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ABSTRACT An improved input shaping (IS) scheme was proposed for the redundantly actuated cable
driving parallel robots (CDPRs) to suppress the residual vibration (RV). To make the design of the RV
suppression convenient, the flexible displacements of the moving platform were taken as the generalized
coordinates considering the axial deformation of cables, and rigid-flexible dynamic model of generalized
redundantly actuated CDPRs was established with the Newton-Euler equation and the Newton’s law. Then to
copewith time-variant vibration frequencies of the CDPRs due to the variable lengths of cables, the technique
that combined the one- to three-order zero vibration (ZV) IS with the particle swarm optimization (PSO)
and the controller was proposed to suppress the RV. At last, to validate the effectiveness the proposed
method, the simulations were carried out in a redundantly actuated CDPR that has six degree-of-freedom
CDPR and seven driving cables with the proposed method, the results show that the RVs can be reduced
significantly.

INDEX TERMS Cable-driving parallel manipulator robot, dynamic modeling, multiple mode input shaping,
particle swarm optimization.

I. INTRODUCTION
Parallel manipulators have been an intensive area of research
for over a decade and have been used in a wide spectrum of
applications starting from simple pick and place operations
of an industrial robot to advanced electronic manufacturing,
maintenance of nuclear plants and space robotics [1], [2].
Due to the closed kinematic structures, parallel manipulators
present better performance in accuracy, rigidity, and pay-
load capacity and show greater potential to deal with these
tasks [3].

Cable driving parallel robots(CDPRs) are an extension
of traditional parallel manipulators by replacing rigid links
with cables, which brings many advantages including a
large workspace, low inertia links, cost-effective scalabil-
ity, and potentially heavy payload capabilities [4]. However,
the employing of the flexible cables also introduces two
main disadvantages. On one hand, cables can only transmit
pull forces, making it imperative that cables must remain in
tension at all time to avoid out of control when in operation.
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A common approach for this problem is to introduce redun-
dant branch to make the number of cables more than the
number of the robot’s degrees of freedom (DOF), which
is called redundantly actuated CDPRs and the wrench can
be controlled to make all cables in tension. On the other
hand, cables usually exhibit more flexibility than the rigid
links, which must cause severe residual vibration and would
reduce the accuracy and efficiency especially for point-to-
point motion. Hence, the residual vibration of the redundantly
actuated CDPRswould be very essential for applications with
many point-to-point motion.

Dynamic modeling is the basis for residual vibration, so an
accurate and appropriate dynamic model for the redundantly
actuated CDPRs is desirable. Existing dynamic modeling of
the CDPRs mainly falls into two categories, which are rigid
dynamic modeling and the rigid-flexible dynamic model-
ing. In the rigid dynamic modeling, the cables are tackled
as massless rigid links, and the Lagrange equation or the
Newton-Euler method are employed to establish the dynamic
modeling of the moving platform [5], [6]. For the flexibility
of the cables are neglected, the deformation or the vibration
can’t be taken into accounts and an accurate point-to-point
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motion or trajectory tracking control would not be guaran-
teed. When the flexibility of cables is considered, the small
deformation hypothesis is generally accepted. To obtain an
accurate dynamic model, the transversal and axial deforma-
tion of cables are considered in [7], and the system dynamic
model was obtained by eliminating redundant coordinates.
While in most of other existing literature, the axial defor-
mation was considered as the dominant component and the
transversal deformation was neglected, then cables were
modeled as massless axial spring and Newton-Euler equation
was applied to establish the dynamic model of the moving
platform, hence the system can be obtained from the force
equilibrium, which is widely used in most literature for the
accuracy and computation efficiency [4], [8], [9]. However,
the flexible displacement of the CDPRs in this method was
expressed as the difference of the desired and actual length
of cables, an explicit expression of the flexible displacement
of the moving platform was not given, which is an important
variable in vibration suppression.

