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Abstract In this paper dynamic analysis and experimental performance of robust
PID control for fully-constrained cable driven robots are studied. Since in this
class of manipulators cables should remain in tension for all maneuvers in their
workspace, feedback control of such robots becomes more challenging than con-
ventional parallel robots. To overcome this problem, a corrective term is used in
the proposed PID control scheme. Furthermore, in the design of PID control it is
assumed that there exist bounded norm uncertainties in Jacobian matrix and in all
dynamics matrices. A robust PID controller is proposed to overcome partial knowl-
edge of robot, and to guarantee boundedness of tracking errors. Finally, the effec-
tiveness of the proposed PID algorithm is examined through experiments and it is
shown that the proposed control structure is able to provide suitable performance in
practice.

1 Introduction

Cable driven parallel manipulators (CDPMs) are a special class of parallel robots
in which the rigid extensible links are replaced by actuated cables. In a CDPM the
end-effector is connected to the base by a number of active cables. While the cables
length is changing, the end-effector is manipulated toward the desired position and
orientation. Cable driven robots have some advantages compared to that of conven-
tional robots. Using cables as an alternative to rigid links enables cable robots to be
used for very large workspace applications such as large adaptive reflector and Sky-
Cam [ 2]]. Because of negligible mass and inertia of cables, they are suitable for
high speed applications. Moreover, they can achieve some useful properties such as
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transportability and ease of assembly/disassembly, reconfigurability and economi-
cal structure and maintenance [3]]. Consequently, CDPMs are exceptionally suitable
to be used in many applications such as, handling of heavy materials [4]], high speed
manipulation [} 6], cleanup of disaster areas [7]], rapidly deployable rescue robots,
and access to remote location and working in hazardous environment [8]].

Using cables in the structure of the robot, however, introduces new challenges
in the study of CDPMs. Cables can only apply tensile forces, therefore, the cables
must be kept in tension in the whole workspace of the robot [9]]. In order to fulfill
this requirement, usually fully constrained structures are considered for a cable robot
[7]. This kind of robots is being analyzed in this paper.

In comparison to the large amount of papers reported on the control of conven-
tional robots, relatively few papers are reported on the control of CDPMs. How-
ever, many control schemes which are developed for serial or parallel robots, may
be adapted for CDPMs. Lyapunov based control [10} 6], computed torque method
[LO, [11]], sliding mode [[12] and PID control [13] are some control algorithms be-
ing used in the control of CDPMs. The goal of this paper is to develop a position
control algorithm based on PID, and verify its robustness against modeling uncer-
tainties. This algorithm is formulated in the task space and uses a corrective term to
ensure that all the cables remain in tension.

The structure of this paper is as follows. In section (2)) kinematics and dynamics
of CDPMs are studied in detail. Dynamic equations of actuators are obtained and
incorporated in overall dynamics of the system. Section describes the control
algorithm of the system and according to upper bounds on dynamical terms, control
gains are tuned such that the robust stability of the system is guaranteed. Finally,
to show the effectiveness of proposed control algorithm experimental results for a
planar cable driven robot are detailed in section (@).

2 Kinematics and Dynamics Analysis

2.1 Kinematics Analysis

Cable driven robot is a closed kinematic chain mechanism whose end-effector is
connected to the base by a number of actuated cables. The kinematics notation of a
general cable driven robot with 7 cables is shown in Fig. (I). In this figure I; denotes
the vector along i’th cable and has the same length as the cable. The length of the i’th
cable is denoted by /;. S; denotes the unit vector along the i’th cable from the base
to the end-effector. A; and B; denote the attachment points of the i’th cable on the
base and end-effector, respectively. The positions of the attachment points A; and B;
are represented by vectors a;, b;, respectively. Obviously, a; is a constant vector in
the base frame F, and b; is a constant vector in the end-effector frame F,. The origin
of the end-effector frame F, is fixed at a reference point P, the end-effector center
of mass, which is used to define the position vector of the end-effector p. Based on
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Fixed Base

Fig. 1 Kinematic schematic
of a general CDRPM.

