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Abstract

Traditional simulation methods are unable to meet the requirements of lunar takeoff simulations, such as high force
output precision, low cost, and repeated use. Considering that cable-driven parallel mechanisms have the advan-
tages of high payload to weight ratio, potentially large workspace, and high-speed motion, these mechanisms have
the potential to be used for lunar takeoff simulations. Thus, this paper presents a parallel mechanism driven by nine
cables. The purpose of this study is to optimize the dimensions of the cable-driven parallel mechanism to meet
dynamic workspace requirements under cable tension constraints. The dynamic workspace requirements are derived
from the kinematical function requests of the lunar takeoff simulation equipment. Experimental design and response
surface methods are adopted for building the surrogate mathematical model linking the optimal variables and the
optimization indices. A set of dimensional parameters are determined by analyzing the surrogate mathematical
model. The volume of the dynamic workspace increased by 46% after optimization. Besides, a force control method
is proposed for calculating output vector and sinusoidal forces. A force control loop is introduced into the traditional
position control loop to adjust the cable force precisely, while controlling the cable length. The effectiveness of the
proposed control method is verified through experiments. A 5% vector output accuracy and 12 Hz undulation force
output can be realized. This paper proposes a cable-driven parallel mechanism which can be used for lunar takeoff

simulation.
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1 Introduction

In the third phase of the Chinese lunar exploration pro-
ject, the verification of lunar takeoff technology will be
completed by Chang’e V probe [1]. During the initial
phase of takeoff, because sufficient initial values of iner-
tial measurements cannot be obtained, the guidance,
navigation, and control system does not function in con-
trolling the reentry capsule. Thus, the successful launch
of the reentry capsule depends heavily on the launcher
design, which should be verified by ground experiments.
Therefore, a ground experimental device needs to be set
up to precisely simulate the low-gravity environment on
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the lunar surface, the thrust of the engine, and the dis-
turbing force.

Currently, the available methods for simulating the
low-gravity environment on the lunar surface could be
classified into four categories, namely, the inertia com-
pensation method [2], the buoyancy balance method [3],
the rigidity parallel mechanism simulation method [4],
and the sling suspension method [5]. The inertia com-
pensation method is limited by short simulation time and
high cost. The buoyancy balance method can establish a
broad range of stable low-gravity environments, but the
dynamic performances of the test objects are severely
affected by water. The workspace of the rigid paral-
lel mechanism is too small, while the sling suspension
method can only support force along one direction. Con-
sidering that cable-driven parallel mechanisms (CDPMs)
have the advantages of high payload to weight ratio,
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potentially large workspace, and high-speed motion [6], a
parallel mechanism driven by nine cables is proposed for
lunar takeoff simulation.

To perform lunar takeoff simulation experiments, a
CDPM should have enough workspace to output the
desired resultant force with high precision. The work-
space of the CDPM is surrounded by a convex hull that
is made up of fixed points [7]. The objectives of this study
are to optimize the dimensions of the CDPM to meet the
workspace requirements, and to design a control method
to meet the force accuracy requirements.

So far, substantial progress has been made in the design
of CDPMs. In Ref. [8], Ming pointed out that a cable sys-
tem with j end-effector DOFs requires at least i=j+1
cables, since the cable can only be in tension. Verhoeven
[9] studied the feasible workspace considering pull and
stiffness conditions. Gosselin focused on the dynamic
workspace in solving the dynamic trajectory planning
problem [10]. Merlet [11] proposed an algorithm to
determine a polygonal approximation of the workspace
border induced by a specific constraint. Previous stud-
ies on dimensional optimization design were based on
workspace requirements, and the constraint condition
was derived from tension and stiffness requirements [12—
14], which will greatly influence the accuracy of CDPMs.
Tang et al. [15] proposed stiffness and tension may be
considered as a whole to evaluate the workspace qual-
ity. Tension distribution is another issue in the study of
CDPM. Researchers have taken advantage of the convex
method [16], tension-level index [17], and gradient pro-
jection [18] to distribute tension.

