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SUMMARY

Cable-driven parallel robots (CDPRs) possess a lot of advantages over conventional parallel manipu-
lators and link-based robot manipulators in terms of acceleration due to their low inertia. This paper
deals with under-constrained CDPRs, which manipulate the end-effector to carrying the payload by
using a number of cables less than six, often used preferably owing to their simple structures. Since
a smaller number of cables than six are used, the end-effector of CDPR has uncontrollable degrees
of freedom and that causes swaying motion and oscillations. In this paper, a scheme to curb on the
unwanted oscillation of the end-effector of the CDPR with three cables is proposed based on multi-
mode input shaping. The precise dynamic model of the under-constrained CDPR is obtained to find
natural frequencies, which depends on the position of the end-effector. The advantage of the pro-
posed method is that it is practicable to generate the trajectories for vibration suppression based on
multi-mode input-shaping scheme in spite of the complexity in the dynamics and the difficulty in
computing the natural frequencies of the CDPR, which are required in any input-shaping scheme. To
prove the effectiveness of the proposed method, computer simulations and experiments were carried
out by using 3-D motion for CDPR with three cables.

KEYWORDS: Under-constrained cable-driven parallel robot; Input shaping; Vibration; Natural
frequency; Trajectory generation.

1. Introduction
Cable-driven parallel robots (CDPRs) employ several cables instead of rigid links to manipulate the
pose of their end-effector. CDPRs have many advantages in comparison with conventional link-based
parallel manipulators and serial-linked robot manipulators. Since CDPRs use low-inertia cables in
place of rigid links, the total mass of moving parts is small and it can be possible for the end-effector
to move fast or to carry a heavy load. Thus, CDPRs can exhibit the high performances in terms
of speed, load manipulation, energy efficiency, so on. They can have broad workspace and have
comparatively simple structure, making it easy to assemble and disassemble a CDPR system. These
advantages enable them to be used more frequently in variety of application fields.'~

CDPRs have some drawbacks, particularly caused by flexibility of the cables, such as oscillations
of their end-effector and cable sagging due to cable weights. Also, one of the important character-
istics of CDPRs is that the force that they can generate at their end-effector is the sum of pulling
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376 Oscillation reduction and frequency analysis of CDPR

forces by the cables since cables cannot exert a pushing force. As a result, a typical CDPR has
more cables than the degrees of freedom (DOFs) of the end-effector in order to be able to exert any
force and torque at the end-effector,* which are called over-constrained CDPRs or fully-constrained
CDPRs.

Unlike over-constrained CDPRs, under-constrained CDPRs use fewer cables than the DOFs of the
end-effector. So, the end-effector has uncontrollable DOFs in motion and it may not be possible to
achieve any postures of the end-effector. And the vertical motion of the end-effector is controlled by
the interaction between the vertical components of the pulling forces by the cables and the weight of
the end-effector. Since under-constrained CDPRs use fewer number of cables compared with over-
contrained CDPRs, their structure is simpler; therefore, they are less expensive and have a larger
workspace based on perspective of collisions problems between the cables and the objects. Under-
constrained CDPRs can be applied to many application fields such as measurement, rescue, service
and construction yards.’!2

However, in under-constrained CDPR systems, the controllable workspace to satisfy desired
pose of the end-effector may not exist and unwanted sway or oscillations of the end-effector may
occur. Many researchers have been studying under-constrained CDPR systems to overcome their
weakness. Planning the trajectory and finding the equilibrium point are a challenging problem of
under-constrained CDPRs. Solving the forward and inverse kinematics under the kinematic con-
straints and the static balance of forces is a problem to be resolved.!* One research group proposed
a method to solve the forward and inverse kinematics of an under-constrained CDPR, and stabil-
ity analysis of static equilibrium is assessed based on the geometrico-static model.!*?? Oscillation
damping of nonlinear system based on the phase trajectory length concept and anti-oscillation control
were proposed for the under-constrained CDPR.?*