the kinematics notation defined in Fig. the position of the end-effector may be
written as:

p=a;+l-b; (i=1,2,---,n) €))
where all vectors are represented in the base frame F,. As a result
[} =lp—ai+b]"[p—a+b] @
Differentiate this equation with respect to time, and rewrite it into matrix form as:
L=]Jt 3)
in which,

§_ S S, S, @)
b1><81 bzXSz --'anSn

and, L = [l.l,l‘z, e ,l;l]T, and t = [p,w]T = [Px, Py, Pz, Ox, @y, (uz]T. The matrix J is
the Jacobian matrix corresponding to the general cable robot, p denotes the velocity
vector of point P; @ denotes angular velocity of the end-effector, and t represents
the twist vector in R®, which consists of the linear and angular velocities of the
end-effector.
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Fig. 2 Dynamics schematic
of a general CDRPM. ~o~

2.2 Dynamics Analysis

For a typical cable robot the mass of the cables is extremely smaller than that of
the end-effector, and can therefore be neglected. By this assumption the dynamics
model of the robot reduces to that of the end-effector. Based on the dynamics nota-
tion given in Fig. (2)), when all the cables are in tension the equations of motion can
be derived using Newton-Euler laws [[14].

ml 03x3| | P 035, —mg T
s Al P R P B
in which, m denotes mass of the end-effector; Ip denotes inertia tensor of the end-
effector about point P in F, frame; g denotes the gravity acceleration vector; T =
[t1,72,- -, Ty] denotes the vector of cable forces and 7; denotes the cable force value
in the i’th cable.
Consider x = [x,,y,2p, @, B, y]T as generalized coordinates vector, in which 8 =

[, B,7]" is the vector of Euler angles. With this definition the rotation matrix "R,
can be written in term of roll-pitch-yaw Euler angels,

cBey cysasP —coasy coacysf +sasy
FoRp, = | ¢Bsy cacy+sasBsy —cysa+casBsy (6)
—sp cBsa coepP

where ¢ and s denotes shorthand writings for sin and cos functions, respectively.
Furthermore, the angular velocity of the end-effector can be written as,

©—E0 éz[a,ﬁ,yr (7
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in which,
cBecy —sy O
E=|cBsy ¢y O
—sB 0 1
Thus, one can write,
L=Jx (8)
in which,
= | Isx3 03x3
= 9
o]l 0

With this notation, the equations of motion can be written in the terms of x. After
some manipulation these equations can be derived in an explicit form as,

M(x)x+ C(x,x)x+G(x) = —J't (10)
in which,
| mIzx3 0343
M(X) - [ 03><3 ETIPE] (11)
0353 033
Clx,%) = [03X3 ETIPEJrET(EO)XIpE} (12)
G(x) = 13
(x) {03“} (13)

2.3 Overall Robot Dynamics

In this section overall dynamics of the cable robot considering actuators dynamics is
obtained. In practice a robot is always experiencing friction and disturbance forces.
Therefore, we can reformulate the manipulator dynamics as

M(x)%+ C(x, X)X+ G(x) + Fyx + Fs(x) + T, = -J'z (14)

with x as the generalized coordinates vector, T as the vector of cable forces, F; as
the coefficient matrix of viscous friction and F, as a Coulomb friction term. M(x)
denotes the mass matrix, C(x,X) denotes the Coriolis/centripetal matrix, and G(x)
denotes the gravity vector which are defined in previous section. J is the jacobian
matrix of the robot and T, denotes disturbance, which may represent, any modeling
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uncertainty. The robot dynamics may be written as
M(x)x+N(x,x) = —J'1 (15)
where
N(x,%) = C(x, %)% + G(x) + Fyx + Fy(x) + T4 (16)

It should be noted that the dynamic model is valid only when 7 > 0 and J is nonsin-
gular. On the other hand, the actuators dynamics is represented by

L.g+Dq—rt=u >0 a7

in which, q denotes motors angular position vector, I, denotes actuator moments
of inertia matrix, D denotes a diagonal positive definite matrix which represents
actuator viscous friction, » denotes the radius of pulleys, T denotes the cable tension
vector and u denotes the motor torque vector. As for the position reference, define
all q to be zero when the end-effector centroid is located at the central position.
From this configuration positive angle q will cause a change AL in cable lengths,
therefore, we have:

