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In this paper, adaptive robust control (ARC) of fully-constrained cable driven parallel robots is studied in
detail. Since kinematic and dynamic models of the robot are partly structurally unknown in practice, in
this paper an adaptive robust sliding mode controller is proposed based on the adaptation of the upper
bound of the uncertainties. This approach does not require pre-knowledge of the uncertainties upper
bounds and linear regression form of kinematic and dynamic models. Moreover, to ensure that all cables
remain in tension, proposed control algorithm benefit the internal force concept in its structure. The pro-
posed controller not only keeps all cables under tension for the whole workspace of the robot, it is chat-
tering-free, computationally simple and it does not require measurement of the end-effector acceleration.
The stability of the closed-loop system with proposed control algorithm is analyzed through Lyapunov
second method and it is shown that the tracking error will remain uniformly ultimately bounded
(UUB). Finally, the effectiveness of the proposed control algorithm is examined through some experi-
ments on a planar cable driven parallel robot and it is shown that the proposed controller is able to pro-

vide suitable tracking performance in practice.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Cable driven parallel robots (CDPRs) remedy some shortcom-
ings of the conventional serial and parallel robots. Using cables
instead of rigid links in the robot structure has some positive fea-
tures such as large workspace [1,2], high speed manipulation [3],
high payload to robot weight ratio [4], transportability and ease
of assembly/disassembly. CDPRs can be classified into two types,
namely, fully-constrained and under-constrained robots. In the
under-constrained type, a passive force such as gravity is used to
keep all the cables under tension. While in the fully-constrained
type, the number of actuators are be at least one more than the
number of robot degree of freedoms [5]. The cable driven parallel
robots which are under study in this paper are restricted to the
fully-constrained type and it is assumed that the motion control
is performed in the wrench-closure workspace.

Using actuation redundancy in the structure of the parallel
robots improves some of kinematic and dynamic properties of
parallel robots such as stiffness and singularity avoidance [6,7].
Moreover, actuation redundancy is an important requirement in
fully-constrained CDPRs, since cables are able to apply only tensile
forces. Hence, the well-known control theories of the parallel
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robots should be modified such that the cables remain in tension
for the whole workspace of CDPRs. For this reason, control of the
cable driven parallel robots is more challenging than that of the
conventional robots.

Motion control algorithms of CDPRs may be classified based on
the coordinates used in the design procedure into two categories,
namely the cable length coordinates and the task space coordi-
nates. In the cable length coordinates, decentralized controllers
are designed on each of the actuated cables [3,8,9], and the length
of the cables which are simply measured by the encoders is used in
the feedback structure. However, due to the inherent flexibility of
the cables, using cable length in the feedback control loop is not
reliable in applications with high accuracy.

In the task space coordinates, the pose of the end-effector is
measured directly and it is used as the feedback to the controller
[10,11]. Implementation of such measurement is more challenging
than that of the cable length measurement. Moreover, it may
require expensive instrumentation system such as laser ranging
equipment [10,12], or differential GPS (Global Positioning System)
augmented by accelerometers and rate gyros [11], or multiple
camera with high resolution and high frame rate [13,14]. For this
reason, only few researches focus on implementation of the task
space controllers in practice, which is considered in this paper in
detail.

Motion control algorithms may be classified based on the
controller designing technique, as well. Within this classification,
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classic controllers such as PID [15] are computationally simple and
they do not require complete dynamic knowledge of the CDPRs.
However, lack of consideration of dynamic effects in the structure
of the controller may limit the tracking performance. Nonlinear
controllers such as Lyapunov based methods [16,17] and inverse
dynamics control (IDC) [18,19] may improve the tracking perfor-
mance. However, they require complete kinematic and dynamic
models of CDPRs with detailed information of the true parameters.
It shall be noted that in practice the kinematic and dynamic models
of CDPRs possess structured and parametric uncertainties and
precise knowledge of the models is unavailable. These issues sig-
nificantly limit the performance of the nonlinear controllers in
tracking objectives. The shortcomings of the parametric uncertain-
ties may be remedied by using an adaptive controller in task space
coordinates in which the kinematic and dynamic parameters are
simultaneously adapted, which is proposed in this paper.