Other research groups studied on planning trajectories for under-constrained CDPRs. A method to
generate the trajectory on the basis of the inverse dynamic analysis was proposed in>> and an antisway
control method was proposed to suppress the oscillations of the end-effector in ref. [26]. And, trajec-
tory tracking control of the end-effector was achieved by applying flatness-based control.”” However,
above-mentioned methods can be only applied to a special type, or crane-type manipulators,”® which
adjusts the cable length by using a winch installed at trolley. In refs. [29-31], a dynamic trajectory
planning method was proposed based on a set of algebraic inequalities obtained from constraints on
the cable tensions. It can be used to plan trajectories that extend beyond the static workspace of the
under-constrained CDPR system. Another group proposed a geometrical approach to plan trajecto-
ries that also extend beyond static equilibrium workspace of the mechanism.?> Despite of the fact
these trajectory generation methods are useful to expend the workspace, they are too special and it is
difficult for their methods to expanded to more general cases since they can generate the periodical
trajectories. An anti-sway trajectory generation method was proposed by using input-shaping algo-
rithm® and a neural network-based input-shaping method was proposed for an overhead crane.* A
rest-to-rest trajectory planning method based on the solution of a boundary value problem was pro-
posed?, but the method only considers the 2-D planer case of the under-constrained CDPR. Although
many trajectory planning methods have been proposed, trajectory generation to suppress unwanted
sway and oscillations of the 3-D under-constrained CDPRs is still a challenge because of the com-
plexity caused from the characteristic of 3-D under-constrained CDPR mechanism. To resolve these
problems, our research group proposed the trajectory generation method based on input shaping for
3-D under-constrained CDPRs.*® However, a single-mode input-shaping algorithm was applied by
using an approximate natural frequency obtained from a simplified under-constrained CDPR model
which is equal to an under-constrained CDPR with two cables in plane. Thus, this method involves
the inaccuracy of the system model and can only be applied to the under-constrained CDPR system
which has four cables and square shape workspace.

In this paper, a trajectory generation method for under-constrained CDPRs with three cables is pro-
posed based on multi-mode input shaping to suppress unwanted oscillations of end-effector moving
in 3-D space. The end-effector is suspended by three cables, and the orientation of the end-effector in
equilibrium depends on the position of the end-effector. To solve inverse kinematics, the orientation
with respect to the position of the end-effector is numerically analyzed by using the static equations
and constraints. Natural frequencies of the CDPR required for the input-shaping method are ana-
lytically computed based on the Lagrange’s equation of motion (EOM) and the linearization of the
dynamics based on the perturbation method. The multi-mode input shaping is used to generate the
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Fig. 1. Under-constrained CDPR model with three cables.

trajectory to suppress the oscillations by using the natural frequencies. Simulations and experiments
of 3-D under-constrained CDPR motions were performed and their results showed that the proposed
method is effective in significantly reducing the transient and residual oscillations of the end-effector.

This paper is organized as follows. Section 2 describes the kinematics and dynamics of the the
CDPR with three cables, which is used in this work. The natural frequency analysis of the CDPR is
done and the multi-mode input shaping based on the frequency found is applied in order to generate
a vibration suppression trajectory in Section 3. Section 4 shows the effectiveness of the proposed
method in computer simulations and experiments. Finally, a few conclusions are drawn in Section 5.

2. Kinematics and dynamics

2.1. CDPR model with three cables

An under-constrained CDPR with three cables, shown in Fig. 1, will be used in this study. It is
assumed that the end-effector is a thin uniform disc and the three cables are assumed to be inex-
tensible and massless. The length of each cable can be changed by its servo system with a pulley
and a winch. The global coordinate frame {0} is attached to the ground at one of the vertical posts,
and a moving coordinate frame {A} is attached at the COM of the end-effector, whose position is
represented by

X=[xyz]Te]R3. (D)

Cable i (i =1, 2, 3) that links Point a; on the end-effector and its associated pulley position, Point
A;, can be represented by a vector

(,’ éAi — a;. (2)

And r; € R? denotes the position vector from the COM of the end-effector to Point ¢; and it can
be written as

0 A
l'i=RA r;,

where “r; is the vector r; expressed by Coordinate Frame {A} and Rg denotes the rotation matrix
between the coordinate frames { O} and {A}. Note that “r; is a constant vector.