Unlike previous studies, for the CDPM proposed in this
paper, the distribution of cables is relatively concentrated,
which means that the interactions among design vari-
ables can not be neglected. The response surface method
(RSM) [19-21] is a multiparameter optimization method
that is based on the concept of building a surrogate math-
ematical model to quantitatively describe the interac-
tions among the design variables, and the relationship
between the design variables and the performance index.
To obtain a more accurate surrogate mathematical model
with fewer test points, the experimental design method
(DOE) is used to lay out the location of the sample points
[21]. Thus, the first contribution of this study is the pro-
posal of a novel optimization procedure based on the
DOE and RSM to drive the structure of the CDPM for a
given task.

The most frequently used control strategy is to control
the cable length (or the angle of motor): a feedback con-
trol in the cable length is used for coordination to real-
ize the desired cable length corresponding to a desired
position of an end-effector. Motion convergence, using
PD feedback control in the cable length coordinates, was
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proven with a Lyapunov function and Vector Closure by
Kawamura et al. [22]. Fang et al. [23] proposed nonlinear
feedback control laws in cable length coordinates, and
the optimal tension distribution was considered to the
advantage of the control laws. Werner et al. established
an analogous model of the CDPM, then identified system
parameters, pulley friction, and load, and finally imple-
mented feed-forward and integral controllers to improve
control accuracy [24, 25]. Other reported algorithms
used in the control of CDPMs are composite control
[26], computed torque control [27], robust PID control
[28], and adaptive control [29]. However, previous stud-
ies could not meet the tension accuracy requirements
for lunar takeoff simulation. In this study, a force loop
is introduced into the traditional position control loop,
and the force loop is used for the precise adjustment of
tension.

The remainder of this paper is organized into six sec-
tions. In Section 2, we give the function requirements
and a hardware overview of the CDPM. A kinematic
model of the CDPM and an iterative program to calculate
its workspace are given in Section 3. In Section 4, a sur-
rogate mathematical model linking the structure param-
eters and the dynamic workspace is built based on the
DOE and RSM. A set of optimized dimensional param-
eters can be obtained by analyzing the surrogate math-
ematical model. In Section 5, a hybrid force and position
control method is proposed to improve the force accu-
racy. The prototype and experimental results of the pro-
posed control method are presented in Section 6. Finally,
conclusions and an outlook are given in Section 7.

2 Task Analysis and System Overview
Given the quality of the reentry capsule, the gravity data
on the lunar surface, and the thrust data on the thruster,
we can obtain the acceleration, velocity, and other param-
eters of the reentry capsule during the initial phase of
takeoff. The maximum vertical acceleration is 2.314 m/s?,
and the maximum horizontal acceleration is 1.021 m/s”.
Therefore, the CDPM should be able to output the desired
resultant force.

The index of the CDPM is derived from the scaled
index of the real takeoff progress. The scaling ratios we
adopted are listed as follows:

(1) The scaling ratio of acceleration is 1:1.

(2) The scaling ratio of the workspace is 1:4.

(3) The scaling ratio of quality should be the cube of
the scaling ratio of the workspace. Therefore, the
scaling ratio of quality is set as 1:64.

(4) From the equation #=0.5af’, the square of the
effective working time is proportional to the size of
the workspace. Then, the scaling ratio of the effec-



Yi et al. Chin. J. Mech. Eng. (2019) 32:73

tive working time is 1:2, and the effective working
time of the CDPM is set as one second.

According to the abovementioned requirements, the
function requests of the CDPM are listed next. Con-
sidering the accuracy and real-time requirements,
some indexes are added to a certain margin.

(1) The maximum load is 20 kg.

(2) The maximum vertical acceleration is 2.4 m/s?, and
the maximum horizontal acceleration is 1.1 m/s%

(3) The error of the resultant force is less than 5%.

(4) The moving platform should have six degrees of
freedom.