As a representative of adaptive methods, in [20] robust PD con-
troller with an adaptive compensation term are designed to iden-
tify near true kinematic parameters. However, a large number of
kinematic parameters has been selected for adaptation and there-
fore, the controller is computationally expensive. In order to
improve performance of such adaptive methods, in [21,22] two
adaptive control scheme is proposed by considering uncertainties
in dynamic and kinematic parameters. However, these approaches
require the linear regression form of kinematic and dynamic
models. Moreover, structured uncertainties of the kinematic and
dynamic models and external disturbances, directly affect the
updated parameters and degrade the performance of the
controller.

In order to reduce the effect of both structured and parametric
uncertainties, in [23] sliding mode controller is designed based on
knowledge of the uncertainties upper bound of the kinematic and
dynamic models. However, from a practical point of view, determi-
nation of the uncertainties upper bound is a prohibitive task, and
therefore, it is often over-estimated which yields to excessive con-
troller gains. This fact amplify the main drawback of the sliding
mode control, namely the chattering phenomenon, and signifi-
cantly degrade the performance of the controller.

The goal of this paper is to design a controller to improve the
performance of the fully-constrained cable driven parallel robots
in presence of structured and parametric uncertainties. To
develop the idea, an adaptive robust sliding mode controller is
designed based on the adaptation of the uncertainties upper
bound. It is assumed that all terms in the dynamic and kinematic
model of the robot are uncertain and the precise pre-knowledge
about their upper bounds is also unavailable in practice. The
proposed controller will significantly remove the effect of exces-
sive gain and it is chattering-free. Moreover, this approach does
not require the linear regression form of kinematic and dynamic
models. In addition, the internal force concept is used in the
proposed controller to provide positive tension of the cables.
The stability of the closed-loop system with proposed control
algorithm is analyzed through Lyapunov second method. Finally,
the effectiveness of the proposed controller is examined through
some experiments on a planar cable driven parallel robot with
four actuated cable-driven limbs and it is shown that the pro-
posed controller is able to provide suitable tracking performance
in practice.

The paper is organized as follows. In Section 2 some important
properties of kinematic and dynamic models of the CDPRs are
denoted. Section 3 focuses on the controller design in which the
proposed adaptive robust controller is introduced and the adapta-
tion law is defined based on the adaptation of the uncertainties
upper bound. Then, stability of the closed loop system is analyzed
through Lyapunov second method. Finally, in Section 4 experimen-
tal results on a planar CDPR is discussed in detail.

2. Robot kinematics and dynamics

Cable driven parallel robot has a closed kinematic chain mech-
anism in which a number of actuated cables provide connection
between the base and the end-effector. Furthermore, the electrical
actuators lead the end-effector toward a desired pose by changing
the length of the cables. In [15] kinematic and dynamic analysis of
fully-constrained CDPRs have been reported in detail. In this paper,
we leave the details of the formulation and only denote some
important properties of kinematic and dynamic formulations,
which are used in the controller design. The dynamic model of a
fully-constrained CDPR without considering the flexibility of the
cables may be written as:

M(®)% + C(x, %)% + G(x) + N(%) + Ty = J't (1)
in which,
N(x) = Fx + Fs(x)

where x denotes the generalized coordinates vector for pose of the
end-effector, M(x) is mass matrix of the robot, C(x,x) denotes Cori-
olis and centrifugal terms and G(x) indicates the vector of gravity
terms, F denotes the vector of Cartesian wrench, 7 is the vector of
cable forces and J denotes the Jacobian matrix of the robot. Further-
more, F,; denotes the coefficient matrix of viscous friction, F; is the
Coulomb friction term and T, denotes disturbance which may rep-
resent any inaccuracy in dynamic model. Although the dynamic
model described by (1) is nonlinear and multi-input/multi-output
(MIMO), it has some useful properties that are listed as follows [15]:

Property 1. The mass matrix M(X) is symmetric, uniformly positive
definite and bounded from above and below for all x by:

m< [ME)| <m (2)
Property 2. Upper bound of the Coriolis and centrifugal matrix is
independent of x, and is a function of only x as:

IC(x. )] < &c%] 3)

Property 3. The matrix M(x) — 2C(x,X) is skew-symmetric and
therefore, for all Z:

Z"(M(x) — 2C(x,%))Z =0 (4)

Property 4. Coulomb and viscous friction terms are dissipative and
they have an upper bound as:

IFak + Fo(®)]| < &, %] + &, (3)