Since the end-effector is constrained by three cables in 3-D space, the under-constrained CDPR
system has three uncontrollable DOFs and it can lead to unwanted sway or oscillations of the end-
effector.
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2.2. Dynamics and kinematic constraints
Motions of the end-effector have controlled by the servo system and it is constrained by kinematic
constraints expressed by Eq. (3):

x=A, —R{% — 4, (=1,2,3). (3)

The number of these kinematic constraints is equal to the number of cables. Rotation matrix, Rg,
denotes the orientation of the end-effector with respect to the global coordinate frame {O}. With the
use of by Z-Y-X Euler angle based on Tait-Bryan angles, the rotation matrix can be expressed by

CyCo CySeSp — CpSyr CpCyrSo + SopSyr
Rg £ CoSyr CpCyr + SoS¢pSy —SpCyr + CopSoSy | » (4)
—Sp CoS¢ CoCy

where v, 6 and ¢ denote yaw, pitch and roll angles, respectively. For notational brevity, ‘s’ and ‘c’
denote sine and cosine functions, respectively.

To obtain the Lagrange’s EOM, the position and orientation parameters of the end-effector are
selected as generalized coordinates,

g=K"y"1", (5)
where
=16yl (6)
And angular velocity, , expressed with respect to Coordinate Frame {A} is
0 =W, (7
where
1 0 —sp
W) =10 cy sgco | . (8)
0 —s¢ cpcp

Thus, the kinetic energy of the end-effector is the sum of the translational kinetic energy evalu-
ated in the global coordinate frame {O} and the rotational kinetic energy evaluated in the moving
coordinate frame {A} and it can be expressed by

1 LT . 1 . TxxrT .
K =smx'x+ 20 W (mIcWan7. €))
where m and I denote the mass and the moment of inertia of the end-effector, respectively.
The potential energy of the end-effector that depends on the gravitational force is

V =mge!x, (10)
withe. 2[00 1]7.
The Lagrangian is defined as
LEK -V
=%mﬂi+%f“ﬂMHdwmﬁ—mg¥x (11)

The kinematic constraints in Eq. (3) can be written as
¢i(g)=0 fori=1,2,3, (12)
where

¢i(@) = Ix+RT () “ri — A[* — [1€:])*. (13)
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It is possible to define the extended Lagrangian to reflect the holonomic constraints, ¢ = 0, as

3
LoALAY dii=L+¢", (14)
i=1
where ¢; and A;, respectively, denote the i-th component of ¢ € R* and A € R?. Note that the latter

represents the constraint force, that is, the cable tensions.
Then, the Lagrange’s EOM can be written as

a (%) L 0Ly (152)
dt \ aq aq
or
T
4 ()2 (), st
dt \ 9q aq dq

This equation combined with Eq. (12) describes the dynamics of the CDPR.

2.3. Static equilibrium of end-effector

Let’s find the equilibrium points of the under-constrained CDPR system, satisfying ¢ = ¢ = 0, where
the natural frequency of the system will be found later. Since dL/dq =0 with ¢ = q =0, and the
Lagrangian in Eq. (11), Eq. (15b) becomes

L (de\" .
@+(5> A=0. (16)

Note that there exist nine equations: three constraint equations of Eq. (12) and six equations of
Eq. (16). Note also that there are /2 unknowns: X, 1y, Ao and ||¢;]| fori =1, 2, 3. Here, the symbols
with subsection ‘0’ denote quantities at a static equilibrium. Therefore, if xq is fixed, all the other
unknowns including 5 can be determined. Note that among many solutions, only the one with A; o > 0
forall i =1, 2, 3, implying positive tensions at all the cables, is valid. After all, this means that there
exists a mapping ¢ : Xo — 1.

As an example, let’s consider a 3-cable CDPR which will be used through out the work. In it, the
three pulleys are elevated 2 m from the ground and their projected positions on the ground form an
isosceles triangle with 2-m base and 2-m height. Figure 2 shows how the orientation angles change
as the horizontal position of the end-effector changes at z = 0.5 m, 1 m or 1.5 m. The tilting angle
of the end-effector with a horizontal plane increases rapidly as the end-effector approaches to the
edges of its workspace. The range of the tilting in horizontal motions shrinks as z increases. Here,
the end-effector is assumed to be a circular disk with radius of 0.115 m and the ends of the three
cables on the end-effector form an equilateral triangle, similar to the pulleys. Notice that mapping ¢
depends on the size of the end-effector and the locations where the ends of the cables are connected
to the end-effector.