For the unique characteristics of the cable, many control
methods for traditional flexible manipulators are not appli-
cable to CDPRs, and the control method to deal with flex-
ible CDPRs mainly falls into two categories: the feedback
control and feedforward control. Among the feedback con-
trol, some researches neglected the flexibility of cables or
perceived the flexibility as unknown lumped system dynam-
ics [5], [10], [11]. Amir conducted continuous research on the
vibration of the CDPR, an actuator configuration method was
proposed to quantify the capacity of vibration suppression
in all six DOFs over the kinematically constrained CDPR’s
workspace, and an optimal proportional-derivative (PD) con-
troller was designed to minimize the maximum settling time
of the vibration signals [12]. In [13], [14], the addition of
two unbalanced-rotational-inertia actuators was introduced in
the end-effector, and the sliding mode controller was applied
to suppress the vibration for the CDPR. In [15], a new
modeling and robust control approach was developed based
on decoupling of nominal dynamics and vibration dynam-
ics terms, and the trajectory tracking for the redundantly
actuated CDPR was achieved by suppressing the vibration.
Begey et al. [4] and Taghirad [16] and Shoaib et al. [17] adopt
singular perturbation method to decompose the rigid-flexible
dynamic model of the CDPRs into two subsystems, and the
control scheme was designed for each subsystem respec-
tively, which guarantee the stability of the control system
and effectively suppress the vibration. To further improve the
tracking accuracy, Caverly treated the sum of the flexible dis-
placement and rigid-body motion as the control variable, then
the passivity-based control scheme was employed to carry
out trajectory tracking control [18], [19]. For the vibration
and flexible deformation were all considered in the control
design, the passivity-based redefinition method could obtain
high trajectory tracking accuracy, of course the residual vibra-
tion can be suppressed.

Compared to the feedback control, feedforward-based
vibration suppression algorithms do not require additional

sensors or state feedback, so they are less expensive to imple-
ment. Feedforward control includes smooth basis function-
based reference input method [20] and command shaping
method [21]. Because the smooth function to construct the
reference input method requires accurate dynamic models,
the robustness is poor and the implementation process is more
complicated, so the use of this method is limited. The com-
mand shaping is based on the system vibration characteristics
to filter out the excitation components of the system from the
reference input, which is relatively easy to implement. As the
input shaping exhibits significantly better performance and
easier implementation, it has important application potential
and has been widely used attention.

The input shaping method involves a convolution opera-
tion on the original input signal and two pulses and applies
the calculated signal to a second-order system to cancel
the vibration which includes zero-vibration (ZV) shaper, the
zero-vibration-derivative (ZVD) shaper and zero-vibration-
derivative-derivative (ZVDD) shaper [21], [22]. The robust-
ness to model errors is enhanced with the increase of the
order of derivatives, but the time delay (TD) of the opera-
tion is also intensified. Existing literature shows that the IS
technique could obtain satisfactory performance for linear
time-invariant system. However, for time-variant system the
CDPRs for example, cables in each branch have a different
length in different position or posture, which means the time-
variant stiffnesses and frequencies of the system. Researchers
adopted time-variant input shapers, which need additional
sensors for online measurement of the frequencies. Some
researches employed the PSO to offline optimize the variable
of the IS and get goodRV suppression performance [23], [24].
But they didn’t consider the controller and only perform
one-order optimization.

In response to the above two issues, dynamic modeling
and modified IS based RV suppression of the redundantly
actuated CDPR will be carried out in this paper. In the
dynamic modeling, flexible displacement of the moving plat-
form will be selected as the generalized coordinates, and the
deformation of the cables will be deduced from the Jaccobian
matrix under the general accepted small deformation hypoth-
esis, hence the dynamic model would be convenient for the
residual vibration. Based on the proposed dynamic model,
the modified IS that combined the multiple mode IS with
the PSO and the feedforward plus PD control will be studied,
unlike previous studies, the effectiveness of the techniquewill
be given and the multi-mode IS will be carried out.

II. DYNAMIC MODELING OF THE GENERALIZED CDPR
As show in Fig.1, the m DOF generalized redundantly-
actuated CDPR comprised of the base, the moving platform
and n branches connected by cables. {O} and {P} coordinate
frames are attached to the base and the moving platform
with O and G, respectively, as the origins. The Cartesian
coordinate vectors of points Ai and points Bi are denoted
as ai and bi for i = [1 . . . n], which are expressed in
the moving platform frame and base frame, respectively.
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FIGURE 1. The structure of the CDPR.

p and li represent the position of the moving platform and the
cable in each branch. The pose η = [pToT ]T of the center
of the moving platform P is composed of the position vector
p = [x y z]T and the orientation vector o = [φ θ ϕ]T, where
Euler angles φ, θ and ϕ are orientations about X-, Y- and
Z- axes respectively, and the rotation matrix is calculated as,

Rp = Rz(φ)Ry(θ )Rx(ϕ) (1)

