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Abstract. Cable-actuated Parallel Manipulators (CPMs) are widely employed for object
handling applications. In order to displace the carried object along the ground to an
unlimited distance, CPMs can be mounted on Wheeled Mobile Robots (WMRs). The
derivation of the dynamic equations of motion for this integrated system is presented using
the Lagrange method. Since the inertia of the moving load is the main source of uncertainty
in the load-carrying task, an adaptive control approach is considered for the CPM, whereas
the WMR uses the feedback linearized sliding mode approach. In order to maintain the
end-effector of the CPM in its relative workspace in the WMR frame, the convergence
rate in the two controllers should be similar. Decentralization of the control law can be
accomplished if the inertia of the CPM motors is negligible compared with that of other
systems. This assumption is shown to be applicable if an introduced index is small enough
to have noticeable effect on the tracking error.

(© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

The larger workspace and higher ratio of carrying load
to the manipulator’s moving weight are the main char-
acteristics of Cable-Actuated Parallel Manipulators
(CPMs). However, carrying a heavy load with lengthy
cables may lead to a considerable increase in the system
flexibility, which may lead to the instability of a closed-
loop system [1]. Moreover, in some operation fields,
the required horizontal workspace in comparison to
the height changes of the end-effector is significant.
Therefore, the cable robot can encounter high cable
tensions. The lengthy cable issues and the need
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for large operation workspace can be addressed by
mounting the CPM on a wheeled mobile platform. In
this regard, the dynamic equations of a CPM hung
from a helicopter were obtained by Oh et al. [2].
In this study, the helicopter was navigated using a
slow-rate controller for the translational motion and
a fast-rate controller for attitude control. The CPM
was controlled using a typical sliding mode method.
Korayem et al. [3] presented Feedback Linearization
(FL) control of a 6-DOF under-constrained cable-
suspended manipulator with a wheeled mobile plat-
form. For the same robotic system, Korayem et al. [4]
incorporated cable sagging in the calculation while the
end-effector and the wheeled platform were controlled
independently. In order to ensure a wide operation
area and good mobility, Hu et al. [5] introduced an
integrated design of a mobile parallel robot with three-
wheeled limbs. Each limb consists of the prismatic and
universal joints, as well as omni-directional wheels at
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the end of the limb. The 500-m aperture spherical
radio telescope (FAST) in China shows the application
of carrying a parallel robot with a robotic system [6].
The FAST mechanism is a cable-actuated parallel robot
carrying a Stewart manipulator, which compensates
the wind-induced disturbances imposed on the receiver.

The uncertainties and nonlinear dynamics of the
parallel manipulators are the main challenges in the
controller design. Robust and adaptive controllers
are the two major approaches to addressing uncertain
nonlinear systems. In this regard, for the control of
a singularity-free planar parallel robot, Sliding Mode
Control (SMC) was employed to address the modeled
uncertainties, whereas an observer was used to de-
termine the external disturbances [7]. For the robot
manipulator control, Asl et al. [8] proposed a non-
singular terminal SMC. In order to reduce the control
signal chattering, the discontinuous term of the control
signal was obtained using a neural network method.
In this study, the feedback was obtained from the
unscented Kalman filter and a modified evolutionary
algorithm to estimate the covariance of the process
and measurement noise. Yang et al. [9] employed
the impedance control law for a 3-DOF cable robot
aiding the human arm rehabilitation. They adjusted
the controller gains by a fuzzy tuner considering the
cable length and the change of cable length.

Generally, due to the estimation of the system’s
unknown parameters, adaptive controllers require a
greater load of computation than robust controllers.
On the other hand, robust controllers require the
upper bound of the system uncertainties. In order
to enable the robust controller to operate over the
whole domain of possible uncertainties, the uncertainty
bound is selected large enough. This can result in
high switching gain and control effort. To alleviate
this problem, some controllers are used to estimate
the unknown parameters using adaptation laws and
address the effects of external disturbance using robust
control. Lee et al. [10] introduced a model reference
adaptive sliding scheme for three-dimensional overhead
crane control without priori information of the system
parameters. Indeed, this approach still requires the
bound of uncertainties. Sun and Ma [11] proposed an
adaptive fractional-order terminal SMC for tracking
control of linear motors. In this study, the adaptive
term ensures precise finite time convergence of the
sliding mode variable while addressing the bounded
structured uncertainties. They also employed a sliding
mode disturbance observer to reduce measurement
noise and uncertainties including parametric uncer-
tainty and disturbances.