Based on the abovementioned requirements, the
CDPM should output the force with high precision and
have enough dynamic workspace to output the desired
acceleration for the desired time. The maximum qual-
ity, the maximum desired vertical acceleration, and the
maximum desired horizontal acceleration of the mov-
ing platform are set as 20 kg, 2.4 m/s%, and £1.1 m/
s? respectively. Integrating the acceleration and the
velocity over time, and taking the safe distance of brak-
ing into consideration, the dynamic workspace should
contain a cylindrical area of 1.4 m x 2.4 m and be as
large as possible. In this study, we adopt the defini-
tion of dynamic workspace as presented in Ref. [30]. In
order to achieve six-DOF motion control of the mov-
ing platform, at least seven cables are required. Redun-
dant cables can optimize the dynamic workspace and
attitude control ability of the CDPM, but more cables
will increase the difficulty of controlling the mecha-
nism precisely.

In this study, a nine-cable-driven parallel mecha-
nism is introduced to perform the lunar takeoff
simulation experiments. Figure 1 shows a schematic
diagram of the nine-cable-driven parallel mechanism,
in which the layout of connection points on the mov-
ing platform is “6-3” [31]. The lower three cables are
directly connected to the winches, while the upper six
cables go through pulleys connected to the winches
on the bottom. The motion of the moving platform is
realized by the upper six cables, and the lower 3 cables
are used to exert the disturbing force.

The dimensional parameters can greatly affect the
dynamic workspace. Thus, the “optimal design” in
this study aims at obtaining a better set of dimension
parameters for the CDPM to meet dynamic workspace
requirements under cable tension constraints.
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Figure 1 Schematic diagram of proposed nine-cable-driven parallel
mechanism

Figure 2 Mechanism model

3 Kinematics and Workspace Calculation
As shown in Figure 2, two coordinates are set up in the
nine-cable-driven parallel mechanism: the global frame
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K, is fixed at the base frame and the moving frame K|, is
connected to the moving platform. The symbols used in
this paper are defined as follows: B; (i=1, 2,..., 9) repre-
sent the cable installation positions on the base frame,
and P; (i=1, 2, ..., 9) denote the cable installation posi-
tions on the moving platform. Vectors p, (i=1, 2, ..., 9)
represent the vectors connecting point o’ to points P,
and b, represent vectors connecting point o to points
B, f; (i=1, 2, ..., 9) are defined as the cable tension
vectors along the i cables. f, and 7, represent external
forces (except gravity) and torques acting on the plat-
form. The position of the center of the end-effector in
the fixed base frame Kj is defined as op =(x,y,z), and
the posture of the moving platform in Kj is defined as
(¥,D,y). Defining R as the transformation matrix from
K, to K,,, the expression for R is given in Eq. (1):

cPcy —cPsy sP
R=| s¥s®Pcy +c¥sy —s¥sPsy +c¥Wcy —s¥cd |.
—cVUsPcy +sUsy cWsPsy +s¥sy cWcP
(1)

In Eq. (1), s¥=sin(¥), c¢¥=cos(¥), and the remaining
variables are as defined previously.
The unit vector along the ith cable can be expressed as

_ i bi-op—R-p;
T b — —R.nl 2)
il |bi—op—R-p,|

Ui

The force and torque equilibrium for the platform can
be written as

AT t+w=0, 3)
where ¢t = [t), t,, .., L)', w = [f;+mg 1,]", and
AT _ u e Ug

p1 X u - P9 Xuy |

Considering the acceleration requirements of the mov-
ing platform, the expression for f}, is given in Eq. (4):

fp= [—mal —mas —mag]T. (4)

According to the parameters set in Section 2,
a;==+1.1m/s% ay==+1.1 m/s*, m=20 kg, a;=2.4 m/s?,
and 7,=(0, 0, 0]" N-m.

To study the dynamic workspace of the CDPM, Eq.
(4) must be solved. A pose is part of the dynamic work-
space only if a tension distribution result ¢ exists, and
Lo > t>t,,, >0, where £, is the maximum tension and
t.in is the minimum tension. The method first proposed
by Lafourcade [32] is adopted in this study to solve Eq.
(4), and the solution is shown in Eq. (5):

=) (e ()0
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where ;= [ty t, tytq tq tgtatyty", (A7) is the MP inverse
of A. The value of each element in ¢, is identical because
the nine-cable-driven parallel mechanism is designed
with modular parts.