AL=rq=L-Ly=q=r'(L—Lo) (18)

where Ly is the initial length vector at x = 0. Differentiate this equation and use
manipulator Jacobian relation L. = Jx to write:

q=r""L=r""J%, g=r"Jx+r""Jx (19)
Use Egs. (19). and (T4) with some manipulations one may reach to:
M, (X)% + Ny (x,%) = J u (20)
in which,

M, (x) = rM(x) + 7' J7L,J
Coy(x,%) = rC(x,x) +r 1 JT1L,J Q1)
Ng,(x,%) = rN(x,%) + 1 JTL, Jx + r 1 JTDJx

In this formulation, actuator dynamics is included and transformed into task space
by Jacobian matrix, which is a projection from cable length space to task space.

3 Robust PID Control of Cable Driven Robot

In this section we propose a robust PID controller based on the nominal model of
the system. In the design procedure of the controller we suppose that the dynamical
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matrices such as M, (x), Cey(X,X), etc are all uncertain and we have only some
information about their bounds. Furthermore, we suppose that the end-effector po-
sition X is accurately measured in real time. In contrast, it is assumed that the attach-
ment points are not precisely implemented in practice. Therefore, we have to use an
uncertain jacobian matrix J obtained from the uncertain installation of the attach-
ment points. The control law is designed based on these bounds and assumptions to
satisfy some robust stability conditions.

Recall the dynamic model of system (20), in presence of uncertainties in all dy-
namical terms, it can be shown that [[15]):

m< |[Meg(x)[| <75 [|Ceg(x,%) || < &, [IX] (22)
[Geg(X)|| < Sy 3 [FaX+Fs(X)[| < Epo+ &1 [IX]] (23)
imI <1, <inpl ; 1I<D <d)I (24)

in which m,m, &, - Ee. " £70:&f1,im1,im2,d1, and d> are some positive real constants.
Moreover, if the disturbances are bounded, for a positive constant & one may write:

ITqll <& (25)

Now choose a controller for the system consist of a PID control law and a corrective
term Q, as following:

t
u=J" {Kvé +Kpe+K; / e(s)ds} +rQ=J'Ky+rQ (26)
0
in which,
e=X;—X 27
K = [K; Kp Ky] (28)
.[ T
y = [ / el (s)ds e’ éT] (29)
0

and, J© denotes the pseudo-inverse of J7. In this controller structure the corrective
term Q spans the null space of J7 and must satisfy

J'Q=0 (30)

The vector Q is used in the control structure to ensure that all cables remain in
tension in the whole workspace. Moreover, this term increases the stiffness of the
system. The estimated matrix J7 obtained from inaccurate installation of the attach-
ment points is assumed to be bounded by:

=373 <6, 1J—J| <& 31)
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By implementation of this control law u, in the system dynamics represented by
(20), the closed loop system error dynamics may be written as:

y = Ay +BAA (32)
in which,
0 Is 0 0
A= 0 0 Is ,B=1] 0 (33)
-M_'K; -M_'Kp —M_ 'Ky M,/
and
AA = Noy(x,%) + Mg+ (T=J ) + (37 -J1)Q (34)

It is fully elaborated in [13], that the positioning error represented by (32)) is uni-
formly ultimately bounded (UUB) provided that the control gains are selected from
a suitable feasible set. Furthermore, it is shown that if the control gains Kp, K,, and
K; are chosen large enough, the feasibility conditions are easily satisfied. The proof
of these conditions are based on Lyapunov stability analysis for the uncertain sys-
tem. In this paper we leave the theoretical details of the proposed method, and verify
the performance of the closed-loop system through experiments.

4 Experimental Results

In order to verify the performance of the proposed method, it is applied to a planar
cable robot. This manipulator consists of four actuated limbs and has with three
degrees of freedom (x,y,¢), and is under investigation for high speed and wide
workspace applications in K. N. Toosi University of Technology.