Adaptive-robust controllers can apply adaptation
laws to estimate the upper bound of the uncertainties
so that the overestimation of the switching gain can be
addressed [12]. For the SMC of a fully constrained

cable-driven robot, an adaptation law based on the
approach proposed by Babaghasabha et al. [13] to
estimate the upper bound of uncertainties required
to determine the control gain [14]. Robust adaptive
control of the payload carried by an offshore ship-
mounted crane, subjected to unknown parameters
and sea wave disturbances, was proposed by Qian et
al. [15]. They employed adaptation laws to estimate
the upper bound of the overall system uncertainties.
Qi et al. [16] presented the SMC law of the 4-DOF
parallel robot with a fuzzy-based adaptive boundary
layer and switching gains. The controller was used in
combination with another fuzzy adaptive controller to
reduce the chattering by compensating the unknown
dynamics. For the control of a cable robot, El-Ghazaly
et al. [17] proposed an adaptive terminal SMC method
to improve the robustness despite the end-effector
inertial uncertainties. Schenk et al. [18] presented
trajectory tracking of cable robots in the presence
of model uncertainties and external disturbances by
an adaptive super twisting controller, which adapts
the gains. Compared to the controller proposed in
the referenced study [17], this controller produces
fewer tracking errors and less chattering in the control
input. Torabi et al. [19] employed a combination of
an adaptive SMC scheme and the admittance method
for controlling an exoskeleton rehabilitation robot,
interacting with the human lower limb. The adaptive
gain rate was defined in proportion to the sliding
variable. Moreover, by linearly parameterizing the
robot dynamic model in terms of unknown parameters
and obtaining the corresponding regressor matrix, the
structured unknown parameters were estimated.

Since CPMs are used as a crane in many applica-
tions, the mass and moment of inertias of the payload
are usually unknown. Therefore, in this paper, an
adaptive control approach is considered for the CPM
part of the robot. Similar closed-loop dynamics is
required for the CPM and the mobile platform to
prevent the possibility of losing the tension in some
cables. Therefore, the controllers of the CPM and the
mobile base are designed similarly to the performance
of FL dynamics. In Section 2 of this paper, the
equations of motion of the proposed robotic system
are described. Section 3 deals with the control law
of the combined system. Sections 4 and 5 present the
verification of the approach based on simulation and
experimental results.

2. Equations of motion

2.1. System architecture

The integrated system studied in this study is a CPM
with six degrees of freedom carried by a differential
Wheeled Mobile Robot (WMR) through six cable
actuators. The schematic view of the two parts of
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Figure 1. Schematic view of the wheeled mobile

Cable-actuated Parallel Manipulators (CPM).

the system is shown in Figure 1. The wheeled mobile
platform is driven by two fixed independent wheels.
Since the CPM is of the under-constrained type, the
motion of the system is considered without sudden
change and high acceleration to maintain the cables
in tension. As a result, the slippage of the wheels on
the ground is not considered in this study.

2.2. Kinematic equations

The kinematic equations presented in this paper were
derived from a study by Korayem et al. [3] in detail.
However, for the sake of introducing the variables,
this section presents the definition of the variables and
kinematics of the system.

The subscripts A, B, and N indicate the Carte-
sian system on the mobile base, the end-effector, and
the ground, respectively. Due to the gentle trajectory
tracking, the wheels do not slip. The mobile platform
pose is determined by its mass center (C.G.) posi-
tion, [zan,yan]”, and orientation, ¢. Considering
the wheels angular velocity, 8 = [6,,8,]7, and the
mobile platform pose xa = [Tan,yan,01x3,¢]7, the
platform kinematics can be expressed as follows:

.

xa = Ceb,

dsing +bcosey —dsing + bcosyp
Twh |—dcosp +bsing  dcosy + bsing

20 O0s3x1 031 )
1 1 (1)

Co=

where 7., 2b, and d represent the wheel radius, the
axle track, and the distance from the platform mass
center to its axle, respectively.