Therefore, the dynamic workspace of the nine-cable-
driven parallel mechanism can be determined using the
following algorithm based on the Monte-Carlo method:

(1) The convex set of the frame is divided uniformly
into 64000 parts. The center of each part is consid-
ered as a sample point.

(2) Choose a sample point.

(3) Calculate structure matrix AT

(4) Choose a desired tension t;.

(5) . _(AT)+-W+ <Imxm - (AT)+AT> "4

(6) Ift . >t>t, >0, the chosen sample point belongs
to the dynamic workspace. Otherwise, ignore the
chosen sample point.

(7) Repeat (2)—(5) until all sample points are calculated.

4 Optimal Design

Most of the previous studies used a single-factor method
to optimize the structure of the CDPM. For the CDPM
proposed in this paper, the distribution of cables is rela-
tively concentrated. Thus, the interactions among the
design variables, which cannot be investigated with
a single-factor method, would influence the dynamic
workspace. To overcome the abovementioned shortcom-
ing, we used the DOE to select experimental points and
the RSM to build a surrogate mathematical model link-
ing the structure variables and the performance indices.
Then, by analyzing the surrogate mathematical model,
the optimized variables were obtained while considering
the interactions among the variables.

In this paper, we define the variable SUM_DWS as
the number of sample points belonging to the dynamic
workspace. The positions B; (i=1, 2, ..., 9) are distributed
around a circle with a radius of 2 m, the height of the
moving platform is 0.75 m, and the height of the whole
system is 3.5 m. B; are y axial symmetry in K, and P; are
y axial symmetry in K, The circle formed by B; and that
formed by P; are similar.

0, (i=1, 2, 3), R}, and R, define the optimal variables.
These variables are shown in Figure 3, and the range of
values for each variable is given in Table 1.

The Latin-hypercube method [33] was used to select
the experimental points. This method is based on the
principle of random probability orthogonal distribu-
tion. Thus, a response surface model with high precision



Yi et al. Chin. J. Mech. Eng. (2019) 32:73

Page 5 of 12

a

b Optimal variables on bottom surface of moving platform

Figure 3 Optimal variables

Table 1 Variable names and levels

Variable name Lower limit Upper limit
6, () 0 60
6,0 0 60
6, () 0 90
Ry (m) 0 0.5
R, (m) 0 0.5

2

can be obtained using fewer experimental points. The
selected experimental points are shown in Figure 4.

A quadratic polynomial response surface model,
as shown in Eq. (6), is used to establish the surrogate
mathematical model linking the optimal variables and
SUM_DWS.

n n n—1 n
Y@ =Po+ > Bixi+ Y Baxi+ > > Pyxi.
i=1 i=1

i=1 j=i+1
(6)
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Figure 4 Selected experimental points

In Eq. (6), y(x) is the predictive value of the response sur-
face model, x; is the ith component of the n-dimensional
independent variable. By, B, f;, and j3; are the coefficients
of the polynomial, which are calculated by the least squares
method. The surrogate mathematical model linking the
optimal variables and the output response is given in Eq. (7):

SUM_DWS = 1534.18 4 1167.496; + 216.8805 + 50.0763
— 107236R; — 34549.82R, — 14.56016,
— 6.390,03 — 3980.6201 Ry — 679.5161 R,
— 0.196,605 4+ 1370.9260,R; + 914.2469R,
+ 879.2303R; + 234.2503Ry — 68441.92R 1 R>

+ 7.676} — 5.3205 — 0.9762 + 309322R?

— 20260.13R3. (
7)
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Table 2 Calibration results

Optimal variable Determinant coefficients Multiple fitting

R? coefficient RZ;

SUM_DWS 0.9891 0.9617

The determinant coefficient R?> and multiple fitting
coefficient Rﬁdj are used to verify the surrogate math-
ematical model, and the calibration results are shown in
Table 2. Considering the whole response surface model as
a hypersurface in a multidimensional space, we divide the
response surface model into three 3-D response surface
models, as shown in Figure 5. From Table 2, we can con-
clude that the response surface model meets the accuracy
requirements. The mathematical relationship between
the variables and the output can be approximated by a
quadratic polynomial response surface.