Property 5. Gravity vector and disturbance term have upper bounds
of:

16X <& Tl <& (6)

3. Adaptive robust control of cable robots

In this section, considering the structured and parametric
uncertainties in kinematic and dynamic models of the robot, an
adaptive robust control algorithm is proposed. This control algo-
rithm consists of an adaptive robust sliding mode control whose
adaptation law is only based on the adaptation of only the uncer-
tainties upper bound. To derive the control and adaptation laws,
consider the following Lyapunov function candidate as:
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V() = 3 (STMS + p'T7) @)
in which,

S=X+AX (8)
where, $=15,... .,Sn]T is a sliding surface vector, T = diag

(I'1,...,Iy) and A = diag(44,...,4,) are symmetric diagonal posi-
tive definite matrices, n denotes the degrees of freedom of the robot,
X =X — ¥y is the tracking error vector and p = p — p denotes the
uncertainties upper bound estimation error vector. Differentiate
V(t) with respect to time:

V(t)=S"MS + %STMS +p'Tp
1

=S"M(x + Ax) +S" {j (M —2C) + c}s +p'Tp (9)

Using skew-symmetricity property of M — 2C and substitution
from (1) yields to:

V(t)=S"[-J'T— (CX+ G+ N+ Ty) — MX; + MAX + CS] + p'Tp
(10)
Define the virtual reference trajectory as

t
xr:xd—A/ xdt 11)
0

Differentiate x, twice with respect to time, and substitute into
Eq. (10) yields to:

V(t)=ST[-J"t — (M& + CX, + G+ N +Tg)] + p'Tp (12)
Let us define the control law as
F=—J"t = M& + Cx, + G + N — Kpsgn(S) (13)
in which,
1 Si>0
sgn (S)=4¢0 S5=0
-1 S5<0

where M,C,G,N are available estimations of dynamic terms,
Kp = diag(ky,,...,kq,) is symmetric diagonal positive definite
matrix and fT denotes estimated Jacobian matrix of the robot. It is
assumed that the attachment points are not precisely mounted in
practice. Therefore, Jacobian matrix of the robot is uncertain due
to the uncertainty in some of the kinematic parameters. The general
solution of (13) for 7 is

T=7T+Q (14)

where 7 is the minimum norm solution of (13) which is derived by
using the pseudo-inverse of JT as:

N ~
T=-JJ']) F=-J'F (15)
The term Q may be physically interpreted as the internal forces that
spans the null space of J7, by which

Je=o0 (16)

Internal forces are used to keep all cables under tension within
the whole workspace of the robot. Moreover, this term may be
used to increase the robot stiffness [24]. Now, substitute the con-
trol law (14) into Eq. (12). This yields to:

V(t)=ST[JTTF —J'Q — (M, + Cx, + G+ N +T,)| + p'Tp
=S"JJVF+F-F—J'Q+J'Q — (M& + Cx, +G+N

+T)]+p'Tp
=S"[-Kpsgn(S) — (I - J'THF - " - J")Q + (M&,
+C%+G+N)—Tg+p'Tp (17)

in which,
M=M-M, C=C-C, G=G-G, N=N-N

The uncertain Jacobian matrixfT, and the internal forces may be
assumed to be bounded by the following relations:

0" -JHQll < & (18)
I —J"THF|| < gIS| (19)

According to the above inequalities and the properties of the
robot dynamic model, which are denoted in Section 2, it may be
concluded that:

[(M&, + Ci, + G+ N) - Tq— (I - J'THF - J" - J")Q|

<) _pi(Sist) (20)

i=1

Using this inequality one may rewrite V(t) as

V(t) < ISill—kg + pi] + AiTip (21)

i=1
Now, assume that:
ke, = ki + (22)

in which, k; is a positive parameter, and substitute it into Eq. (21):
n .

V(t) <Y ISill=ki = pi] + piTip; (23)
i=1

Let us propose the following adaptation law:
pi=pi=T7"ISi (24)
By using the above adaptation law, the resulting expression of
V(t) is reduced to:

n

V(t) <> —kilSi| <0 (25)

i=1

which is negative semi-definite. This result shows that the proposed
controller can stabilize the system and the trajectories of the closed
loop system will eventually converges to the sliding surface,

S=X+Ax=0 (26)

Therefore, the proposed adaptive controller guarantees zero
steady-state tracking error. The main feature of this approach is
that the result is not in debt of finding a linear regression form
for kinematic and dynamic models, and furthermore, it does not
require a priori knowledge on the uncertainties upper bound.