The end-effector pose consists of the position vec-
tor denoted by Nxpn and the Euler angles represented
with ‘I’BNZ

=[] @

The inverse kinematics equation of the cable robot
relates the cable motor rotation vector, 3, to the mobile
base pose, xa, and the CPM pose, xg, as follows:

. 1 _ . .
B = ;ATARB (Cle + C2Cgxp), (3>

where the scalar constant, r, is the cable drum radius.
The expression of the coefficient matrices, C; and C,
and the Jacobian matrix, A, are provided in [3].

2.3. Dynamic equations of the wheeled CPM
The dynamic equations of motion can be obtained
using the Lagrangian formulation. The kinetic energy
of the system can be expressed as follows:

1, . 1 . .
KE :§X£ [MA]XA + 5 (CSXB)T [MB]CSXB

+ %QTIWQ +% (B-I—Clo)'(A) TIm (B—I—Clof(A) ;

I 0
Cio= [06><57 16><1] [MA] - |:m6‘3 ’ Li:| ’
mpls Os
Mg] = : !
[ B] |: 03 IB:| ( )

The mass matrices of the mobile base [Ma] and the
end-effector [Mg] consist of the corresponding mass
and inertia tensor, i.e., (ma,Ia) and (mp,Ig). The
matrix I, represents the moment of inertia of the CPM
motors obtained considering the cable drum rotation.
The moment of inertia of the mobile base actuators
is Iy. The generalized power of the system including
the applied motor torques and the gravitation can be
expressed as follows:

. . . . T

W=r58+7560+Mglg[01x2 %y O1xs] . (5)
where 75 = [r1,-+-,76]7 is the cable motor torque
vector, T¢ = [r,,7]7 is the wheel torque vector, and

zpn is the end-effector vertical position in the reference
frame. The dynamic equation of the combined system
is obtained by substituting Eqgs. (4) and (5) and the
kinematic equations in the general form of the Euler-
Lagrange formulation and eliminating the Lagrange
multipliers.  After conducting some mathematical
operations, the combined system dynamics can be
represented as follows:

M[i§}+C+G:F{:‘Z], (6)

where, the matrices M, C, and G are defined as shown
in Box I.
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Cg (CIImC‘l + [MB]) CS Cg (CIIm(C3 + ClO)CG)
M = :
(CF (CTLm(Cs + C10)Cq))”  CF[MA]Cg + CF(Cs + C10)"Lin(Cs + C10)Co + Ly
CT ((021,1104 + [Mg]) Co + CTLn ((03 + C10)Cripf + 05))
C =
(CF(Cs + C10) "I Ca) Co + CF [Ma] Crip + CF(Cs + C10) I ((Cs + C10)Crpd + Cs)
031
PTy (PBN‘I’BN X IBPBN‘I’BN)
+
CT [ . 031 . ]
6 |[PanPan x IaAPaANT AN
0251 LCECTAREA 0,
G = [MB] —g 5 F = _
051 LCECTAREA I,
Box 1

According to Eq. (6), the main source of the
dynamic coupling between the mobile base and the
CPM is produced by the terms having I, and the
term 1CJCTAREA of the torque coefficient matrix,
F. Moreover, the term %CEC}‘AREA in the torque
coefficient matrix is related to the mobile base pose,
showing the coupling between the CPM motor torques
and the mobile base torques. However, given that the
dynamic effect of the cable motor inertia, Ly/r?, is
negligible compared to the mass of the two parts of the
system, the dynamic coupling in the control laws can
be treated independently.

3. Controller design

Due to a wide range of payload weights and geometries
in operation of cranes, the main source of uncertainty is
cousidered to be the unknown payload inertia. There-
fore, employing an adaptive law for the end-effector
control would be a suitable choice. The end-effector
should remain in the allowable space determined by the
mobile base frame. Consequently, the two parts of the
system should track the determined path with almost
similar error dynamics. Therefore, to control the mo-
bile, a robust FL approach with the same error dynam-
ics as the end-effector controller is employed. When the
mobile base is off the defined sliding surface, an auxil-
iary control signal pushes the mobile base toward the
sliding surface. Once on the sliding surface, the error
dynamics resembles the FL. method to a greater degree.