3. Trajectory generation to suppress oscillations

3.1. Natural frequencies of CDPR
To generate the trajectory to suppress the unwanted vibrations of the CDPR by applying the input-
shaping algorithm, the natural frequency of the CDPR should be found. If the end-effector is
constrained by n (< 6) independent cables, motions of the CDPR have (6 — n) DOFs. For a 3-cable
CDPR, it has three DOFs and thus three modes.

By splitting the dynamics in Eq. (15) into two based on the states, x and , and then removing the
Lagrange multiplier A,

0=¢ 7T i % _% —_¢ T i % _%
Y dr \ 9% 9x o lde \ 97 an

£&(q), (17)
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Fig. 2. Relation between the orientation and the position of the end-effector at static equilibrium states on a
horizontal plane at (a) z=0.5m, (b) z=1mand (c) z=1.5m.

where

9
®,(q) = £ e R3S,

By linearizing the nonlinear dynamics in Eq. (17) around an equilibrium point based on the
perturbation method,?” it is possible to find the CDPR’s natural frequencies.

When the end-effector oscillates around the any equilibrium point, the position and the orientation
of the end-effector can be expressed as

X(1) =X + 8x(1), (18)
n(t) =no + (), (19)

where §x(¢) and é5(¢) denote the perturbations around the equilibrium point with Xy and »,.

By neglecting the quadratic and higher-order terms of the perturbation variables, which is possible
because the effect of that terms is very small on the system when the perturbation is bounded in small
range, Eq. (17) can be simplified as

M, 8% + M, 87 + K, 0x + K69 =0, 20)
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Fig. 3. Tendency of natural frequencies depending on the location of the end-effector at (a) z= 0.5 m, (b) z =
Imand(c) z=1.5m.

where
0 0
sz__g, 5 an_.g. 9’
X |, 01 |o
0 0
K.=2% k=%
x| an o

To find the natural frequencies, Eq. (20) should be composed as the function of three perturbation
variables. In this paper, three perturbation variables to fine the natural frequencies are selected as one
perturbation vector which is éx or 7. The relationship of two perturbation vectors can be expressed
from the linearized equation of kinematic constraints of Eq. (12) as follows:

®, 08X+ D, 00=0, 1)
®, 5%+ B, 007 =0, (22)
®, o 5%+ B, 0 8ij =0, (23)

with @, 02 ®,(g,) e R¥3 and @, 02 ®,(q,) € R***. For more details on them, refer to
Appendix A.

By combining Egs. (20), (21), (22) and (23), the linearized dynamic equation of the system can
be expressed in terms of single perturbation variable, §3:

(M, — M. @, (®,,) 8ij + (K, — K, ®_ (&, ) 5n=0. (24a)
or
8ij + %5y =0, (24b)
where
Q2 (M, — qug},cpn,o)’l (K, — K@, (®,). (25)

Note that the eigenvalues of matrix £ are the natural frequencies of the system and that they depend
on the equilibrium position and orientation of the end-effector, ¢,,.

How the three natural frequencies change as the end-effector of the CDPR described in Section 2.3
moves horizontally at a different height is shown in Fig. 3. Two of the highest natural frequencies
rapidly increase (the lowest frequency gradually decreases) as the end-effector moves horizontally
toward the workspace boundary.

3.2. Designing of multi-mode input shaper
Input-shaping method can be used to reduce the vibration by modifying the original command input
signal, and the modified command input signal is self-canceling.®*° The modified command input
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Fig. 4. Process of m-mode multi-mode input shaping.

signal with vibration canceling characteristic is formed through convolution with original command
input and a sequence of impulses which can be formed based on the natural frequency of the system.
The sequence of impulses can be expressed by

()= At — ), (26)

i=0

where 7 is the number of impulses required to reduce vibration and A; is magnitude of each impulse
at time 7;. All of the A; should be larger than 0 and its sum should be 1, thatis, > A; = 1.

In this work, multi-mode input-shaping algorithm based on Zero-Vibration (ZV) shaper is used
to generate modified command input to suppress the unwanted oscillations caused by uncontrollable
DOF of the under-constrained CDPR system. Figure 4 shows the process of m-mode input-shaping
algorithm, where () means the original command input signal, /(¢) is a sequence of impulses with
respect to each mode and y(¢) is the modified command input signal to suppress the oscillations.
When the target system has m-mode, the number of the impulse to convolute with original command
input is 2. The sequence of impulses based on each mode is generated:

1
()= Adt—1), (a=1,....m), 27)

i=0
where m is the number of modes and

Ai| _|Ki/(I+Ki) 1/(1+K;)
Ti - 0 7'[/(1),,!,'

} . (=0,1). (28)

Here, K; =exp(—¢im/y/1 — ¢?), which defines the magnitudes of the impulses, depends on the
damping ratio ¢; only. The time of an impulse, 7;, can be obtained by using the natural frequency
of the target system.