Then, the motion equation and the length of the ith cable is
expressed as,{

li = p− bi + Rpai

li = ‖li‖ =
√(

p− bi + Rpai
)T (p− bi + Rpai

) (2)

where li and li are the vector and length of the ith cable
respectively. Take the derivative of the first equation of (2)
and take dot multiplication with di = li/li, the unit vector of
the cable, we have,

l̇ =
[
l̇1; · · · ;l̇n

]
= J [ṗ;ω] = JS′ [ṗ;ȯ]

J =

[
d1 · · · dn

Rpa1 × d1 · · · Rpan × dn

]T
(3)

where a dot means derivative, l̇ represents the vector of veloc-
ity of the length of all cables, ṗ and ȯ are the derivative of
ṗ and ȯ respectively, J is the Jaccobian matrix depicting the
velocity mapping between the moving platform and cables,
and ω = Sȯ represents the angular velocity of the mov-
ing platform with respect to the base frame. The mapping
matrix S′ and unit matrix S can be given as,

S′=
[
I3×3 03×3
03×3 S

]
, S=

 0 − sinφ cosφ cos θ
0 cosφ cos θ sinφ
1 0 − sin θ


(4)

According to most existing literature, the axial deformation
is dominant, and the stiffness of the ith cable is expressed as,

ki = EA/li (5)

where E and A are the Young modulus of elasticity and the
cross area of cables, respectively.

Unlike previous papers which takes the deformation of
cables as the generalized coordinates, the flexible displace-
ment of the moving platform will take the place in this paper
to make the dynamic model convenient for the vibration
suppression, and the flexible displacement are denoted as
δη = [δpT δoT]T. Hence, under the small deformation
hypothesis, the deformation of all cables can be obtained as,

δl = JS′
[
δpT δoT

]T
(6)

Considering the flexibility of cables, the dynamic model of
the moving platform using the Newton-Euler method can be
given as,[
mpI3×3 03×3
03×3 STRT

p IpRpS

]
(η̈

+δη̈)+

[
03×1

ST
(
S (ȯ+ δȯ)× RT

p IpRpS+

RT
p IpRpṠ

)
(ȯ+ δȯ)

]
= −S′TJTKδl+ mp

[
g

03×3

]
(7)

where mp is the mass of the moving platform, Ip is the
rotational inertial with respect to the body-fixed coordinate
frame, and K = diag ([k1 · · · kn]) is the stiffness matrix. The
dynamic model of pulleys near the motor can be expressed,

Ibq̈ = τ + rKδl (8)

where Ib and r are the rotational inertial and radius of the pul-
leys, and q̈ represent the corresponding angular acceleration,
which can be expressed from equation (3),

q̈ = l̈/r =
(
JS′η̈ + J ˙S′η̇ + J̇S

′
η̇
)
/r (9)

Substitute (9) into (8), and divide by r and multiply S′JT for
both sides of the new equation, which is added up with (7),
then the dynamic model of the CDPR can be given as,

M
[
η̈

δη̈

]
+ f+

[
06×1

S′TJTKJS′δη

]
=

[
S′JTτ/r
06×1

]
(10)

where

f =

[
f0 + IbS′

TJT
(
J Ṡ′η̇ + J̇S

′
η̇
)
/r2

f0

]
,

M =
[
M11 M22
MT

22 M22

]
,

M22 =

[
mpI3×3 03×3
03×3 STRT

p IpRpS

]
,

M11 = M22 + IbS′
TJTJS′/r2,

f0 =

[
−Gp

ST
(
S (ȯ+δȯ)× RT

p IpRpS+RT
p IpRpṠ

)
(ȯ+δȯ)

]
Since the number of the driving cables n is more than the
number of the DOF m in the redundantly actuated CDPRs,
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from (7) the cable tensions of the redundantly actuated CDPR
can be calculated as,

F = −W+ (M22 (η̈ + δη̈)+ f0)− Nλ (11)

where W+ = WT
(
WWT)−1 is the Moore–Penrose of W =

S′TJT, N = ker(W) is the matrix of null space basis unit vec-
tors ofW, and λ is (n-m) dimension arbitrary vector. It should
be noted that (11) represents all the possible solutions for the
cables’ tensions. For the given pose of the moving platform,
the driving torques τ should be definite and energy-saving,
hence in this study, the 2-norm optimal tension of the cables
is defined as the optimization objective. From Equation (10),
without considering the cable tension, the nominal control
torques τ nom =W+Fnom is valid, and 2-norm of the torques
when considering the tensions can be written as,

τTτ =
(
W+Fnom + Nλ

)T (W+Fnom + Nλ
)
= λTλ

Considering the positive range for the cables and energy-
saving, the positive tensions can be obtained by solving the
following quadratic programming,

min λTλ

subject to −W+ (M22 (η̈ + δη̈)+f0)−Nλ−Fδ ≥ 0 (12)

where Fδ is the selected positive vector to keep redundancy
in positive tension.