3.1. End-effector control
In this paper, it is assumed that, in comparison with

the inertias of the two parts, the moment of inertia
of the CPM motors has a negligible effect on the
system dynamics. Therefore, the terms including the
parameter I, in Eq. (6) are ignored in the controller
design. This assumption makes the effect of the mobile
base motion on the end-effector dynamic negligible:

MeiB + Ce).(B + c7"e = CSTC4TT,37
M. = Cs™ [Mg] Cs,

o 05
[MB] CS + 3
03 wp x 1PN

Ge = Gl:Ga (7)

where M, is the positive definite matrix, and Me —2C,
is a skew-symmetric matrix. A sliding vector is defined
as follows:

s = Xp + \Xg, XB = XB, — XB, (8)

where ) is a positive value. In addition, the vector of
parameter estimation error is defined as follows:

a=4a-a, (9)

where a = [m, Ip, Ip, IBZ]T denotes a series
of exact inertia parameters, and A indicates the esti-
mation of a. A Lyapunov candidate is considered as
follows:

v= % (s"Mes +a’T™'4), (10)
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where I' is a positive definite value used for tuning the
parameter estimation speed. Differentiating Eq. (10)
yields:

v =sT (Me (in + )\l:iB) + Ce (XB, + AXB)

4 Ge— csTC4TTﬁ) +A'T A (11)
The control law is considered as:

8 :(0408)_T (Me (in+A§B + /\s)

+C. (XB, +/\}EB)+Ge):(C4CS)7T(Ya) , (12)

where the symbol () indicates that the associated
matrix is obtained based on the estimated parameters.
Substituting Eq. (12) into Eq. (11) gives the following:

o= —sTAMes +4 T 'a—sTYa. (13)
By updating the values of the uncertain parameters:

A=-TYTs, (14)
the derivative of Lyapunov function becomes:

b= —sT AMes < 0. (15)

Eq. (15) is obtained regardless of the dynamic terms
such as I,,. The expanded form of the control law in
Eq. (12) as:

75 =(C4Cs)~" (M (de F20%p + )\25&]3)

+ Co (B, + \iB) + G) (16)

demonstrates a control approach similar to the FL
method, except for a minor difference in the second
term. However, although this control signal does not
exactly cancel the nonlinear terms, it still guarantees
exponential tracking convergence at the same rate as
an exact cancellation.

3.2. Wheeled mobile platform control
By considering the state vector:

717
X:[IAN YAN 0T 9:| s

the dynamic equations of motion can be expressed as
follows:

. SO 04><6 04><2:| |:7',3:|
X= _ + _ - , (17
{—MPICJ {MPICECE M| || (17

P

S = {CWEM} , M =Cg[MalCe + I,

Cp =CT [MA] Cr¢0

0
T 3x1
+Ce [PAN‘I’AN X IaAPANPAN

According to [20], the stability of the Feedback lin-
earized system can be ensured by nonzero distance d
and positive velocity of the axle center. The mobile
base position, y = (xan,yan), converges to the desired
trajectory, ydes., using the control input as follows:

Top, =Mp (Siéxlzzv - S1:271:29)) +Cp

e=yq-—Y, v =j¥a+Kpe+Kgé, (18)
where the control gains, K, and Kg, are positive
definite. By considering the control input in Eq. (18),
the error dynamic of the mobile base is as follows:

&+ Kaé + Kpe = 0. (19)

By considering Eq. (16), K, = A?Ig, and Kq = 2)\I,
the mobile base error dynamic (Eq. (19)) can be made
similar to the end-effector error dynamic. By defining
a sliding surface as:

s:é—l—Kde—l—Kp/e, (20)

the time rate of the Lyapunov candidate v = 1s”’s is

2
given as follows:

o =sT (U - 31:2,1:2[9 - Sl:2><1:2M;,1<_Cp

+C§C§rﬁ+rg)). (21)
By taking the control law of the mobile platform as:

T = Top, + Mp81;2X1:271)\M s (22)

€.2,1:2%)