Multiple sets of optimal solutions were obtained by
searching for the maximum of the surrogate mathemati-
cal model. Then, the set of final optimized dimensional
parameters were obtained while considering some
restrictions on production, processing, and installations.
Five groups of optimal solutions are shown in Table 3.
The final optimized results are shown in the last line of
Table 3.

After optimization, the dynamic workspace of the
CDPM is shown in Figure 6. Figure 6 indicates that the
dynamic workspace can meet the requirements. The
comparison of variables before and after optimization are
listed in Table 4, which indicates that the volume of the
dynamic workspace increases by 46% after optimization.
These optimized dimensional parameters will be applied
in the construction of the CDPM.

5 Hybrid Force and Position Control Method

In this study, the CDPM was built to simulate the low-
gravity environment on the lunar surface, the engine
thrust, and the disturbing force. The gravity and the
thrust can be considered as vector forces, while the dis-
turbing force can be considered as a linear combination
of sinusoidal forces at different frequencies. Thus, the
CDPM should have the capacity to output a vector force
and a sinusoidal force with high precision. Therefore, in
this study, the resultant force of nine cables was set as the
control target instead of the pose of the moving platform.
Only the cable length can be controlled. The tension can-
not be controlled precisely. The system could easily go
out of control if only the tension is controlled. Therefore,
this paper proposes a hybrid force and position control
method that introduces a force feedback signal into the
position control circuit of the cable drive unit. The force
controller can adjust the tightness of the cable slightly,
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Figure 5 Response surface models

based on the cable force signals and the anticipated cable
force, so as to control the cable force. The algorithm flow
of the hybrid force and position control method is shown
in Figure 7.

In each control cycle, the controller calculates the pose
of the moving platform according to the pose sensor data.
Then, the structure matrix AT is computed. According to
the expected pose (x4 ¥4 24 ¥g g ¥4) of the moving plat-
form and the expected resultant force wy, the expected
cable length L, and the expected cable force t; are cal-
culated. The force controller calculates the force control
signal Al according to the tension error e. The cable drive
unit overlays the force control signal Al, the expected
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Table 3 Optimal solutions
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Angle 6, (°) Angle 6, (°)

Angle 6, (°)

Radius R, (m) Radius R, (m) SUM_DWS

3.25 6.62
473 361
5.85 6.17
4.82 8.03
2.69 476
5 5

@) N o B N O R N

57.56
77.06
62.59
53.24
54.77
60

0.26 0.05 8559.6
0.25 0.11 7478.7
0.23 0.08 73439
0.28 0.1 7554
0.29 0.1 8065.4
0.25 0.1 6551

2.81
26
241

2.2

y (m)

1.8F
1.6F
L4
1.2F

3r ® Dynamic Workspace=——Required dynamic workspace

x (m)
a Top view

* Dynamic Workspace
3.5 =—Required dynamic workspace

y (m)

0.5 1 15 2 25 3 35
x (m)
b Front view
Figure 6 Directional views of dynamic workspace

length L, and the actual length L, and completes the con-
trol of the cable length and cable force.

Six linear scales and six wire encoders are used to
measure the pose of the moving platform, which can be
calculated using the forward kinematics algorithm for
the Stewart parallel mechanism. The layout of the lin-
ear scales and the wire encoders are shown in Figure 8,
in which S, (i=1, 2, ..., 6) represent the installation posi-
tions of the wire encoders, L; (i=1, 2, ..., 6) represent
the lengths of the linear scales, M, (i=1, 2, 3) represent
the measurement points on the moving platform, and m;
(i=12, 13, 23) represent the lengths between the meas-
urement points.