Next, in order to generate the modified command input signal, y(#), the original command input
signal, u(¢), which is the desired trajectory of the end-effector, is convoluted with these sequences of
impulses:

U () =11 (t) s lp(t) % - - - %Ly (1) % u(t). (29)

The number of modes of the under-constrained CDPR is equal to the uncontrollable DOFs. And,
since there is no damping in the system, that is, in Eq. (24b), the damping ratios are all zero and thus
the magnitude of impulses, A;, is 0.5.

4. Simulations and experiments

4.1. Simulations

In order to measure the performance and to prove the effectiveness of the proposed method, computer
simulations were conducted with commercial software: Matlab® and Recurdyn®. The CDPR model
used in the simulations is the one for the 3-cable under-constrained CDPR used in the experiments,
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Table I. Parameters associated with the under-constrained CDPR system used in the experiments.

Description Specification
Workspace dimension 2m x2mx2m
Payload radius 0.115m
Payload mass 0.795 kg

Payload moment of inertia Iy,  3.104 x 1073 kg-m?
Payload moment of inertia Iy,  3.104 x 1073 kg-m?
Payload moment of inertiaI,, 6.204 x 1073 kg-m?

Pulley ¥

e tmverse |} I | under-constrained
o of e —a1 Minematics [ Controlier COPR system.
W0y shaper e
| 4ir
L S

Fig. 6. A block diagram of the under-constrained CDPR control system used in the simulations and experiments.

which is shown in Fig. 5. Key parameters of the CDPR are listed in Table I, where the moment of
inertia is for the end-effector combined with an inertial measurement unit (IMU) installed on it. In
these simulations, the cables are assumed to be inextensible and massless.

The block diagram of the overall system used in the simulations as well as experiments is shown
in Fig. 6. The original position command of the end-effector passes through a filter called the input
shaper. Based on the filtered position command of the end-effector, the desired length of each cable
is computed in the inverse kinematics. And a PID controller is used for each cable to make its actual
length follow the desired one, and the same control gains used in the PID controller were used in all
of the simulations.

4.1.1. Motion on horizontal plane.

Circular motion. In the first simulation, the focus was on how well the system would track a given
circular path on a horizontal plane. The end-effector stayed at a single point on the circular path,
point P, for 2 s (between t =0 s and r =2 s). And then it started moving and followed a given
circular trajectory with a constant angular velocity in the next 5 s (between t =2 s and t =7 s). After
completing a single circular motion, it stopped at point P and stayed there afterwards.

To verify the performance of the proposed method in reducing the sizes of transient and resid-
ual vibrations, the circular trajectories were used: one with a constant angular velocity, one with a
trapezoidal angular velocity, one with input-shaping filter based on the circular trajectory with the
constant angular velocity, and one with a continuous angular jerk. Figure 7 shows these four desired
circular trajectories based on a circular path of 0.35 m in radius on the horizontal plane with a height
of 1 m in z-direction. Their angular velocity and acceleration profiles are shown in Fig. 8, where
the dotted, solid-blue, solid-red and solid-cyan lines are for a constant velocity profile, a trapezoidal
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Fig. 7. A circular trajectory of the end-effector: (a) trajectory in x-direction and (b) trajectory in y-direction.
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Fig. 8. Angular velocity and acceleration profiles for circular motions.

velocity profile, the input-shaped profile, and a continuous jerk, respectively. Note that an inevitable
time delay exists in the input-shaped trajectory since the constant velocity trajectory is convoluted
with impulses in the process of the input shaping.

The changes of the orientations, when the end-effect moves along the circular trajectory, are an
inevitable consequence of the under-constrained CDPR system since the orientation of the end-
effector changes as the end-effector position changes even in the equilibrium. The residual vibrations
were persistent and did not decay, as shown in Fig. 9, since there is no damping elements in the
simulation model.