4.1 Experimental Setup

The planar cable robot under investigation is illustrated in Fig.(3), in which the end-
effector mass is considered as m = 2.5kg with a variation of 1kg. Actuators are
located on the vertices of a rectangle with dimension of 2.24m x2.1m. The block
diagram of the cable robot control hardware configuration is shown in Fig. @), in
which a real-time hardware in the loop structure is used for the experiments. The
host computer serves as the user interface and enables the user to edit and modify
the controller in a user friendly environment. This interface is developed in Simulink
toolbox of Matlab to provide suitable environment for evaluation of different control
routines on the system. The target computer is a real time processing computer
which uses QNX operating system and performs real time execution of the control
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Fig. 3 The planar cable
driven redundant parallel
manipulator under investi-
gation for high speed and
wide workspace applications
in K. N. Toosi University of
Technology

laws and real time communication with Input/Output channels. RT-LAB software is
used as the main hardware in the loop software and uses Simulink toolbox of Matlab
to easily define the required operations and compile and execute those operations
in real time QNX environment [[16]. The interfacing boards between the sensors,
actuators and the target computer are channeled through PCI bus I/O interfaces, and
are integrated with the RT-LAB and Matlab to create a real time control system.

4.2 Control Scheme

To have a good performance in position and orientation tracking, servo drives should
generate the desired tensions in the cables according to the outputs of the proposed
control algorithm. In other words, the servo drives should perform as ideal torque
sources to be able to perform such task. Based on this fact, cascade control scheme is
proposed for the experiments. The cascade control strategy uses two control loops,
called as the outer and the inner loops as shown in Fig. (3). The main goal of the
outer loop which consists of the proposed PID control law is to control the position
and orientation of the end-effector. Inputs of this loop are the position and orienta-
tion errors and its outputs are desired tensions in the cables. In the inner loop, the

PC PC PCI L
Servo =
(HOSt) (Target) Cards Drives C:ble Robot
[Windows] [QNX] [Advantech] ardware F
{Rt-Lab}

Fig. 4 Control Experimental Setup
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Fig. 5 Cascade control block diagram

desired tensions are compared to actual tensions measured by force sensors embed-
ded at the end-effector attachment points. TLL500 from Transducer Techniques is
used as suitable force sensors in the experiments due to their relatively large mea-
surement range and low weight. Since in practice the actual tensions can never track
the desired tensions perfectly, the main purpose of using cascade scheme in control
structure of the robot is to obtain a desirable bandwidth for the inner loop which is
much larger than that for the outer control loop [17]]. Notice that to implement the
proposed control law it is assumed that the position of the end-effector is measured
in task space. However,in practice and for this experiments the cable lengths are
measured in the joint space, and as shown in Fig. (5), forward kinematics solution
is used to find the position vector x. In practice, a suitable solution to forward kine-
matics of the robot is found in real time, by implementation of sequential quadratic
programming routine (CFSQP) as an s-function in Simulink.

4.3 Results

The first set of experiments aims to generate two disjoint linear motions in trans-
lation and rotation. In x direction, it is considered to move the end-effector from
the origin to [0.2,0,0]” and in ¢ direction it is considered to rotate the end-effector
from its central position to [0,0,7/9]7. Furthermore a more challenging circular
profile is considered in the next experiments, to track a circular path of 0.2m about
the central position. For the first experiment, suppose that the home position for the
end-effector is x = [0,0,0]” in SI units and the desired end-effector position and
orientation is x; = [0.2,0,0]”. The results of implementation using proposed PID
control in companion to the required Q, which ensures that all the cables are
in tension, are given in Fig. (6). The controller gains are selected in the feasible sta-
bility region of the system considering modeling uncertainty bounds, as kp = 500,
ky = 150, k; = 20. As it is seen in this figure position and orientation outputs track
the desired values very well and the steady state errors are very small and in order
of 1073, while as it is shown in Fig. all cables are in tension for the whole ma-
neuver. The prescribed uniformly ultimately bounded tracking error for the control
structure is verified in all three directions in this experiment.
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Actual and desired position X