As it can be seen in adaptation law (24), the value of p, is zero
only when the value of S; is zero, otherwise the value of p; always
increases. However, in practice, steady-state tracking error cannot
remain on sliding surface due to the measurement noise. In this
case, the control gain kg, is clearly over-estimated with respect to
uncertainties, which induces chattering. In order to avoid increas-
ing the control gains, it is proposed to modify the control law (13)
and the adaptation law (24) as following:

F=—J"t = M&, + Cx, + G + N — Kptanh (Z) (27)
and
i =I7"ISi sgn ((ISi] - €)p) (28)

where € = diag(es,...,€,) is a threshold width on the § variable
and it is chosen based on the measurement noise amplitude. This
modification of control and adaptation law will significantly
removes the effect of excessive gain and generates a chattering free
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output. This modification will induce the controller gains as
follows:

e If |Si| > € , then the sign of adaptation law (28) is positive and
the gain kg, is increasing up to a large enough value to counter-
act the bounded uncertainty, and as a result, the tracking error
approaches the sliding surface.

As long as the trajectories reaches within the boundary layer in
which, the |S;| < ¢ , then the sign of adaptation law (28)
becomes negative and the gain ky, reduces to a value which is
proportional to the current uncertainties. With this adaptation
law, the minimum value of k, is set to k;.

Now, if an additional load or an external disturbance is applied
to the robot and it makes |S;| > € , according to above
algorithm, the control gain k,, is adjusted with respect to the
current uncertainties.

Although such modification improve the performance of the
proposed controller in practice, the stability analysis performed
on the closed loop system is not valid any more, and this change
in the control and adaptation law may affect the asymptotic track-
ing performance. In order to analyze stability of the closed loop
system, consider the same Lyapunov function given in (7), take
the derivative with respect to time and substitute the modified
control law (27) and the modified adaptation law (28). For
|Si| > €;, the same stability analysis for the closed loop system
holds and the trajectory tracking eventually converges to the
boundary of sliding surface. However, as long as the trajectory
reaches within the boundary layer, and |S;| < €;, then the derivative
of the Lyapunov function with respect to time, given in (21)
changes to:

v < 3 [~ka (B) 4 0 + i (29)

i=1

Use the modified adaptation law (28) and simplify as follows:

V(e) < ij ko () + 6~ 0]
< Yoisi[-ka () + 20 )

i=1
n
< Yisi[-k () +20) 30)
-1 L
In this case, V(t) is negative semi-definite only if

S| > (zkf’ )e, — 5, (31)

Therefore, the proposed controller can stabilize the system and
the tracking error will remain uniformly ultimately bounded
(UUB). However, as it is seen in Eq. (31), the radius of ultimate
steady state tracking error J, is dependent on the uncertainties
upper bound p;, the parameter k; and the threshold ¢;. This implies
that in order to decrease the steady state tracking error, we may
increase the gain k; and therefore, increase the required control
effort.

4. Experimental results

In order to verify the effectiveness of the proposed adaptive
robust controller, it is applied to KNTU planar cable driven parallel
robot. This manipulator is under investigation for high speed and
wide workspace applications in Advanced Robotics and Automated
Systems (ARAS) group of K.N. Toosi University of Technology.

4.1. Experimental setup

KNTU planar cable driven robot consists of four actuated cable-
driven limbs with three degrees of freedom planar motion which is
shown in Fig. 1. Actuators are located on the vertices of a rectangle
with dimension of 2.24 m x 2.1 m to provide a relatively large

Fig. 1. KNTU planar cable-driven parallel robot.
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workspace. Inertial parameters of the planar cable robot is given in
Table 1. Moreover, the actual tensions of the cables are measured
by the load cells located near the end-effector attachment points.
TLL500 product from Transducer Techniques is used as suitable
load cell in the experiments due to their relatively large measure-
ment range and low weight.