III. RV WITH MODIFIED MULTIPLE MODE IS
A. RV SUPPRESSION PRINCIPLE WITH MULTIPLE MODE IS
Input shaping is the process of convolving the original input
signal with the pulse signal to obtain a new signal, the vibra-
tion suppression based on which splits the input signal into
multiple signals according to the characteristics of the peri-
odic response of the dynamic system, and the vibration is
eliminated by superposing the response. Take the two pulses
shaping shown in Fig.2 as an example, Fig.2 (a) shows the ini-
tial signal and the shaped two pulses, which can be obtained
by convolution operation. Fig.2 (b) gives the response of the
shaped pulses Ap1 and Ap2, from which we can conclude that
the superposing response can be zero by selecting properly
parameters of the pulse.

For a second-order underdamped system, when a pulse
with the intensity Api takes effect at time ti, the response of
which can be expressed as,

yi (t)=
Apiωn√
1− ξ2

e−ξωn(t−ti) sin
(
ωn

√
1− ξ2(t − ti)

)
(13)

where ξ is linear damping, ωn is the natural frequency of the
system.

According to the principle of superposition of linear sys-
tems, the system response under the action of np pulse can be
expressed as,

y (t) = Bt sin
(
ωn

√
1− ξ2t + γ

)
(14)

FIGURE 2. Basic theory of input shaping.

where

Bt =

√√√√√( np∑
i=1

Bti cos (ωd ti)

)2

+

( np∑
i=1

Bti sin (ωd ti)

)2

,

γ = tan−1
( np∑
i=1

Bti cos (ωd ti)
Bti sin (ωd ti)

)
, ωd = ωn

√
1− ξ2,

Bti =
Apiω√
1− ξ2

e−ξωn(t−ti)

If we expect the system’s residual vibration completely sup-
pressed after the time tnp , the amplitude of the system’s multi-
pulse response at time tnp should satisfy Bt = 0, we have,

np∑
i=1

Apiωn√
1− ξ2

e
−ξωn

(
tnp−ti

)
cos

(
ωnti√
1− ξ2

)
= 0

np∑
i=1

Apiωn√
1− ξ2

e
−ξωn

(
tnp−ti

)
sin

(
ωnti√
1− ξ2

)
= 0

(15)

To guarantee the CDPRs reach the expected position or orien-
tation, the intensity of the summed pulses should be the unit,
so the following equation should be validated,

np∑
i=1

Api = 1 (16)
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FIGURE 3. Multiple-mode IS and PSO based trajectory planning.

From (4) and (5), the intensity of the two pulses and the
corresponding moment of action are expressed as,
[
Ap1

t1

]
=

[
Ap11 Ap12
0 t11

]
; Kt = e

−
ξπ
√

1−ξ2 ; Ap11 =
1

1+ Kt
;

t11 = π/ωn
√
1− ξ2; Ap12 =

Kt
1+ Kt

(17)

The cascade method and combination method are mainly
used to achieve the vibration suppression of multi-order IS,
and the former method would be adopted in this paper for
the advantages of high robustness and easy implementation.
Similarly, the second- and third-order shaper parameters can
be expressed as [25], (18) and (19), as shown at the bottom
of this page.

B. THE PROPOSAL OF THE MODIFIED IS
From the principle of the IS, we can see that traditional IS can
only suppress RV for systems with time-invariant frequen-
cies. However, the frequencies of the redundantly-actuated
CDPRs will be time-variant when operating in different
poses, and the RV will be the implicit periodic responses
which is the superpositions of the sine functions including
all the time-variant frequencies, hence the traditional IS will
not work for frequencies of the periodic responses can’t be
explicit calculated.

