      (18) 

and adaption law is as follows 

—
▼╨╧


      (19) 

The proposed control scheme is shown in Fig. 4. 
Theorem. Consider dynamics equation (6) for the 
robot mentioned, the control law (17) and the 

adaptation law (19). Then, ἦ converges to zero in 
finite time. 

Proof. Substitute the control law (17) in dynamics 
equation (6):  
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╜ ╧╧ ╒╧ȟ╧╧ ╖╧  

╙╧ ╙╧ ╜╧ ╖ ╚▼♪

╚▼♪  

╨╧ — ╚▼♪ ╚▼♪  

    (20) 

Then, add ╨╧ — ╜╧ ╖ to both side of 

(20): 

╜ ╧ ╧ ╜▼ 

╨╧ — ╚▼♪ ╚▼♪  
    (21) 

in which — — — .  
Now consider the following Lyapunov function 

ὠ
ρ

ς
▼╜▼

ρ

ς
—       (22) 

differentiate ὠ with respect to time, 

ὠ ▼╜▼ ——       (23) 

by replacing ╜▼ from (21) and keeping in mind that — 

is constant, one may obtain the following equation 

ὠ ▼ ╨╧ — ╚▼♪ ╚▼♪

——  

▼╣╚▼♪ ▼╣╚▼♪

▼╨╧ — —  

     (24) 

by adaptation law (19), ὠ is equal to 

ὠ ▼╣╚▼♪ ▼╣╚▼♪       (25) 

Considering Theorem 1 in [22], it can be shown 
that the sliding surface ▼ converges to zero in finite 
time with the upper bound Ὕ according to lemma 1 as 
follows 

Ὕ ὸ
ÍÁØί ὸ

ρ  Ὧᶻ
      (26) 

in which Ὧᶻ is the minimum element of ╚ .  
On the sliding surface ▼ π, the equation of 

motion of the robot reduces to 

╧ ╧ ╧ π 
again, consider lemma 1 and lemma 2. Upper bound for 
convergence time of ╧ to ╧Ὠ is 

Ὕ
ÍÁØ╧ Ὕ

ρ ὴᶻ
     (27) 

in which ᶻ is the minimum element of .                 ʉ
 

 

 
Figure 4:  The proposed control scheme 

 
TABLE 1 

KINEMATIC AND DYNAMIC PARAMETERS OF ARAS-CAM ROBOT 
 

Parameter Symbol Value 

End-effector mass m τȢυ ὑὫ 

End-effector inertia I ḙπ ὑὫȢά  

Gear ratio N ρ 

Gravity Acceleration g ωȢψ άȾί 

Drum radius r σȢυ ὧά 

Width a σȢυφ ά 

Length b χȢπυ ά 

Height h τȢςφ ά 

 

Remark 1. Notice that ╧► on the sliding surface ▼ π 
is equal to  

╧ ╧ ╧ 

ὴ ὨὭὥὫὢ ὢ ὢ ╧ 

╧ ╧ ╧

ὴ ὨὭὥὫὢ ὢ ὢ ╧

╧  

╧ ╧ ρ ὴ ╧  

ὴ ╧  

    (28) 

Therefore, ὴ should be chosen larger than ρȾς to 

ensure the boundedness of ╧ . 
Remark 2. It is obvious from (26) and (27) that to 
reduce the convergence time, the gains  and ἕ  shall 

increase. Furthermore, as explained in lemma 2, by 
increasing ἕȟ  the solution leads to faster 

convergence. 
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5.  RESULTS 

In this section, first, a brief description of the 
experimental setup is given to implement the 
proposed controller scheme (shown in Fig. 4), then to 
demonstrate the effectiveness of the proposed 
controller, simulations are conducted on the robot 
and finally, the results of the implementation indicate 
applicability of the proposed control algorithm on the 
ARAS-CAM cable-suspended parallel robot that its 
specification given in Tables 1, 2.  

A.  Experimental Setup 

This manipulator has four AC-servo motors that 
directly coupled to the cables through a drum 
mechanism. The maximum torque of these motors is 
ςτȢτ ὯὫȢὧά which can apply force Equal to ψπὔ to the 

cables. Also, each actuator is equipped with a non-
contact incremental optical encoder providing a total 
number of 20000 pulses per revolution.  

 
TABLE 2 

POSITION OF THE ANCHOR POINTS 
 

═░’▼ Position 

1 σȢυφȾςȟ χȢπυȾςȟ π 

2 σȢυφȾςȟ χȢπυȾςȟ π 

3 σȢυφȾςȟ χȢπυȾςȟ π 

4 σȢυφȾςȟ χȢπυȾςȟ π 

 
For implementing the proposed control algorithm, 

we have exploited the power of ὓὃὝὒὃὄ Simulink 
Real-Time target. The Simulink Real-Time Kernel is a 
lightweight real-time operating system that is 
bootable on a conventional X86 PC. After being 
booted, the kernel establishes an Ethernet link to a 
host PC with ὓὃὝὒὃὄ software installed on it. 
Through this link, different Simulink models can be 
transferred to the kernel to be executed in real-time. 
Therefore, using this paradigm we can rapidly design 
our control algorithms and seamlessly deploy them to 
be evaluated which in turn expedites the design 
iterations. It is important to note that the model 
connects to the physical world through data 
acquisition (DAQ) cards which are represented by 
specific blocks in the Simulink model.  