Eq. (21) can be expressed as:

b =—s"AMe,,, ,.,8 < 0. (23)
Based on the comparison of Egs. (15) and (23), the
convergence rate of the two controllers is similar.
Therefore, if the end-effector is in the admissible
workspace at the initial point, it will remain there
during the trajectory tracking of the combined system.
In the case that a wrench disturbance is applied to
the WMR, an equivalent torque vector, 74, can be

considered to be exerted on the wheels. The wheels’
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disturbance is assumed to be bound by a positive value
as |7a| < i [1 l]T By adding the discontinuous
Sign function to the control law as:

To =Top, + MpStax1.2  AM s

€1:2,1:2

+ MpS1.2x1:2~ " kSign(s).

In Eq. (22), the derivative of the Lyapunov function
becomes:

b =—s" (AMe,, s + kSign(s)
+Sl:2X1:2Mp71(Td)) < =y ||S||i‘ -k ||S||F

+V2|S12x1:2llp | Mp ™ |5 7 sl (24)

where the Frobenius norms are given as:

T/LU
IS1:2x1:2|lp = 1/ Th (b2 + d?),

M

B V2

(mar?, +21,) (21,02 + L.r?, 4+ med?r?))

(rfuh (ma (d2 - bz) + ]az)2

Wl

+ (mar2, (b2 + d2) + AL + IMT?M)Z)
Therefore, the switching function gain can be obtained
by:

27, /T (12 + )

g (marizuh + 2I’LU) (2-[’va2 + Iaz/rfuh + madszUh)

(rin (ma (& =17) + L:)" +

(S

(mar2, (B + d2) + AL + Iazrfuh)2> . (25)

In practice, the Sign function is replaced by tanh(as),
where “a” denotes a positive scalar for scaling the

boundary layer.

4. Simulation

The parameters of the robot are presented in [3]. The
desired path of the mobile base and the CPM are
considered as follows:

Rsin(p)

—Rcos(yp)

XA =

€t oo o

Rsin(yp)
R(—cos(p) + 0.05sin(p))

g = 0.8 4 0.1 cos (3%¢)

0 ?
0
14
4th3+t7rd (26)
=—— = wt— = ra
LY e 2 g
where:
3T
R=15m  T=50 sec w=— rad/sec.

T

The initial pose errors of the mobile base and the CPM
are as follows:

ea =[05 —0.5]",

e = [0.5 -05 —-0.2 —-04 -0.1 —O.l]T (27)
The control parameters are selected as follows:

A=2Ig, TI=1 (28)
The tracking control effectiveness in addressing the un-
certainty is investigated by assuming different masses
of the end-effector and the mobile base platform in the
controller and the plant presented as follows:

MmpB. = MBp —].O, MaA, = MAp —150, (29)

where the subscripts “C” and “P” denote the controller
and the plant parameters. Figure 2 shows the control
voltage of the mobile platform wheel motors. Since
the applied voltages are limited to 12 v, the torques
and motor speeds do not experience a further increase
in the initial motion. The required high initial voltages
are caused by the existing large errors at the start of the
tracking. As shown in Figure 3, this overshoot can also
be observed in the wheel motor speed. The motor speed
at the end of the trajectory is zero, as expected from the

Right wheel
= = = Left wheel

Time (sec)

Figure 2. Voltage of wheel motors.
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Motor speed (rpm)

U
I
I Right wheel
1 = = = Left wheel
220 . . .
0 10 20 30 40 50

Time (sec)

Figure 3. Wheel angular velocities.

-2 . : :
1 F .
PR Y A ™ W Desired
— Actual
1} J
2 ; ! ]
-2 -1 0 1 2

X (m)

Figure 4. Platform trajectory.

desired trajectory formulation. Figure 4 demonstrates
the trajectory tracking of the mobile base. Since the
mobile base is initially positioned on the right side
of the desired path, the initial right wheel speed is
larger than the left wheel speed to force the mobile
base to approach the desired trajectory. However, after
reaching the desired trajectory, due to being positioned
inside the circular path, the left wheel rotates with a
higher speed. Figure 5 shows that the mobile base
position error decreases in 6.4 sec, from 707 mm to
the settling band of 0.05 mm.