For every periodic function can be approximated by the
sine functions, in order to suppress the residual vibration of
the CDPRs, the multiple-mode IS is combined with the PSO
and dynamic feedforward plus PD control in this paper. The
shaping position of the multiple-mode IS is used as the opti-
mization variable, and the summed residual vibration of all

cables is used as the optimization objective. The entire opti-
mization process is shown in Fig.3, with the shaper position
as the optimization variable, the PSO generates a population
for each optimization variable, whichwill be applied in IS and
calculated in the corresponding summed residual vibration F
as the fitness function. The PSO would search the minimum
value of F until the requirements are met, where np is the
number of shapers, δ (t − ti) is the pulse at the moment ti,
and Api is the pulse amplitude.

For the moving platform usually possess translational
and rotational motions which are of different measures,
the maximal mean squared summed residual vibration of all
cables after 1 second of the movement was selected as the
optimization objective, which can be expressed as,

F = min
t∈S

(
√
max(δηTS′TJTJS′δη)), (S : td ≤ t ≤ td + 1)

(20)

C. THE PROCESS OF THE MODIFIED IS
PSO, proposed by Kennedy, is an iterative evolutionary algo-
rithm based on bird foraging, in which particles follow the
optimal particles to search in the solution space without
the need for crossover and mutation operations in genetic
algorithm, and requires less computational cost and param-
eters adjustment, so it has been widely used [20]. For the
time-variant frequencies of the redundantly actuated CDPRs
in different pose, the PSO will be employed to optimize
the input shapers to obtain the minimum residual vibration.
According to Fig.3, the entire optimization process is as
follows,

(1) Initialize the number of iterations k = 1 and ran-
domly initialize Np positions and flying velocities with

[
Ap2
t2

]
=

[
Ap11Ap21 Ap11Ap22 Ap12Ap21 Ap21Ap22

0 t11 t11 + t21 t11 + t21

]
(18)[

Ap3
t3

]
=

[
Ap11Ap21Ap31 Ap11Ap22Ap31 Ap12Ap21Ap31 Ap21Ap22Ap31

0 t11 t11 + t21 t11 + t21
Ap11Ap21Ap32 Ap11Ap22Ap32 Ap12Ap21Ap32 Ap21Ap22Ap32

t31 t11 + t31 t11 + t21 + t31 t11 + t21 + t31

]
(19)
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np dimensions in solution space dimension, (np = 1, 2, 3),
which can be expressed as,

xki =
[
x1,i, x2,i · · · , xNp,i

]
, vki =

[
v1,i, v2,i · · · , vNp,i

]
,

i = 1 . . . np (21)

(2) Substitute the position of each particle into the IS’s time
variable to shape the desired trajectory, and the fourth-order
Runge-Kutta method was employed to calculate the real rigid
and flexible displacements of the redundantly actuated CDPR
controlled by dynamic feedforward plus PD control and the
quadratic-programming basedNλ to guarantee positive cable
tension, the values of which at the final moment was applied
as the input to calculate the maximum value of the residual
vibration within 1s after operation, which is the fitness func-
tion of each particle Fkj , j = 1, 2, . . . ,mp. Then initialize the
particle positions pbi of the fitness function of local optimal,
which is particle position gb of the optimal value in the last
iteration and the global optimal value.

(3) Positions and flying velocities of particles are updated
as followings,{
vk+1i = γ0

[
vk+1i + p1rk1

(
pbi − xki

)
+ p2rk2

(
gb− xki

)]
xk+1i = xki + vk+1i

(22)

where rk1 and rk2 are random value between 0 and 1, p1 and
p2 are set to 2.05, and γ0 is defined as,

γ0 =
2∣∣∣∣2− (p1 + p2)−√(p1 + p2)2 − 4 (p1 + p2)

∣∣∣∣ (23)

(4) Calculate the fitness function value corresponding to each
particle. Update the particle position corresponding to the
local optimal value and the global optimal value. If the fitness
value of the current function is greater than the local optimal
value, update pbi to the current position. If the fitness func-
tion corresponding to all particles is greater than the global
optimal value, update gb to particle position of the optimal
fitness function value.

(5) If current iteration step satisfy k < Kmax and the
tolerance of the fitness function TolFun > εd , set k =
k+1 and repeat the steps (3) to (5), otherwise, output gb and
its corresponding fitness value.

IV. CASE STUDY
To validate the proposed RV suppression method for the
redundantly actuated CDPR, the six DOF CDPR with 7 driv-
ing cables as shown in Fig.4 will be taken as example in the
simulation. The dimensions and mechanical properties are
given in TABLE 1 and TABLE 2.