The block diagram of control system setup is shown in Fig. 2.
The host computer serves as the user interface and enables the
user to edit and modify control structure and parameters. The tar-
get computer is a real time processing unit in which QNX operating
system is used and performs real time execution of the control
algorithm and real time communication with 1/Os. RT-LAB soft-
ware is used with Simulink to define models in real time environ-
ment. RT-LAB is designed to automate the execution of control law
for the controllers built in Simulink, in a real time multiprocessing
environment [25]. A number of Advantech PCI input/output boards
were integrated with the RT-LAB and Simulink to create a real time
control system which the sampling time of the control loop is one
millisecond.

In addition, a CCD camera with a resolution of 320 x 240 pixels
and frame rate of 100 fps at the distance of 1.12 m from the plane
of motion of the end-effector is used to directly measure the pose
of the end-effector [26]. A square marker is used for fast and accu-
rate tracking and the pose of the end-effector is measured by
extracting corners using Harris corner detector [27]. By this means,
the resolution of the position and orientation measurement of the
end-effector are 0.1 mm and 0.2 degree, respectively. In order to
synchronize the sampling time of the control loop and the vision
system, the measured pose of the end-effector is repeated during
0.01 s. This result in the sampling time of the entire control loop
to be one millisecond despite the lower frame per second capacity
of the camera, which is suitable for real time execution of the
proposed controller.

Table 1
Inertial parameters of the planar cable robot.
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4.2. Dynamic model of KNTU cable robot

According to dynamic model described by (1) and since the
motion of KNTU cable robot is planar, we have C(x,x) = 0. In this
case, the equations of motion for robot can be written as:
M@x)x+G(x) +N(x) + T, = —J't (32)
where

N(&) = Fk + Fy(%)

in which
m 0 O 0
M=|0 m O G=|mg
0 0 I, 0

4.3. Control scheme

According to (14), positive tension of the cables is the output of
the proposed control algorithm. These tension of the cables should
be accurately provided by the servo drives of the electrical actua-
tors in order to have a desirable performance in tracking the
desired trajectories. However, in practice, the actuator drivers
suffer from a number of limitations, and cannot perform as ideal
torque sources. Moreover, in the design of the proposed control-
ler, it is assumed that the cables are rigid. However, in practice,
the cables are flexible element and the actual tensions can never
track the desired tensions perfectly. In order to overcome these
shortcomings, cascade control scheme, as it is shown in Fig. 3,
is implemented on the system. The main purpose of using cas-
cade 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, and hence, to provide a near
ideal torque source for the outer loop.

In this scheme, proposed adaptive robust controller controls the
pose of the end-effector in the outer loop. Inputs of the proposed

Parameter Symbol Value controller are pose errors and the uncertainties upper bound esti-
End-effector mass m 25ke mation vector, while its outputs are the required Cartesian wrench
End-effector inertia I, 0.1 kg m? according to (27). The calculated output wrench is transformed
Gear ratio ) N 0 into positive tension of the cables through the internal force con-
Gravity Acceleration & 9.8 m/s trol block according to (14). Next, the resulting desired positive
Drum radius r 3.5cm . .
tensions are compared to the actual tensions measured by the load
PC 'J PC i
PCI X
(Host) (Target) Cards Srei\r/\;c; Cable Robot [—
[Windows] [QNX] [Advantech] Hardware T
{Rt-Lab} -

Fig. 2. Control system setup.

———a

Adaptive F Internal
Robust > Force
Controller Control
Adaptation |S|
—
Law

Lag Planar Cable| X =
” | Controller Robot "
T

»

Fig. 3. Block diagram of the proposed adaptive robust controller.
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Tracking Performance With PID Controller
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(a) A well tuned PID controller

Tracking Performance With Sliding Mode Controller
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(b) Sliding mode controller

Tracking Performance With Proposed Adaptive Robust Controller

Desired
E oot} 1
> 0 = =
-0.01F 1
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0.1 Actual |]
E o
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-0.2
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Time (ms) x10*
0.1 T
Desired
0.05 Actual |7
£}
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<
-0.05 1
_0.1 i i i i i i
0 0.5 1 1.5 2 2.5 3 3.5
Time (ms) x 10*

(c¢) Proposed controller

Fig. 4. Tracking performance of the first desired trajectory.

cells. Finally, four lag controllers are designed in the inner loop on
each of the cables to produce a control action according to the
tension error. The main goal of these controllers is to filter the
high frequency control actions, regulates the cables tension, and
prevents them from tearing. Stability of the overall system
can be ensured provided that the equivalent bandwidth of
the inner loop is larger than the equivalent bandwidth of the
outer loop [28].