The forward kinematic model of the Stewart parallel
mechanism is given in Eq. (8). Vectors m; represent the
vectors connecting point o” to points M,, and s; represent
the vectors connecting point o to point S;. In Eq. (8), R
and op are as defined in Section 3:

|L;| = |Rm; + op — s;]. (8)

In Eq. (8), |L;|, m;, and s; are known. The Newton—

Raphson algorithm, which is shown in Eq. (9), is used to
calculate the pose of the moving platform:

KD 0 _ <x(k))_lp(x(k))’ k=0,1,-).
)

The expected acceleration in each control cycle can
be determined based on the expected resultant force wy
and the load mass m. By integrating the expected accel-
eration with time, the expected pose (x4 ¥4 24 ¥g» Pg> Ya)
of the moving platform could be calculated. Defining
op =[xy Yo 24" ¥y Dy and y, are used to calculate
R,. Then the expected length L, is obtained according

Table 4 Comparison of variables before and after optimization

Angle 0, (°) Angle 6, (°) Angle 65 (°) Radius R, (m) Radius R, (m) SUM_DWS
Before optimization 30 30 30 02 02 4397
After optimization 5 5 60 0.25 0.1 6551
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Figure 7 Control diagram

Figure 8 Layout of linear scales and wire encoders

to Eq. (10). The permanent magnet synchronous motor
(PMSM) in the drive unit drives the ropes to reach the
desired lengths. Thus, the rough adjustment of tension
is realized. The PMSM has a “current-speed-position”
cascade control structure.

Ly = [Ihal Mol - lloal]",

. (10)
llial = |bi —opg —Rq-pi|, (i=12,...,9).

Meanwhile, according to the pose and the desired
resultant force, the desired tension ¢, in each control
cycle can be calculated. In the elastic range, the rela-
tionship between tension change dF; and axial strain
d/;/l; is given in Eq. (11):

ES

dF; = 7

di;. (11)

For the CDPM examined in this study, the diameter
of the cable is 0.5 mm, and the modulus of elasticity is
206 GPa. Thus, if the tension changes by 5 N, the rope
deforms by 0.1 mm. Therefore, control of the tension

can be achieved by slightly controlling the deformation
of the rope.

The force controller tightens or relaxes the rope based on
the tension error e, so that the expected tension is achieved.
The control strategy is given in Eq. (12). The precise adjust-
ment of tension is realized.

Al — { 0.05 mm, e < 0, ( tighten rope ), 12)

—0.05 mm, e > 0, (relax rope).

The force distribution method is described next. The
force distribution results are determined by Eq. (13):

t= tup + tdown>

where,

(13)

tp=[t1 - %6000 ],

T (14)
Edown = [O1x6 t7 13 to |

The desired tension of the lower cable should be set at a
fixed value:

t,down - [t7 Iy tQ}T = [tpre,7 tpre,S tpre,9 ]T (15)

Equation (16) is derived by substituting #4,,,,, into Eq. (3):
(16)

After setting the tension of the lower cables as positive,
the configuration of the nine-cable-driven parallel mecha-
nism determines that the tension of upper cables is positive
and the inverse matrix of J 4, ¢ exists. Thus, the force distri-
bution results of upper cables are determined by Eq. (17):

](6><6)t/up = W/.

te]". 17)

In the abovementioned force contribution method, the
desired tension of the lower cables is set at fixed value to

’ -1 /
tup:](6><6)w = [tl
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decrease the difficulty of control. Besides, the force dis-
tribution results can be adjusted by adjusting the preload
value of the lower cables.

6 Force Control Experiment

6.1 Prototype Design

The prototype of the nine-cable-driven parallel mecha-
nism is shown in Figure 9. The experimental platform
consists of six parts: the basic frame, the drive unit, the
force measurement module, the pose measurement
module, the electrical control circuit, and the control
software.

The aluminum alloy base frame is used to support and
install the drive units, sensors, electrical circuits, and
other hardware equipment.

The drive unit, shown in Figure 10, rotates the drum
using the servo motor. A cable guiding device is included
in the drive unit to ensure that the cable winding is not
involved, and to reduce the friction force at the same
time. The S-shaped cable guide channel and pulley are
also used for cable guidance.

The S type tension sensor is selected for the experimen-
tal platform and is installed at the guidance channel. The
tension sensor and its installation position are also shown
in Figure 10. The accuracy class of the tension sensor is
0.3%.

The pose measurement module includes six linear
scales and six wire encoders with the Stewart configura-
tion layout. The standard resolution of the wire encoder
is 0.05 mm per pulse, and the accuracy of the wire
encoder is +0.05% FS.

