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Abstract—In this paper design and control of planar cable-
driven parallel robots are studied in an experimental prospective.
Since in this class of manipulators, cable tensionability conditions
must be met, feedback control of such robots becomes more
challenging than for conventional robots. To meet these condi-
tions, internal force control structure is introduced and used
in addition to a PID control scheme to ensure that all cables
remain in tension. A robust PID controller is proposed for partial
knowledge of the robot, to keep the tracking errors bounded.
Finally, the effectiveness of the proposed control algorithm is
examined through experiments on K.N. Toosi planar cable-driven
robot and it is shown that the proposed control structure is able
to provide suitable performance in practice.

I. INTRODUCTION

Although the robots are extensively used in industries,
their applications in long-reach robotics is limited and still
is in infancy. Conventional robots with serial or parallel
structure are impractical for such applications due to their
limited workspace. for these reasons, cable-driven robots have
received more attention in the past two decades. Cable-driven
robots are a special class of parallel robots in which cables
replace rigid links in the robot structure. In a cable-driven
robot the end-effector is connected to the base by a number
of active cables and by controlling the cables lengths, the pose
of the end-effector is shifted toward the desired position and
orientation. Cable-driven robots possess some useful properties
such as large workspace capability, transportability and ease of
assembly/disassembly, reconfigurability and economical struc-
ture and maintenance [1]. As a result, cable-driven robots are
exceptionally suitable for many applications such as, handling
of heavy materials [2], high speed manipulation [3], [4],
cleanup of disaster areas [5], very large workspace applications
[6], [7], and interaction in hazardous environment [8].

However, replacing rigid links by cables, introduces new
challenges in the study of cable-driven robots which are
quite different from that of conventional robots. Unlike the
rigid links, cables can only apply tensile forces. Due to this
physical limitation, well-known control theories can not be
used directly for cable-driven robots and they must be modified
such that they can provide positive tension for the cables. In
comparison with the large amount of articles published on the
control of conventional robots, relatively less has been pub-
lished on the control of cable-driven robots. With assumption

Fig. 1.

K.N. Toosi planar cable-driven robot.

of massless rigid string model for the cables, many of control
schemes which have been used for conventional robots, may
be adapted for cable robots. PD control in companion with
gravity and internal forces in the cable-length coordinates [3],
PD control with gravity in task space coordinates [9], and
Inverse Dynamics Control (IDC) [9], [10], [11], are some
control algorithms which are used in control of cable-driven
robots.

The goal of this paper is to practically develop a control
algorithm based on popular PID for position control of K.N.
Toosi planar cable-driven robot (Fig. (1)) and investigate
experimental performance of such a control structure. In order
to ensure that all the cables are in tension for all maneuvers
in their workspace, internal force structure control is used in
addition to the proposed control law. Next, the implementation
issues are discussed and finally, experimental results are given
to show the effectiveness of the proposed control algorithm in
practice.

IT. SYSTEM KINEMATICS AND DYNAMICS

K.N. Toosi planar cable-driven robot consists of an end-
effector that is connected by four cables to the base platform
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Fig. 2. The schematics of K.N. Toosi planar cable-dricen robot.

as shown in Fig. (2). As it is shown in Fig. (2), A; denote
the fixed base points of the cables, B; denote connection
points of the cables on the end-effector, /; denote the cable
lengths, and «; denote the cable angles. The position of the
end-effector center of mass P, is denoted by P = [zp,yp],
and the orientation of the manipulator end-effector is denoted
by ¢ with respect to the fixed coordinate frame. Hence, the
manipulator posses three degrees of freedom « = [zp,yp, @],
with one degree of actuator redundancy.