4.4, Results

In order to verify the effectiveness of the proposed controller,
two sets of experiment are performed on KNTU planar cable driven
robot and the results of the proposed adaptive robust controller
(ARC) are compared with that of a PID controller and a pure sliding
mode controller (SMC). In the first set of experiment, a trajectory in
Y direction is considered under gravity force, and it is supposed
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that the end-effector does not move in the other directions. Note
that X direction is horizontal and Y direction is vertical relative
to the robot configuration. Moreover, a more challenging circular
trajectory with a radius of 0.2 m is considered in the second exper-
iment. Circular trajectory is more challenging than the disjointed
trajectory, since in this type of motion the desired trajectories in
X and Y directions are considered while zero rotational motion is
demanded during the robot movements. In addition, repeatability
test is performed in the tracking the circular trajectory for more
than one turn. These set of experiments aimed to evaluate the per-
formance of the proposed controller under structured and para-
metric uncertainties of the robot. It is assumed that the precise

Control Gains

350 T T
300 1
o7 250f : 1
ool N N ,
150 ; ; ; ; ; ;
0 0.5 1 15 2 25 3 3.5
Time (ms) x10*
1400
1200 1
o
X
1000 i
800 . L L . . .
0 0.5 1 1.5 2 25 3 3.5
Time (ms) x10*
200
=7 150} .
100
0 0.5 1 1.5 2 25 3 3.5
Time (ms) x10*

Fig. 5. Adaptation of the control gains in three directions for the first experiment.

Tension 1 Tension 2
800 800
600 600
z z
c 400 € 400
e e
200 200
0 0
0 1 . 2 3 0 1 . 2 3
Time (ms) 4o Time (ms) ¢
Tension 3 Tension 4
800 800
600 600
z z
c 400 c 400
e e
200 200
0 0
0 1 2 3 0 1 2 3
Time (ms) | 4¢* Time (ms) | 4o*

Fig. 6. Cables forces in the first experiment.
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knowledge of the mass and the moment of inertia of the end-effec-
tor, the kinematic parameters and the inertia and friction parame-
ters of the actuators are unavailable in practice.

In the first experiment, the following sinusoidal trajectory is
considered in Y direction while the end-effector attempts to main-
tain zero translation in X direction and zero rotation in ¢.

¥4 = 0.25sin(0.27t)

Fig. 4(a) shows the results of implementation of PID controller
in tracking the desired trajectories in three directions. Note that
in these figures desired trajectories are drawn in dashed line, while
the actual results of implementation are drawn in solid line. As it is
seen in this figure, while the controller gains are tuned in an
exhaustive procedure, the PID controller cannot suitably track
the desired trajectories due to the lack of consideration of dynamic
effects in the structure of the controller. In this case, the variable
coulomb friction of the actuators has the most significant dynamic
effect, and as it can be seen in this figure, it causes large errors
where direction of the desired trajectories is changing. Fig. 4(b)
shows tracking of the desired trajectories using sliding mode con-
troller. Although the performance of the sliding mode controller in
term of compensating the dynamic effects of the robot is much bet-
ter than that of the PID controller, however relatively long initial
time is needed to reach the sliding surface due to the lack of adap-
tation of the control gains. Fig. 4(c) verifies the effectiveness of the
proposed adaptive robust controller in terms of tracking of the
desired trajectories. In the proposed controller, by adaptation of
the control gains with respect to uncertainties, counteracts the
structured and parametric uncertainties and provides suitable
tracking performance with suitable accuracy. Fig. 5 shows the
adaptation of control gains in three directions. As it is shown in this
figure, when the tracking errors slip away from the sliding surface,
the control gains is increasing up to a value large enough to coun-
teract the bounded uncertainties. As the trajectories approach the
sliding surface, the control gains decreases, in order to use mini-
mum tension in the cables. Since the attachment points of the
cables on the end-effector cannot experience any tensions greater
than 1000 Newtons, the tension of the cables is limited in practice,
by considering an upper bound for the control gains. Moreover, it is
observed in Fig. 6 that all cables remain in tension during the robot
maneuvers. Finally, from the experimental results, the prescribed
uniformly ultimately bounded tracking error for the control struc-
ture is verified in all three directions in this experiment.