The core of the electrical control circuit, as shown in
Figure 11, is the Turbo PMAC multi-axis controller from

Pulleys

Aluminium
frame

Cable

Moving
platform

Wire
encoder

Control
cabinet

Figure 9 Nine-cable-driven parallel mechanism
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| l'orce
sensor

Drive Unit

Electrical

UMAC Control Circuit

Delta Tau Data Systems, Inc. The electrical circuit per-
forms the functions of servo control, data acquisition of
the force measurement and pose measurement modules,
and load control.

6.2 Experimental Results

In this section, we briefly present the results of the force
control experiments. First, the results of the constant
vector force output experiments are presented. The
experimental conditions were set as follows: the initial
posture of the moving platform was (0°, 0°, 0°), the mov-
ing platform moved upwards vertically with an accelera-
tion of 0.3 m/s?, the quality of the moving platform was
20 kg, the test time was 3 s, and the control frequency
was 500 Hz.

Figure 12 shows the results of the constant vector force
output experiments. Figure 12(a) indicates that the error
of the joint force is less than 5%. The desired and actual
tensions are shown in Figure 12(b)—(d). The tensions of
the upper six cables match with the expected values. The
overall deviation in the tension of the upper six cables is
caused by system errors, such as the deviation between
the actual value and the theoretical value of the structure
size, the quality of the load, and the moving platform. The
tensions of the lower three cables fluctuate around the set
values, and the fluctuation is less than 1.5 N.

The results of the disturbing-force output experi-
ments are given in Figure 13. In these experiments, the
force/position hybrid control method is used to control
the lower cable to output periodic wave forces at differ-
ent frequencies. The desired tension is set to a constant
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Figure 12 Results of constant vector force output experiments

force of 30 N with the periodic fluctuations, and the
amplitude of the undulation force is 6 N.

For wave forces of 2, 3, and 5 Hz, the fluctuation of
the actual output cable force is about 5.5, 6, and 7.5 N,
respectively. In the case of the 5 Hz wave force, the actual
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measurement glitch is larger, presumably because the
inherent frequency of the cable-force-and-cable paral-
lel mechanism is quite close to that of vibration cou-
pling. For the wave force of 9 Hz, the fluctuation of the
actual output cable force is about 7.3 N, and correspond-
ing measurement glitch is relatively small. Similarly, for
the wave force of 12 Hz, the actual output fluctuation is
about 4.5 N, and both the cable-force average and the
corresponding amplitude are less than the respective the-
oretical values.

The series of disturbing-force experimental results
show that the hybrid force and position hybrid control
method can control cable-force fluctuations within a
certain range of frequencies. When the target cable-
force fluctuation frequency is controlled from 5 Hz to
9 Hz, the actual output cable-force fluctuation ampli-
tude is slightly larger than that of the theoretical input.
When the target cable-force frequency is less than 5 Hz
or more than 9 Hz, the actual output cable-force fluc-
tuation amplitude is smaller than that of the theoretical
input, and the overall target cable-force is reduced by
approximately 1 N.

7 Conclusions

(1) According to the requirements of lunar takeoff
simulation experiments, the structure of the CDPM
is presented using nine cables. The motion of the
moving platform is achieved using the upper six
cables, while the lower three cables are used to
exert a disturbing force.

(2) For the nine-cable-driven parallel mechanism
proposed in this paper, the mathematical relation-
ship between the structure parameters and the
dynamic workspace is described approximately by
a quadratic polynomial response surface model.
The nine-cable-driven parallel mechanism can
cover a large dynamic workspace if the layout of
the lower three cables is a regular triangle, the
layout of the upper cables is similar to a triangle
while the angle between the odd and even cables
are 10°-20°, the radius of the installation positions
of the upper cable is 0.2-0.35 m, and this radius is
greater than that of the installation positions of the
lower cables.

(3) A hybrid position and force control method is pro-
posed for tension control. The experimental results
indicate that, using this method, the cable-driven
parallel mechanism can achieve 5% accuracy in the
vector output and an undulation-force output of
12 Hz.
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