In order to verify the proposed algorithm, the fifth-order
polynomial depicting the point-to-point motion as shown in
(24) is used for the simulation, and parameters of one- to
three- order IS will be optimized to suppress the residual
vibration, and set the maximum iteration step Kmax = 300,

FIGURE 4. Six-DOF CDPR with seven cables.

TABLE 1. Dimension of the CDPR (in mm).

TABLE 2. Mechanical properties of the CDPR.

TABLE 3. The optimized parameters and performance with different ISs.

the tolerance of the fitness function TolFun = 1 × 10−6, and
the number of particles Np = 40 for the PSO.

{
x = 20

(
6t5/t5d − 15t4/t4d + 10t3/t3d

)
+ 450

y = 700; z = 500; φ = θ = ϕ = 0
(24)

where td = 0.2 s. The optimization results are shown in
TABLE 3, we can see that without the IS, the maximum
RV of cables are 0.037mm, and corresponding value is sup-
pressed to 0.011mm when one-order IS is used, about 70%
RV is eliminated. Further, when two- and three-order IS
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FIGURE 5. Results of RV with different shapers.

was employed for the optimization, the IS was reduced to
0.0021mm and 0.00063mm, respectively, approximately
94% and 98% RV are suppressed, which means that the
proposed method could effectively suppress the RV. Also,
we should note that when the IS is used, the time delay is
induced, the magnitude of which depends on the low-order
vibration frequencies of the system, and the time delay
becomes larger with the increase of the order of the IS. The
time delay and the performance of the RV should be balanced
in different industrial application, in generalized applications,
one- or two-order IS would satisfy the accuracy requirements
while the time delay is acceptable, but for applications requir-
ing high or ultra-high accuracy, the three-or even higher order
IS might be demanded.

FIGURE 6. Cable tensions with different IS.

In the optimization, the Fδ is set 20N, the cable tensions are
calculated according to Fig.3 and the quadratic programming
expressed in Equation (12), the results are shown in Fig.6.
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FIGURE 7. Flexible displacement of the moving platform with different IS.

We can see that all the cable tensions are positive when oper-
ating with different IS, and the minimum value are near Fδ ,
which implies that the constraint in the optimization is sat-
isfied. Also, maximum cable tensions are reduced with the
increase of the number of the IS, which is caused by the
increasing time delay induced by the IS. Therefore, we can
conclude that the cable positive tensions can be guaranteed
in the RV with the multiple-mode IS.

From the optimization results we can see that the RV of
cables can be effectively suppressed, the optimized param-
eters in TABLE 3 would be substituted into the system of
Fig.3 to see whether the proposed method could control the
RV of the moving platform, and the flexible displacement

of the moving platform including the RV can be calculated
as shown in Fig.7, for the point-to-point motion trajectory
is only planned in X direction, the maximum RV in the
corresponding direction plays the dominant role, which is
about 5 times larger than the value in Y direction, while the
RV in other direction is less than 0.006mm or rad and can be
neglected inmost applications.When one-order IS is adopted,
the maximum RV is reduced from 0.173mm to 0.033mm,
which means more than 80% RV is suppressed, and the value
can be further reduced to 0.008mm and 0.003mm with two-
and three-order IS, respectively, and the RV performance are
also similar in Y , φ and θ direction, while the performance
in Z and ϕ is not so ideal. There might be two reasons that can
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account for this, the first reason is the RV in these two direc-
tions are neglected in the optimization for the value is relative
too small, the second reason is the vibration frequencies in
these two direction are of high order and the three-order IS is
not enough for suppressing the corresponding RV, and which
might be suppressed by high-order IS.

V. CONCLUSION
The dynamic modeling and RV suppression of the redun-
dantly actuated CDPR were investigated in this paper. Unlike
previous literature, the flexible displacement of the mov-
ing platform is treated as the generalized coordinates in
the dynamic modeling for the convenience in RV suppres-
sion, and the deformation of cables are deduced under the
generally accepted small deformation hypothesis, and with
Newton-Euler equation the systematic level dynamic model
were thus obtained. To suppress the RV for time-variant fre-
quencies of the CDPR in point-to-point motion, the multiple-
mode IS combined with the PSO and dynamic feedforward
plus PD is proposed, and the feasibility of the method is
elaborated. At last, the six-DOF CDPR with seven driving
cables are taken as the example to validate the effectiveness
of the proposed method, the simulation result show that the
dominant RV can be effectively reduced, and the higher sup-
pression accuracy for both the dominant and high-order RV
can be obtained with the increase of the number of the IS at
the cost of growing time delay.