The control voltage of the CPM motors is shown
in Figures 6 and 7. The periodic fluctuations of
the control input, caused by the vertical end-effector
movement, can also be seen in the CPM motor speed
in Figures 8 and 9. Figure 10 shows that the end-
effector mass used in the control input calculation is
updated from the initial guess of 1.1 kg to the actual
mass of the end-effector, 11.1 kg. The initial high

800 : ; : ,
g 600 0.20 1
g 0.15
e
5 400} 0.10 ]
8 0.05
=1
0w
z 0.00
A 200- 0 10 20 30 40 50 1
0 ) ) ) )
0 10 20 30 40 50

Time (sec)

Figure 5. Platform position error.

12
i \ Cable 1 = = =Cable 2 Cable 3
fl
10 'I = y 4
it 5
il
8 1 \ ]
> i i I Sy
B
S 6 1 . \ . J
8 It 0.5 1.0 1.5 2.0
© ]
> iy
4 .J:l/ , N o~ 4
I \ i I/ \\ = N
it N N
2 /\/\\/\/\\f
{ \, &/ 4
ol . . . .
0 10 20 30 40 50

Time (sec)

Figure 6. Voltages of the 1st, 2nd, and 3rd cable motors.

Cable 4 = = =Cable 5 Cable 6 ]

> :

3 e _
2 6 0 -

= | 0.0 0.5 1.0 1.5 2.0

sl |

Time (sec)

Figure 7. Voltages of the 4th, 5th, and 6th cable motors.

estimation error is caused by the saturation of the
control input. However, after this short period, the
estimation trend improves and converges to the actual
value. The trajectory tracking of the CPM part of
the system in the Cartesian space is demonstrated in
Figure 11. Figure 12 shows that the 2-norm of the
translational errors enters the settling band of 0.05 mm
in 11.1 sec, from the initial value of 735 mm. Moreover,
Figure 13 shows that the end-effector orientation error,
calculated based on the norm of the Euler angle errors,
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250
[ Cable 1 = = =(Cable 2 Cable 3

200 § _
-
a U
§ 150
o i
¢ 1003
o, .
1) I
= 'r
% 50 H
= I

of
_50 1 1 1 1
0 10 20 30 40 50

Time (sec)

Figure 8. Angular velocities of the 1st, 2nd, and 3rd
cable motors.

Cable 4 = = =Cable 5 Cable 6

Motor speed (rpm)

Time (sec)

Figure 9. Angular velocities of the 4th, 5th, and 6th
cable motors.

=
ot
1

Mass estimate (kg)
=
=)

13 : g - - - .
12}
o 11 : i
4 5 6 7 8 9 10
0 L L L L
0 10 20 30 40 50

Time (sec)

Figure 10. End-effector mass estimate.

decreases from 24.3 deg to below 0.25 deg in less than
5 sec.

Now, let’s assume that the mobile base and the
CPM are stationary at the following location:

T
XA = 07 XB — [leg 0.8 01><3] . (30)

For investigating the effect of the CPM motors’ inertia
compared with the end-effector mass, the ratio of I,

g
N
Desired
Actual
-0.5 0.0
’ 0.5
X (m) 1.0 15 1.5
Figure 11. End-effector trajectory.
800 T T T T

‘g 600 0.20 1
g

g 0.15

2

5 400} 0.10 |
g 0.05

=}

[}

o . 0.00

a, 200f 0 10 20 30 40 50 7

0 1 I I 4
0 10 20 30 40 50

Time (sec)

Figure 12. End-effector position error.

30 T T T T

1.00

20l 0.75| |
0.50|
0.25]

10+ 0.00 - - . -
0 10 20 30 40 50

Angular error (deg)

0 10 20 30 40 50

Time (sec)

Figure 13. Norm of the end-effector Euler angle errors.

to the equivalent moment of inertia of the end-effector
mags in terms of the motor rotation in the mentioned
location is defined as follows:

I

_ 31
0.21myr? (31)

In the previous simulation, this ratio was 5.6%. In
order to further investigate the effect of the inertia
of the CPM motors on the tracking error, another
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simulation is performed. The moment of inertia is
intentionally considered a large value, I,,, = 0.003Ig,
which is 100 times larger than the value in the previous
simulation. Therefore, the ratio indicated in Eq. (31)
is 560%.