Unwanted oscillations of the end-effector in the positions and orientations were subsided most
when the input-shaping filter was used as shown in Fig. 9. The trajectory with the trapezoidal veloc-
ity profile showed good characteristics in suppressing the unwanted oscillations, even though it could
not match the performance of the input-shaping filter. The RMS values measured for 8 s after com-
pleting a motion for the translational and orientational residual oscillations of the end-effector are
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Table II. The RMS of the translational and rotational residual oscillations in the simulations of a circular

motion.
Oscillation Constant Trapezoidal Inputshape Jerk
type
Translational
20.76 7.80 3.96 29.19
(mm)
Rotational
19.27 3.89 1.94 14.54
(degree)
(a) (b)
1400
— 1000
1200
T = 800
£.1000 E |
[ = c L
S S 600
@ 800 ---ConstantV 3 ---ConstantV
o : —TrapezoidalV o —TrapezoidalV
600 VS — InputShape 400 AR InputShape
— Jerk ¥ —Jerk
v/
400 : 200
0 2 4 [¢] 8 10 12 0 2 4 6 8 10 12
Time [s] Time [s]
(c) (d)
1015 60
---ConstantV . L
—Trapezoidaly I |I shan 40 : N
1010 - —InputShape =
E —Jerk D o
£ k=]
= c
5 1005 S 9
= 3
o c
(=] @ ---ConstantV
o ==20 :
1000 — o — TrapezoidalV
—InputShape L
-40 —Jerk L
995
-60
0 2 4 ) 6 8 10 12 2 4 6 8 10 12
Time [s] Time [s]
(e) (®
60 20
R ---ConstantV
40 n ---ConstantV —TrapezoidalV |
_ S —TrapezoidalV — 4o —InputShape P ,
Z — InputShape P | —Jerk i) 1 i .
=t —Jerk h=A : s on :
c c . '
S 2 0 i
I 3 |
5 5 i
£_20 2 h
(e} O-10 : ||| | j\) 1||
40 Vo |
-60 =20
0 2 4 5] 8 10 12 0 2 4 6 8 10 12

Time [s]

Time [s]

Fig. 9. Simulation results for a circular trajectory of 0.35 m in radius: (a) position in the x-direction; (b) position
in the y-direction; (c) position in the z-direction; (d) roll angle; (e) pitch angle; and (f) yaw angle.

summarized in Table II. The former is defined as the square-root of the sum of the RMS values in the
x-, y- and z-directional motions; and the latter is defined as the square-root of the sum of the RMS

values in the roll, pitch and yaw motions.
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Table III. The RMS of the translational and rotational residual oscillations in the simulations of motion along a
straight line.

Oscillation Constant Trapezoidal Inputshape Jerk

type
Translational
anslationa 15.09 5.11 3.07 8.62
(mm)
Rotational 16.37 4.67 226 6.34
(degree)
(a)
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Fig. 10. Desired trajectories and velocity profiles for motions along a straight line.

Motion along straight line. For a motion along a straight line, the starting and the ending points
are different and the system natural frequencies at these points are different. In order to see how
this difference in the frequencies affects the transient and residual vibrations of the end-effector,
additional simulations were performed. The end-effector started its motion in the x-direction from
the rest at x = 1.00 m and then stopped after traveling 0.5 m, that is, at x = 1.50 m. Figure 10 shows
the straight-line motion trajectories in position and velocity. The three natural frequencies change
along the motion path as shown in Fig. 11. The one in blue in the plot ranges from 2.13 to 2.60 Hz,
the orange from 1.29 to 2.11 Hz and the yellow from 0.89 to 1.10 Hz.

Despite the fact that the natural frequency at start of the motion is different from that at the final
position of end-effector, the transitional and residual oscillations of the end-effector were suppressed
when the input-shaped trajectory was generated by the proposed method, which can be observed in
Fig. 12. The RMS values on the residual vibrations are listed in Table III and that were measured for
8 s after completing a motion.