In the second experiment, the following circular trajectory with
a radius of 0.2 meter is considered while the end-effector attempt-
ing to maintain ¢ = 0 at all time.

Xg = 0.2 cos(0.27mt)us(t — 2.5)
{yd = 0.2sin(0.27t)us(t)

where, u,(t) denotes unit step function. Fig. 7(a) and 8(a) represent
the results of implementation using PID controller. As it is observed
in Fig. 7(a), the PID controller has not the desirable performance in
tracking the circular trajectory. Moreover, Fig. 8(a) shows that the
controller cannot accurately maintain the orientation of the
end-effector at zero level. In this case, maximum value of rotation
error is 0.07 radian which is relatively large. Fig. 7(b) and 8(b) show
tracking of the circular trajectory with sliding mode controller. As
mentioned earlier, sliding mode controller has no suitable perfor-
mance in reaching phase to the sliding surface, which is clearly seen
at the left half of circular path in Fig. 7(b). Moreover, the maximum
of rotation error is 0.05 radian which is relatively similar to that of
the PID controller. Fig. 7(c) verifies the suitable performance of the
proposed adaptive robust controller in terms of tracking of the cir-
cular trajectory in XY plane. Furthermore, the proposed controller
with adaptation of the control gains is successful to decrease the
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Fig. 7. Tracking performance of a desired circular trajectory.
time required for reaching phase. In addition, as it is shown in

Fig. 8(c), the maximum value of rotation error is 0.02 radian which
is almost three times smaller than that of the other two methods.

Orientation of the end-effector With PID Controller
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Fig. 8. Orientation of the end-effector in the second experiment.

Finally, Fig. 9 shows that the proposed controller keeps all the
cables under tension during whole robot maneuver. It may be con-
cluded that the tracking performance of the proposed adaptive
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Fig. 9. Cables tension in the second experiment.

robust controller is much better than that of a well tuned PID
controller or a pure sliding mode controller.

In order to compare the results quantitatively, the Euclidean
and infinity norm of errors are given in Table 2. As it is seen in this
table, the implementation results of the proposed adaptive robust
controller (ARC) is significantly better than that of PID controller
and sliding mode controller (SMC) in terms of all performance
indices, and for both experiment sets. In this table, L,[e] =

v (1/Ty) fOTf le]*dt denotes normalized Euclidean norm for the

entire error curve e(t) in which Ty represents the total implemen-
tation time. Moreover, L, [e] denotes infinity norm of the error
vector.

Repeatability criteria of a robot is most commonly used than
absolute accuracy in industrial applications. For this reason, and
in order to evaluate repeatability measure of the cable robot using
the proposed controller, a final experiment is performed and
reported in here. In this experiment, the desired circular trajectory
with radius of 0.2 m is considered for three turns. Fig. 10 illustrates
the repeatability performance of the proposed controller in this
experiment. As it is seen in this figure, the proposed controller can
compensate the small errors in the first turn, and track the circular
trajectory in the remaining turns with very small errors and in order
of 1073, Therefore, the proposed controller has a suitable absolute
positioning accuracy with a better repeatability performance.

From the above experimental results, it may be concluded that
the proposed adaptive robust controller can achieve suitable track-
ing performance for different desired trajectories, while it is more
robust against structured and parametric uncertainties. Hence, it
might be considered as a suitable solution for different cable robotic
applications.

Repeatability of the cable robot with proposed
095 adaptive robust Controller

— — Desired
02} . Actual |

0.151

0.1}
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—025 ‘ ‘ ‘ ‘ ‘
-0.2 -0.1 0 0.1 0.2
x (m)

Fig. 10. Repeatability test of the cable robot using the proposed controller.

5. Conclusions

This paper addresses adaptive robust control of fully-con-
strained cable driven parallel robots. Since kinematic and dynamic
models of the such robot are inevitably contaminated with unmod-
eled dynamics, parametric uncertainties and external disturbances,
an adaptive robust sliding mode control is proposed to counteract
these bounded uncertainties. The proposed controller does not
require to generate any regression matrix of the kinematic and
dynamic models of the robot. In addition, it keeps all cables under
tension for the whole controllable workspace of the robot. It is pro-
ven that using such controller the tracking errors are uniformly
ultimately bounded. Finally, the suitable tracking performance of
the proposed controller is verified through some experiments on
a planar cable driven parallel robot, and compared with two other
controller schemes.
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