REFERENCES
[1] Y. L. Kuo, W. L. Cleghorn, and K. Behdinan, ‘‘Stress-based finite element

method for Euler-Bernoulli beams,’’ Trans. Can. Soc. Mech. Eng., vol. 30,
no. 1, pp. 1–6, Mar. 2006.

[2] S. K. Dwivedy and P. Eberhard, ‘‘Dynamic analysis of flexible manip-
ulators, a literature review,’’ Mechanism Mach. Theory, vol. 41, no. 7,
pp. 749–777, Jul. 2006.

[3] I. T. Pietsch, M. Krefft, O. T. Becker, C. C. Bier, and J. Hesselbach, ‘‘How
to reach the dynamic limits of parallel robots? An autonomous control
approach,’’ IEEE Trans. Autom. Sci. Eng., vol. 2, no. 4, pp. 369–380,
Oct. 2005.

[4] J. Begey, L. Cuvillon, M. Lesellier, M. Gouttefarde, and J. Gangloff,
‘‘Dynamic control of parallel robots driven by flexible cables and actu-
ated by position-controlled winches,’’ IEEE Trans. Robot., vol. 35, no. 1,
pp. 286–293, Feb. 2019.

[5] H. J. Asl and F. Janabi-Sharifi, ‘‘Adaptive neural network control of cable-
driven parallel robots with input saturation,’’ Eng. Appl. Artif. Intell.,
vol. 65, pp. 252–260, Oct. 2017.

[6] H. J. Asl and J. Yoon, ‘‘Robust trajectory tracking control of cable-driven
parallel robots,’’Nonlinear Dyn., vol. 89, no. 4, pp. 2769–2784, Sep. 2017.

[7] V. Ferravante, E. Riva, M. Taghavi, F. Braghin, and T. Bock, ‘‘Dynamic
analysis of high precision construction cable-driven parallel robots,’’
Mechanism Mach. Theory, vol. 135, pp. 54–64, May 2019.

[8] S. Baklouti, E. Courteille, P. Lemoine, and S. Caro, ‘‘Vibration reduction of
cable-driven parallel robots through elasto-dynamicmodel-based control,’’
Mechanism Mach. Theory, vol. 139, pp. 329–345, Sep. 2019.

[9] R. Qi, A. Khajepour, and W. W. Melek, ‘‘Generalized flexible hybrid
cable-driven robot (HCDR): Modeling, control, and analysis,’’ 2019,
arXiv:1911.06222. [Online]. Available: http://arxiv.org/abs/1911.06222

[10] H. Jia, W. Shang, F. Xie, B. Zhang, and S. Cong, ‘‘Second-order sliding-
mode-based synchronization control of cable-driven parallel robots,’’
IEEE/ASME Trans. Mechatronics, vol. 25, no. 1, pp. 383–394, Feb. 2020.

[11] H. Wang, L. Shi, Z. Man, J. Zheng, S. Li, M. Yu, C. Jiang, H. Kong, and
Z. Cao, ‘‘Continuous fast nonsingular terminal sliding mode control of
automotive electronic throttle systems using finite-time exact observer,’’
IEEE Trans. Ind. Electron., vol. 65, no. 9, pp. 7160–7172, Sep. 2018.

[12] H. Jamshidifar, A. Khajepour, B. Fidan, and M. Rushton, ‘‘Vibration
regulation of kinematically constrained cable-driven parallel robots with
minimumnumber of actuators,’’ IEEE/ASMETrans.Mechatronics, vol. 25,
no. 1, pp. 21–31, Feb. 2020.

[13] R. de Rijk, M. Rushton, and A. Khajepour, ‘‘Out-of-plane vibration control
of a planar cable-driven parallel robot,’’ IEEE/ASME Trans. Mechatronics,
vol. 23, no. 4, pp. 1684–1692, Aug. 2018.

[14] M. Rushton, H. Jamshidifar, and A. Khajepour, ‘‘Multiaxis reaction system
(MARS) for vibration control of planar cable-driven parallel robots,’’ IEEE
Trans. Robot., vol. 35, no. 4, pp. 1039–1046, Aug. 2019.