0.25 T T T T T T T T
0.2
0.15 B
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0.1 |
0.05 B
0 1 1 1 1 1 1 1 1
1 1.5 2 25 3 35 4 45 5
time (ms) x10°
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x107° Actual and desired orientation ¢
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0 0.5 1 1.5 2 25 3 35 4 45 5
time (ms) x10°

Fig. 6 Implementation results showing the actual and desired position and orientation of the end-
effector for x4 = [0.2,0,0]”
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Fig. 7 Implementation results showing the cables tension for x; = [0.2,0,0]”
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Fig. 8 Implementation results showing the actual and desired position and orientation of the end-
effector for x4 = [0,0,7/9]"
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Fig. 9 Implementation results showing the cables tension for x; = [0,0,7/9]”
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In the second experiment, suppose that the desired orientation of the end-effector
is x; = [0,0,7/9]7, while the same controller gains are considered. The experi-
mental results are given in Fig. (8). As it is observed, tracking performance is very
suitable and the position errors in x and y directions are small and in order of 1073.
Furthermore, as it is shown in Fig. (]E[), it is observed that all tensions in the cables
for this test are also positive.

E
=
0.05
=01
=-0.15F
-02 Actual Trajectory
— -~ Desired Circle
Fig. 10 Implementation re- 025 H A H i H H H H H
. . -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 025
sults for a circular trajectory X(m
x10° Orientation ¢
3 T T
2
| |
1
oft Y ‘ ‘
3
i s\
1 I
b
. -3r
Fig. 11 Implementation re-
sults showing the rotation ¢ - N S S SN S S
. . . [ 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
during circular trajectory time (ms)

For the circular profile, the end-effector is commanded to track a circular path
with radius of 0.2 meter in 10 seconds, while attempting to maintain ¢ = 0 in all
time. The reference Cartesian positions for this experiment are x = 0.2cos(0.27t)
and y = 0.2sin(0.27¢). Figures and show the reference and actual circle
and deviation of ¢ from its zero desired value. It can be seen that the proposed PID
control scheme is capable to perform such maneuver, while the absolute positioning
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errors are relatively small. As it is seen in Fig. (IT)), orientation error in this test is
very small and in order of 1073.

To verify the repeatability of the cable robot another experiment is performed.
Repeatability of the cable robot is considered by repeating performance of a circular
trajectory of the end-effector. In this experiment the trajectory is considered for
eight turns, for a circle with radius of 0.2 meter, while attempting to maintain zero
orientation. Figure shows the performance of the robot in this experiment. As
it is seen in this figure the repeatability performance of the robot is far better than
absolute positing of the end effector. There are some potential sources of error in
these experiments which are under current improvement. One issue is the friction
and backlash in the gearing transmission of the actuators and other uncertainties
that are not taken into account. Furthermore, as explained before, actual position
and orientation of the end-effector are not directly measured and are computed by
forward kinematics solution. This leads to a finite error in the computations which
may lead to the final positioning error of the system. Furthermore, the elasticity
of the cables are simply neglected in this analysis, which may lead to positioning
errors, especially at high speed maneuvers.

0.25

0.2F

0.15[

0.1

0.05F

Fig. 12 Implementation re-

sults showing the repeatability %% 02 015 01 005 0 005 01 015 02 025
of the cable robot X

5 Conclusion

This paper addresses the issues of dynamic analysis and control of fully constrained
cable robots. According to limiting characteristics of cables that can only apply ten-
sile forces, and in order to ensure that all the cables are in tension for all maneuvers
in their workspace, a corrective term based on null space of the Jacobian transpose
is used in companion with the proposed PID algorithm. In the design of proposed
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PID controller it is assumed that in dynamic equations of cable robot all terms are
uncertain and only some information about their upper bounds is available. A robust
PID controller is proposed to overcome partial knowledge of robot, and to guarantee
boundedness of tracking errors. Finally, to show the effectiveness of the proposed
algorithm several experiments on a three degrees of freedom planar cable robot are
performed with different desired trajectories and suitable tracking performance for
the closed loop system is reported.
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