A. Kinematics and Jacobian

For kinematic analysis, as it is shown in Fig. (3-a), a fixed
frame O : xy is attached to the fixed base at point O, the center
of the base point circle which passes through A;. Moreover,
another moving coordinate frame P : UV is located on the
end-effector at its center of mass P. Assume that the point
A; lies at the radial distance of R4 from point O, and the
point B; lies at the radial distance of Rp from point P in
the xy plane, when the manipulator is at central location. For
inverse kinematics analysis, it is assumed that the position and
orientation of the end-effector & = [xp,yp, ¢]” are given and
the problem is to find the lengths variable of the manipulator
L = [l3,l,13,14]". Let’s define the instantaneous orientation
angle of B;s:

¢; = ¢ +0p,

The loop closure equation for each cable (i = 1,2,3,4), can
be written as,

With some manipulation we can show that [12],
[} = (zp — x4, + Rpcos(¢:))® + (yp — ya, + Rpsin(¢,))”

Furthermore, for the geometry of the manipulator as illus-

(b)

Fig. 3.

(a) Kinematic configuration of mechanism (b): Vector definitions

trated in Fig. (3-b), the manipulator Jacobian matrix J is,

Slx Sly Elxsly - Elyslx
J = S2z SQy E2zS2y - EZySZI (1)
S4w S4y E4wS4y - E4yS4z

in which, the subscripts x, and y denote the corresponding
components of the S; and F; vectors as shown in Fig. (3-b).
Note that the Jacobian matrix J is a non-square 4 x 3 matrix,
since the manipulator is redundantly actuated.

B. Dynamic Model

Using massless rigid string model for the cable, the equa-
tions of motion for the planar manipulator can be written in
the following form,

Mi+G=-J"r >0 2)
in which, = [xp,yp, ¢] and
m 0 0 0
M= 0 m 0 and G=| mg 3)
0 0 I, 0

where m is the mass and I, is the moment of inertia of
the end-effector about its center of mass. J denotes the
Jacobian matrix of the manipulator, g is the gravitational
acceleration and 7 denotes the vector of cables tension, i.e.,
T = |71, T2, T3, T4]. It should be noted that the above dynamic
model is valid only for 7 > 0 and as soon as the cables become
slack, the structure of the robot collapses. All geometrical and
mechanical parameters of the cable-driven robot are given in
tables (I),(ID).

III. PROPOSED CONTROLLER

As mentioned earlier, for the cable-driven robots control
algorithms must be designed in such a way that all cables
remain in tension during the motion of the end-effector in
the whole workspace. In this section, we propose a practical
control scheme based on popular PID. This algorithm uses
internal force concept to ensure that all cables remain in
tension. Furthermore, In design procedure of the controller
it is assumed that all dynamic terms such as m and I, are
uncertain and we have only some information about their



TABLE I
POSITION OF THE CABLE ATTACHMENT POINTS

Fixed A;’s (m) Moving B;’s (m)

A7 (112, +1.05) B (0.155, 0)
Ao (+1.12, +1.05)  Ba (+0.155, 0)
As (-1.12,-1.05)  Bs (-0.155, 0)

Ay (+1.12, -1.05) B4 (+0.155, 0)

bounds. Control gains of PID are tuned base on these bounds
to satisfy some stability conditions. Recall dynamic model
of the planar robot (2), in presence of uncertainties in all
dynamical terms, it can be simply shown that if the end-
effector mass is 2.5 kg with a variation of 0.5 kg payload
then,

m < ||M(z)[ <m
G ()] <30

,m=3, m=0.08

Now choose a controller for the system based on a PID by:
t

—JTT:KVé+er+K1/ e(s)ds = Ky 4)
0

in which,
e=T4—T
K=[K; Kp Ky]
T
y= [fg el(s)ds et éT}
Since Jacobian matrix of the manipulator is a non-square 4 x 3
matrix, (4) is an underdetermined system of equations and

if JTJ is invertible it has many solutions. In this case, the
general solution of (4) is,

T=T+Q (5)
Here, 7 is the minimum solution of (4) derived by using the
pseudo-inverse of J T and is given by

t
T=—JJ'J)™! Kvé+er+K1/ e(s)ds} (6)
0

and, @ spans the null space of J T which satisfies
J'Q=o0 (7
Furthermore, @ can be written in the following form,
Q=N )e ©)

where, N(J7) is the null space or kenel of matrix J” which in
this case is a 4 x 1 vector and c is an arbitrary scalar. @ can be
physically interpreted as internal forces. It means that this term
does not contribute into the motion of the end-effector and only
provides positive tension in the cables. In other words, input
constraint 7 > 0 is met using internal forces