4.1.2. Motion in 3-D space. To verify the effectiveness and performance of the proposed method
when there is the difference of the natural frequencies between the start point and the end point
of the path, motions based on spiral paths in z-direction were simulated additionally. All the
conditions for the simulations are the same as the ones in Section 4.1.1 except the z-direction.
The end-effector rises from 1.0 to 1.1, 1.3 and 1.5 m, and falls from 1.0 to 0.9, 0.7 and 0.5
m for the spiral motions. The natural frequencies of initial point and final point of the path are
shown in Fig. 13. The oscillations of the end-effector in the orientations are shown in Fig. 14.
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Fig. 11. The three natural frequencies change as the end-effector changes its position in the x-direction.
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Fig. 12. Simulation results for a straight-line motion: (a) position in the x-direction; (b) position in the
y-direction; (c) position in the z-direction; (d) roll angle; (e) pitch angle; and (f) yaw angle.
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Fig. 13. The three natural frequencies change as the end-effector changes its position in the z-direction.
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Fig. 14. Simulation results for a circular motion with input-shaped filter when the final point is not same as
the initial point: (a) roll angle when input shaped trajectory is used; (b) roll angle when trajectory based on
trapezoidal velocity profile is used; (c) pitch angle when input shaped trajectory is used; (d) pitch angle when
trajectory based on trapezoidal velocity profile is used; (e) yaw angle when input shaped trajectory is used; and
(f) yaw angle when trajectory based on trapezoidal velocity profile is used.
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Table IV. The RMS of the residual rotational oscillations in the experiments (unit: degrees).

Motion type Constant Trapezoidal Inputshaped Jerk

Circular 11.22 2.42 1.31 9.36
Linear 6.85 1.71 1.06 5.29
(@)
30 r
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Fig. 15. RMS of rotational and rotational residual oscillations in the simulation of a circular motion: (a) RMS
of translational residual oscillations and (b) RMS of rotational residual oscillations.

And the RMS values of the translational and rotational residual oscillations are shown in Fig. 15
when the input-shaped spiral trajectories and spiral trajectories with trapezoidal velocity profiles
were applied and that were measured for 8 s after completing a spiral motion. The amplitude
and the period of residual vibrations tend to be reduced when the position of the end-effector
rises in z-direction, because the cable tension is increased. Despite the difference in the natural
frequencies at the initial position and final positions of the trajectory, the performance of the tra-
jectories with input shaping is better than that of the trajectories based on the trapezoidal velocity
profiles.

4.2. Experiments

The cables used in the CDPR are made of stainless steel, and their diameter is 1.0 mm. Each of
the three winches to drive, the cables are actuated by a pair of AC servomotors (Model: Beckhoff
AM3024) and AC motor drives (Model: Beckhoff AX5203). Thus, the pose of the end-effector of
the CDPR can be regulated by the servo system which directly controls the lengths of the three
cables. Each of the three sub-pulleys was installed in the middle of a vertical post. Each of the three
idling pulleys was installed at the top of its vertical post in order to make it possible to change the
direction of the cable when the end-effector moves. An IMU sensor (Model: LORD MicroStrain®
3DM-GX5-45) was installed at the end-effector to measure the roll, pitch and yaw angle of the
end-effector.

In the experiments, the four different trajectories used in the simulations were tried. The same
circular path used in the simulations was used in the experiments. For the straight-line trajectory
with a constant speed, it took 1.14 s to finish the motion.

The results in the experiments were similar to those in the simulations for both circular and
straight-line motions on horizontal plane and spiral motions in 3D space. As shown in Figs. 16
and 17, the unwanted vibrations were significantly suppressed when the input-shaped trajectory
or trajectory with trapezoidal velocity was used. Among the two, the input-shaped trajectory was
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Fig. 16. Experimental data with roll, pitch and yaw angles of the end-effector based on a circular trajectory of
0.35 m in radius: (a) roll angle; (b) pitch angle; and (c) yaw angle.

better in suppressing unwanted oscillations. With the input-shaping method, the residual vibra-
tions were reduced by 45.5% and 38.0%, respectively, for a circular and linear motions, compared
with the trapezoidal velocity profile, which is summarized in Table IV. In cases of the spiral
motions, the performance of the input-shaped trajectories is also better than that of the trajec-
tories based on the trapezoidal velocity, and Fig. 18 shows the measured orientations of the
end-effector.