[15] H. Jamshidifar, S. Khosravani, B. Fidan, and A. Khajepour, ‘‘Vibration
decoupled modeling and robust control of redundant cable-driven parallel
robots,’’ IEEE/ASME Trans. Mechatronics, vol. 23, no. 2, pp. 690–701,
Apr. 2018.

[16] M. A. Khosravi and H. D. Taghirad, ‘‘Dynamic modeling and control of
parallel robots with elastic cables: Singular perturbation approach,’’ IEEE
Trans. Robot., vol. 30, no. 3, pp. 694–704, Jun. 2014.

[17] M. Shoaib, J. Cheong, D. Park, and C. Park, ‘‘Composite controller for
antagonistic tendon driven joints with elastic tendons and its experimental
verification,’’ IEEE Access, vol. 6, pp. 5215–5226, 2018.

[18] R. J. Caverly and J. R. Forbes, ‘‘Flexible cable-driven parallel manipulator
control: Maintaining positive cable tensions,’’ IEEE Trans. Control Syst.
Technol., vol. 26, no. 5, pp. 1874–1883, Sep. 2018.

[19] R. J. Caverly and J. R. Forbes, ‘‘Dynamic modeling and noncollocated
control of a flexible planar cable-driven manipulator,’’ IEEE Trans. Robot.,
vol. 30, no. 6, pp. 1386–1397, Dec. 2014.

[20] A. Abe, ‘‘Trajectory planning for residual vibration suppression of a two-
link rigid-flexible manipulator considering large deformation,’’ Mecha-
nism Mach. Theory, vol. 44, no. 9, pp. 1627–1639, Sep. 2009.

[21] W. Singhose and J. Vaughan, ‘‘Reducing vibration by digital filtering
and input shaping,’’ IEEE Trans. Control Syst. Technol., vol. 19, no. 6,
pp. 1410–1420, Nov. 2011.

[22] W. Singhose, ‘‘Command shaping for flexible systems: A review of the
first 50 years,’’ Int. J. Precis. Eng. Manuf., vol. 10, no. 4, pp. 153–168,
Oct. 2009.

[23] M. J. Maghsoudi, Z. Mohamed, S. Sudin, S. Buyamin, H. I. Jaafar, and
S. M. Ahmad, ‘‘An improved input shaping design for an efficient sway
control of a nonlinear 3D overhead crane with friction,’’Mech. Syst. Signal
Process., vol. 92, pp. 364–378, Aug. 2017.

[24] Y. Liu, Y. Dong, and J. Tan, ‘‘Online-offline optimized motion profile
for high-dynamic positioning of ultraprecision dual stage,’’ Complexity,
vol. 2018, pp. 1–13, Aug. 2018.

[25] J. M. Hyde, ‘‘Multiple mode vibration suppression in controlled flexible
systems,’’ M.S. thesis, Dept. Mech. Eng, Massachusetts Inst. Technol.,
Cambridge, MA, USA, 1991.

ZHENGSHENG CHEN was born in 1984.
He received the Ph.D. degree in mechanical engi-
neering from the Harbin Institute of Technology,
China, in 2015. He is currently a Lecturer with
the China University of Mining and Technology,
China. His research interests include dynamic
modeling, optimal design, and control of robotics.

XUESONG WANG (Member, IEEE) received the
Ph.D. degree from the China University of Min-
ing and Technology, in 2002. She is currently
a Professor with the School of Information and
Control Engineering, China University of Min-
ing and Technology. Her main research interests
includemachine learning, bioinformatics, and arti-
ficial intelligence. She was a recipient of the New
Century Excellent Talents in University from the
Ministry of Education of China, in 2008. She

is an Associate Editor of the IEEE TRANSACTIONS ON SYSTEMS, MAN, AND

CYBERNETICS: SYSTEMS and the International Journal of Machine Learning
and Cybernetics.

99430 VOLUME 8, 2020


	INTRODUCTION
	DYNAMIC MODELING OF THE GENERALIZED CDPR
	RV WITH MODIFIED MULTIPLE MODE IS
	RV SUPPRESSION PRINCIPLE WITH MULTIPLE MODE IS
	THE PROPOSAL OF THE MODIFIED IS
	THE PROCESS OF THE MODIFIED IS

	CASE STUDY
	CONCLUSION
	REFERENCES
	Biographies
	ZHENGSHENG CHEN
	XUESONG WANG