T+Q >0 9)

with this notation, the proposed control scheme can be imple-
mented according to Fig. (4). In this paper we assume that

TABLE I
INERTIAL PARAMETER OF THE PLANAR CABLE-DRIVEN ROBOT

Parameter Symbol Value
End-effector mass m 25+0.5 Kg
End-effector inertia I, 0.1 £0.02 Kg.m2
Gear ratio N 50

Gravity Acceleration g 9.8 m/s?
Drum radius r 3.5 cm

at all times, positive internal forces can be produced such that
the cables are in tension.

Implement the control law 7 in (2) to get the following
relations for the closed loop system:

1y = Ay + BAA (10)
in which,
i 0 I 0
A= 0 0 I
| -M'K; -M'Kp -M 'Ky
)
B= 0 (11)
M—l
and
AA = G(x) + Miy (12)

Khosravi and Taghirad in [13] have elaborated uniformly
ultimately bounded (UUB) stability of a general cable-driven
robot when control gains of PID are selected from a suit-
able feasible set. The proof of UUB stability is based on
Lyapunov stability analysis for the uncertain system. For our
implemented planar cable-driven robot, the controller gains are
selected as Kp = 1000013, Ky = 300013, K; = 60013
in the feasible stability region of the system considering the
modeling uncertainty bounds. In this paper we leave the details
of the proof, and verify the performance of the closed-loop
system through experiments.

IV. EXPERIMENTAL SETUP

In this section some practical issues in design and imple-
mentation of K.N. Toosi planar cable-driven robot are investi-
gated. It should be noted that mechanical design and the choice

Find Q

No
t=%+Q >0 2

S|

Fig. 4. Internal force control structure.



Fig. 5.

The system of cable winch

of electrical and mechanical components may significantly
affect the overall performance of the manipulator. Thus, these
subjects are of particular importance and should be consider in
the design and implementation procedure of the manipulator.

A. Mechanical Structure

The base frame of the robot is implemented by extruded
aluminum profile so that the vibrations are damped efficiently.
These extruded profiles are common in many industrial assem-
blies. Moreover, four custom made systems of cable winches
are placed on the base frame as cable actuators. The system of
cable winch consists of an AC servo motor with a 1:50 gearbox
which is attached to a drum. A special design is used in the
cable winches by which the base attachment points of the robot
are kept fixed. As it is shown in Fig. (5), this is accomplished
by moving the drum along its axis with a pitch equal to the
cable width. Furthermore, two touching ball bearings are used
to guide the cable toward the end-effector.

Cable selection is another important issue in cable-driven
robots. In this application, cables should be light and shall
resist high loads and tensions. Furthermore, selected cable
should be sufficiently stiff to have less elongation due to
applied loads. For these reasons, polyethylene cable with tissue
pattern 1 x 7 has been selected for K.N. Toosi planar cable
robot [14].

B. Control System Structure

The block diagram of the control system setup is shown
in Fig. (6). The host computer serves as the user interface
and enables the user to edit and modify models. Target is a
real time processing unit which uses QNX operating system
and performs real time execution of the model simulation and
real time communication with I/Os. RT-LAB software works
in conjunction with Matlab and Simulink to define models
in real time environment. RT-LAB is designed to automate
the execution of simulations for models made with Simulink,
in a real time multiprocessing environment [15]. A number of
PCI input/output boards were integrated with the RT-LAB and
Simulink to create a real time control system.