Figures 14 and 15 demonstrate the 2-norm of the
translational errors of the two parts in comparison to
the previous simulation. In the second simulation, the
position error of the end-effector entered the 4 mm
band in 7.6 sec, 33% longer than the first simula-
tion. By considering the mass of the end-effector
compared with the mobile base, the norm of the mobile
base translational errors has not changed significantly.
Figure 16 shows that the angular error of the end-
effector in the second simulation enters the settling
band of 0.4 deg in 4.7 sec, while this error for the
first simulation enters the band of 0.2 deg in just a
little longer time, i.e., 5 sec. Figure 17 demonstrates
the mass estimation by the adaptive law. The steady-
state estimation of the end-effector mass fluctuates
around the nominal value by a small amplitude of
0.1 kg.

Overall, it can be inferred that although the
index indicated in Eq. (31) has increased greatly, from
5.6% to 560%, the tracking errors have not changed
significantly.
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Figure 14. Platform position error.
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Figure 15. End-effector position error.
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Figure 16. Effect of the moment of inertia of cable
motors on the end-effector angular error.
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Figure 17. Effect of the moment of inertia of cable
motors on the mass estimate.

5. Experimental results

The trajectory tracking performance of the controller is
evaluated by its implementation on the robotic system,
as shown in Figure 18. The CPM part of the robot
stands on two independent fixed wheels and one idle
caster wheel. The wheels are driven by Permanent
Magnet DC (PMDC) motors. The cables of the CPM
part of the robot are also driven by PMDC motors.
The position feedback of the CPM and mobile base
are calculated using the data obtained from the motor
encoders. The rotations of the wheels and CPM motors
are measured by 600 pulse and 3600 pulse encoders,
respectively. Figure 19 shows an interface board,
designed for communication between the controller im-
plemented in Matlab and motor drivers and encoders.
The communication protocol between the computer
and the board is serial. For communicating with
the eight sensors and motors of the robot, the board
includes eight slave microcontrollers of PIC 18F46K80
type. A similar type of master micro in the board sends
a three-bit signal to a multiplexer 4051, which in turn
produces an eight-bit signal to activate and deactivate
the slave micros. Encoder data are sent to the CCP
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Figure 18. Wheeled mobile Cable-actuated Parallel
Manipulator (CPM) of Tran University of Science and
Technology.
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Figure 19. Interface board for transferring the
measurement and command data between the computer
and robot.

port of the slave micros. The rotation direction of the
motors is determined by SN74HC74N flip-flops. The
micros are programmed using C language and MikroC
compiler. The PWM signals commanding the motors

Figure 20. Trajectory tracking of the platform.
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Figure 21. Trajectory tracking of the end-effector.

are obtained by the control input, calculated using
Matlab codes.

The test is performed considering an accurate
path for the mobile platform and a periodic spiral
movement of the end-effector in the mobile base frame
(shown in Box II), in which the rotation matrix of
the mobile base with respect to the inertial frame is
represented by NR . Figures 20-23 demonstrate that
the trajectories of the mobile base and the CPM part
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Figure 22. End-effector trajectory in XY plane.
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Figure 23. End-effector trajectory in Z direction.

are well in agreement with the desired trajectory. The
end-effector initial pose is identical to the start point of
the desired trajectory. However, contrary to the initial
nonzero desired velocity and acceleration, the system
is at rest in the beginning of the tracking. Therefore,
Figure 24 demonstrates a 17 mm overshoot in the
end-effector positioning by test and 0.5 mm overshoot
by simulation. Thereafter, the position error of the
test quickly decreases to below 5 mm and remains in
this band. Figure 25 shows that the 2-norm of Euler
angle errors in the test does not exceed an insignificant
value of 1.5 deg, except a small 1.69 deg overshoot.
The simulation result of the 2-norm of Euler angle
errors shows an overshoot of 0.5 deg and, then, the
continuous decrease of this value. The end-effector
desired orientation, angular velocity, and acceleration
in the mobile base frame are zero. However, due to the
mobile base angular movement, the desired trajectory
of the third Euler angle in the global frame experiences
a gentle motion, leading to a small overshoot.
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Figure 24. End-effector position error.
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Figure 25. Two-norm of the end-effector Euler angle

errors.