As a position sensor, a modified stereo camera is 
used. This subsystem receives captured frames of 
resolution 640 x 480 pixels at a rate of 100 Hz. For 
localization, an infrared LED that is embedded on the 
top of the end-effector is detected by the 
aforementioned vision subsystem which is installed 
on the top of the robot’s workspace. Thereafter, by 
performing some geometrical transformations, 
coordinate systems of the vision subsystem and the 

robot are co-registered. 
As previously noted, cable tension is of paramount 

importance in cable-driven parallel robots. For this 
reason, the algorithm used for force distribution in the 
proposed control scheme (As shown in Fig. 4) is 
similar to the method described in detail in [11], 
which ensures all the cables in the feasible workspace 
of the robot are under tension. Furthermore, the 
reference trajectory is designed to maneuver the 
robot within a feasible workspace [23] to ensure that 
the cable forces remain positive with the method 
mentioned in the entire trajectory.  

B.  Simulation Result 

The parameters required for the proposed 
controller in the simulation are selected as follows 

 ρ                      ωȾρρ             ὴ ωȾρρ 
ρππ ╘         ςπ ╘  

╚ ρππ ╘       ╚ ςπ ╘  
The intended path to simulate the movement of the 

end-effector in the Cartesian space is a circular 
trajectory with a radius of 20 cm on the (X, Y) plane, 
which is performed after the robot arrives at a specific 
height. Note that the desired velocity and acceleration 
of the trajectory at initial and final time is zero. Also, it 
is assumed that the precise knowledge of the mass of 
the end-effector and the friction parameters of the 
actuators are not known (both in simulation and in 
implementation). 

Fig. 5 shows the reference and actual circle at a 
constant height. As this figure shows the proposed 
controller provides a suitable performance in the 
presence of dynamic uncertainties. 

 

 
 
Figure 5:  Simulation results showing the desired path 
compared to the tracked path by end-effector in (x, y) plane. 
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Figure 6:  Simulation results showing position tracking error 
in all directions. 

 
Furthermore, Fig. 6 illustrates the error rate more 

accurately in all three directions that the errors are 
very small and circa ρπ . Moreover, Fig. 7 shows the 

tension of the cables which are all positive during the 
robot movements. Cable length changes are also 
shown in Fig. 8. Its sinusoidal changes are also due to 
the circular path which it is designed for them.  

C.  Experimental Result 

In simulations, many effective factors such as noise, 
actuator dynamics, very small delays, etc. are not 
considered, and on the other hand, it is assumed that 
system information is fully available. Due to these 
reasons, the results of implementations are not 
always the same as simulation results. Although 
ARAS-CAM robot also suffered from these factors, 
experimental results show that the proposed 
controller can provide suitable performance in the 
presence of these factors.  

The reference trajectory designed for the robot, 
like the previous subsection, is a circle on the (X, Y) 
plane at a constant height. With the exception that the 
circle radius has doubled in this scenario (40cm). The 
controller gains are also selected in such a way that 
they can ensure closed-loop system stability and 
proper tracking performance for the whole maneuver. 
Controller gains are in this experiment as follows 

 
 ρ                       χȾω               ὴ χȾω 

ψπ ╘             χ ╘  
╚ χπ ╘           ╚ ╘  

 
Fig. 9 shows the tracking performance of the robot 

with the assumption that the mass of the end-effector 
is unknown. 

 
 
Figure 7:  Simulation results showing tension changes in the 
cables. 

 

 
 
Figure 8:  Simulation results showing measured cable length 
variation during robot movement. 

 

As it is observed, the robot is capable to follow 

the reference trajectory by using the A-FTSM 
controller. Furthermore, Fig. 10 illustrates the 
tracking errors, which are less than two centimeters 
in the worst case in all directions. Fig. 11 shows that 
the force distribution used in this experiment 
provides the necessary tension for all cables during 
the movement. Also, the sinusoidal changes of the 
cables in the last figure (Fig. 12) indicate a reference 
circular trajectory for the ARAS-CAM robot. 
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Figure 9:  Implementation results showing the actual and 
desired position of the end-effector. 

 
 

 
Figure 10:  Implementation results showing position 
tracking error in all directions. 

 

6.  CONCLUSION 

Tracking of the reference trajectory at high speed 
and precision in the cable robots is much more 
challenging than conventional parallel robots due to 
the replacement of cables rather than the rigid links. 
For this purpose, in this paper, an adaptive controller 
based on FTSM has been proposed for a cable-
suspended parallel robot known as ARAS-CAM. For 
this purpose, kinematics and dynamics of the robot 
were first described, then after the introduction of 
TSM and FTSM, the proposed controller was 
presented in this section. In the next section, the 

stability of the closed-loop system in the presence of 
dynamic uncertainties was proved based on the 
Lyapunov stability theory, so that the proposed 
controller can produce a suitable performance.  

 

 
 
Figure 11:  Implementation results showing the tension of 
the cables during the execution of a circular trajectory. 

 

 
 
Figure 12:  Implementation results showing cables length 
variation.  

 
To demonstrate the effectiveness of the proposed 

controller, at first, simulations were performed on 
MATLAB software, then to evaluate the applicability 
of the proposed controller, real-time experiments 
were conducted on ARAS-CAM robot. The 
experimental results have shown that the 
performance of the proposed controller in the 
presence of dynamic uncertainties is very acceptable. 
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