By the way there is a difference between experimental and simulation results. The residual vibra-
tions did not decay in the simulations as shown in Figs. 9, 12 and 14; however, they decreased slowly
in the experiments, as shown in Figs. 16—18. This difference is caused by energy loss elements in the
hardware which were neglected in the simulation model, such as pulley friction and damping/friction
in the cables.

https://doi.org/10.1017/50263574719000687 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574719000687

Oscillation reduction and frequency analysis of CDPR 391
(a)

30
S 20 ' t Ao
@
=,
= "
£ 10 :
£ ;
5 ' ---ConstV
&= ' —TrapezoidalV'
o 0 ' —InputShape
\ —jerk
=10
0 2 4 6 8 10
Time [s]
(b)
20
---ConstV
. 0 —TrapezoidalV'
P —InputShape
=,
= —20
Be]
T
T -40
N
(@]
—-60 N
-80
0 2 4 6 8 10
Time [s]
(c)
10
5 . ---ConstV
= ! ~—TrapezoidalV'
F o —InputShape
=
§ ™ z
o ¥
£ -0 A
K \ i
5 -15 AR
—20 ' i : ]
=25
0 2 4 6 8 10
Time [s]

Fig. 17. Experimental data with roll, pitch and yaw angles of the end-effector based on a straight-line trajectory
of 0.5 m in moving distance; (a) roll angle; (b) pitch angle; and (c) yaw angle.

5. Conclusion

In this paper, a trajectory generation method to suppress unwanted sway or vibrations related with
under-constrained CDPR system was proposed, and simulations and experiments were conducted to
verify the effectiveness and performance of the proposed method. The trajectory which reduces the
unwanted oscillations is generated by applying multi-mode input shaping based on zero-vibration
method. For this, the analysis of natural frequency of 3-cable under-constrained CDPR system
was conducted by solving and linearizing the dynamics around an equilibrium point with the per-
turbation method. It is verified through simulations and experiments that unwanted oscillations in
under-constrained CDPRs can be suppressed by using the proposed method.
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Fig. 18. Experimental data with roll, pitch and yaw angles of the end-effector based on a spiral trajectories:
(a) roll angle when input shaped trajectory is used; (b) roll angle when trajectory based on trapezoidal velocity
profile is used; (c) pitch angle when input shaped trajectory is used; (d) pitch angle when trajectory based on
trapezoidal velocity profile is used; (e) yaw angle when input shaped trajectory is used; and (f) yaw angle when
trajectory based on trapezoidal velocity profile is used.
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Appendix A
A. Perturbations
Kinematic constraints are satisfied even at equilibrium points, that is, when x(#) = x¢ and 5(¢) = 5,:

¢i(X0, mp) =0, i=1,2,3. (A1)
Since these constraints must be valid any time, even with perturbations,
¢i (X0 + 08X, no+06n) =0, i=1,2,3. (A2)
Using the Taylor series expansion, Eq. (A2) becomes
d¢; 0p; .
@i (X0, n9) + 3% x + 3 dn+hot=0, i=1,2,3. (A3)
0xX | an |
Using Eq. (A1), Eq. (A3) becomes, up to first-degree of perturbation variables,
09; 09; .
Wil sxt 290 su—0. i=1.2.3 (Ad)
0xX | an |

Differentiating the constraints with respect to time, that is,

d
—¢ix, ) =0, i=1,2,3 (AS)
dt
yields
0pi . 0o . :
i 00, i=1.2.3. (A6)
X an
With perturbations at the equilibrium point, X = X¢ + 6x and § = i), + §5) withXo =1, =0
0 i . 0 ) . .
i) o5+ 2% sh—0, i=123. (A7)
X | an |o
Differentiating Eq. (A6) with respect to time, that is,
d (3¢;.  0¢;. .
— [ Zx+p) =0, =1,2,3 A8
dt<8xx+ 817”) : (A8)
yields
d (0¢i\. 0¢i. d (0¢;i\. 0¢i. ,
— (= /X4 — | = —ij=0, =1,2,3. A9
dt<8x)x+ axx+dt<an>"+an" : (A9)
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Fpi.  Phi . Fpi. ¢ L.
(3X2 X+ Bnaxn)x+(8n2 "t 8X8nx> "
i ..  0;

ox an

With perturbations at the equilibrium point, X = X + 6X, X = X + 6X, ) = 1)y + 67 and i} = i, +
51 with xo =17y =Xo =1, =0, Eq. (A10) can be rewritten up to the first degree of perturbation
variables as

0gi| .. 0| . .
i 6X-|—i si=0, i=1,2,3. (A11)
X | o |y

Using vector notation, Egs. (A4), (A7) and (Al1) can be written as Eqgs. (21), (22) and (23),

respectively.
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