The end-effector pose in the global frame is
obtained using the mobile base position and the
kinematic equations [3]. The position of the mobile
base is calculated considering the wheels’ rotation.
For the experiment, it is assumed that the mobile
base undergoes gentle movement maneuver and,
consequently, the wheel slip on the ground surface
is negligible. Figure 26 demonstrates the wheel path
obtained during the test, drawn by black markers next
to each wheel as opposed to the desired wheel track in
blue lines. As shown in Figure 26, each wheel deviated
from the desired path by nearly 7 mm in the opposite
direction. This issue is caused by the flexibility of
the legs holding the wheels. In fact, the mentioned
deviation results from the legs flexibility, wheels slip,
and the performance of the mobile base controller.
It is worth noting that since the mobile platform
coordinate, employed in the feedback, is nearly between
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Figure 26. Comparison of the actual (black solid line)
and the desired (blue dashed line) paths of the wheels: (a)
Left wheel and (b) right wheel.

the two wheels, the mobile platform position deviation
is less than, or at most equal to, the wheels deviation.
By strengthening the legs rigidity and also providing
the direct measurement of the mobile platform
position to include the wheel slip in the feedback,
the system error results from only the controller’s
effectiveness. However, the actual position error of the
wheels in this test was only 7 mm for the 3800 mm
tracking of the mobile base coordinates, i.e., 0.2%,
which is a lower value for the mobile platform center.

Figure 27 demonstrates the PWM signals applied
to the CPM motors. Due to the presence of friction
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in the motor gearbox, the minimum PWM signals
are restricted to 17%. This restriction causes the
end-effector to deviate from the desired trajectory
when the motors are required to change the rotation
direction. The PWM signals applied to the wheel
motors are shown in Figure 28. Due to the constant
mobile platform velocity, the wheels should rotate at
a constant speed. Considering the noticeable mobile
platform mass compared with the CPM part, the
dynamic coupling between the CPM and mobile base
does not affect the computed control input of the
wheel motors. Therefore, as shown in Figure 26, the
PWM signals applied to these motors remain almost
constant during the circular trajectory tracking of the
mobile platform. The tracking error is affected by the
restrictions of the PWM signals and the control loop
delay, caused by the serial connection.

6. Conclusion

This study presented the idea of moving an object
using a cable-actuated robot. The robot consists of a
Cable-actuated Parallel Manipulator (CPM), mounted
on a wheeled mobile platform with differential wheels.
Kinematic equations of the mobile base and the CPM
part of the robot were expressed.

The dynamic equations of motion derived using
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Figure 27. PWM signals applied to the Cable-actuated Parallel Manipulator (CPM) motors.
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Figure 28. PWM signals applied to the wheel motors.

Fuler-Lagrange formulation were presented. The dy-
namic effect of the moment of inertia of the CPM
motors compared with the CPM and the mobile base
masses was considered ignorable. Therefore, two dif-
ferent controllers were designed for the CPM part and
wheeled platform of the robot. The controllers were
designed so as to have a similar error dynamic. For the
application of object handling, the inertia specification
of the payload is usually unknown. Therefore, an
adaptive approach was considered for the end-effector
control.

Two case studies were cousidered to demonstrate
the effectiveness of the control approach. They were
simulated with the unknown end-effector mass and the
control input restrictions. In the first simulation, it
was shown that the end-effector orientation, platform
position, and the end-effector position well matched the
desired trajectory after 5 sec, 6.4 sec, and 11.1 sec,
respectively. In the second simulation, the tracking
accuracy affected by ignoring the moment of inertia
of the CPM motors in the control law calculations
was studied. Although a large moment of inertia was
considered for the CPM motors, it was shown that the
tracking errors did not remarkably increase. Further
verification of the approach was carried out by an
experimental test on a robotic system manufactured
in the IUST Lab. It was shown that despite the
control loop delay and the restricted PWM interval,
the tracking errors were very small, i.e., below 5 mm
for the position error and 1.5 deg for the angular error.
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