To have a desirable performance in position and orientation
tracking, servo drives should accurately provide the required
tensions in the cables according to the proposed control
algorithm. In other words, the servo drives shall be ideal force

pC PC PCI L
(Host) (Target) Cards Sﬁ;‘;‘; Cable Robot ——
[Windows] [ONX] {Advantech] Hardware F
{Rt-Lab }
Fig. 6. Control system setup

generators when seen by the proposed control algorithm. This
is due to the fact, that in the procedure of control design
it is assumed that the cables are rigid, but in practice this
is not completely true. Based on this fact, cascade control
scheme is implemented in the experiments to provide ideal
force sources. The cascade control strategy uses two control
loops, namely the outer loop and the inner loop as shown
in Fig. (7). The main goal of the outer loop, which consists
of the proposed PID control, is to control the position and
orientation of the end-effector. Inputs of this loop are the
position and orientation errors and its outputs are required
tensions for the inner loop. In the inner loop, the desired
tensions are compared to actual tensions measured by the
load cells located near the end-effector attachment points.
TLL500 from Transducer Techniques is used as load cell in our
experiments. Moreover, internal force control structure is used
to ensure us that all the cables remain in tension. The proposed
controller is implemented using Matlab real-time workshop
and RT-LAB software. The equations of forward kinematics
is solved using CFSQP' routine [16] implemented as an s-
function in Simulink to derive Cartesian position = (x, y, @)
from encoders information L at real time. Moreover, this
routine is used to find required internal forces from (7).

V. EXPERIMENTAL RESULTS

In order to show the effectiveness of the proposed control
algorithm, several experiments are performed. In the first set
of experiments, two disjointed linear motions in translation
and rotation are considered. In these experiments, step input
as a set point is applied to the robot. Step function has
this feature that it can excite almost all dynamics of the
system. As a result, investigation of the step response can
be a suitable measure in performance evaluation of the robot.
Furthermore, a more challenging circular profile is considered
in the next experiment, to track a circular path of 0.2m about
the central position. For the first experiment, suppose that

1C code for Feasible Sequential Quadratic Programming

Planar L
xq PID Internal Lag |

Control >| Force Controller || Cable N

Robot
T, Control - F

Forward
Kinematics
Fig. 7. Cascade control block diagram
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the initial position of the end-effector is & = [0,0,0]” in
SI units and the desired end-effector position and orientation
is £; = [0,0.25,0]7. The results of implementation using
proposed PID control (4) in companion with the internal
force control structure, are given in Fig. (8). As it is seen in
this figure, position and orientation outputs suitably track the
desired trajectories and the steady state errors are very small,
while as it is shown in Fig. (9) all cables remain in tension
for the whole maneuver. The prescribed uniformly ultimately

bounded tracking error for the control structure is verified in
all three directions in this experiment.

In the next experiment, suppose that the desired orientation
of the end-effector is x4 = [0,0,7/6rad])”, while the same
controller gains are considered. The results of this experiment
are given in Fig. (10). As it is observed, tracking performance
is very suitable and the position errors in  and y directions
are small and in order of 10~3. Furthermore, as it is shown
in Fig. (11), all cables are in tension.
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For the circular profile, the end-effector is commanded to
track a circle with radius of 0.2 meter in 10 seconds, while
attempting to maintain zero orientation ¢ = 0, at all times.
The reference Cartesian positions for this experiment are x =
0.2 cos(0.27t) and y = 0.2sin(0.27t). Figures (12) and (13)
show the reference and actual circle and deviation of ¢ from
its zero desired value. It is shown that the simple PID control
scheme is capable to stabilize the system and performs such
maneuver, while the absolute positioning errors are relatively
small. As it is seen in Fig. (13), orientation error in this test
is very small and in order of 1073

VI. CONCLUSIONS

This paper addresses the issues of dynamic analysis and
control of a planar cable-driven robot in an experimental

prospective. To develop the idea, kinematics and dynamics
of the planar cable-driven robot are firstly studied. According
to unique property of the cables that can only apply tensile
forces, and in order to ensure that all the cables are in
tension at all times, internal force control structure is used
with proposed PID algorithm. A robust PID controller is
proposed to overcome partial knowledge of the robot, and to
keep the tracking errors bounded. Next, important aspects in
implementation of the robot are discussed and control structure
of the robot is proposed using cascade control concept. Finally,
several experiments on K.N. Toosi planar cable-driven robot
are performed. The results show suitable tracking capability
of the robot with different desired trajectories, while all the
cables remain in tension at all times.
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