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Abstract: Aiming at the problems of excessive dependence on manual operations, unquantifiable
parameters, low hoisting efficiency, and low level of automation and informatization in the lifting
process of spacecraft, a novel cable-driven parallel automatic leveling robot with a two-stage
adjustment function is proposed. It contains a cable-driven parallel mechanism and a counterweight
compensation mechanism and has the advantages of high load-bearing capacity and better posture
adjustment. Its kinematics and leveling performance are studied systematically. First, a geometric
model of the robot is established, and the inverse position is derived. Second, the system's eccentric
coordinates are solved based on the inclination angles of the moving platform. A theoretical model
of the cable adjustment length is established according to the eccentric coordinates, and the cable
adjustment scheme is analyzed and optimized. Third, according to the optimal cable adjustment
scheme, the relationship between the inclination angles and the counterweight's adjustment
displacement is established to better improve the leveling accuracy based on the force and torque
balance principle. Finally, the kinematics and leveling performance are verified through MATLAB
numerical calculations, ADAMS simulation and experimental study, proving that the robot could
realize the hoisting and leveling task.

Keywords: Cable-Driven Parallel Robot; Counterweight Compensation Mechanism; Kinematic
Analysis; Leveling Performance

1. Introduction

Hoisting equipment, especially the hoisting tools used for expensive or high-precision objects
(such as satellites, aircraft, etc.), are indispensable auxiliary equipment in aerospace, weapons
equipment, port transportation, and so on. They play an important role in leveling or adjusting
posture during the hoisting process. Such objects generally have characteristics such as large
structural weight, high requirements for smooth hoisting, an uncertain center of gravity, and high
precision requirements for posture adjustment. At present, the hoisting equipment used in spacecraft
generally has some problems, such as difficulty balancing operational performance and efficiency,
over-reliance on manual experience, and a low degree of information and intelligence. [1]

In order to solve the above problems, it is necessary to research hoisting equipment that can
achieve automatic adjustment. Currently, the equipment used for hoisting large objects is generally
multiple mobile cranes, adopting a multi-point suspension mode, and adjusting the posture
depending on the movement of the crane. For example, Zi Bin et al. [2] proposed a cable-driven
parallel robot coordinated by four mobile cranes to solve complex tasks that a single crane is difficult
to complete. The four-point collaborative leveling method is adopted for automatic leveling control
for the CPRMCs platform with a PID controller. For conditions requiring single-point suspension,
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such as the indoor transfer or assembly of spacecraft, there are relatively few devices capable of
automatic posture adjustment. According to the different leveling principles, automatic leveling
robotic hoisting devices can be designed in various forms, such as main hoisting point mobile type
[3], rope direct connection type [4,5], and counterweight compensation type [6,7]. The main hoisting
point mobile type hoisting device achieves rapid adjustment of eccentricity through the movement
of the main hoisting point, which can be realized using a two-dimensional sliding table structure [8]
or a cable-driven parallel mechanism [9-11]. For instance, Tang et al. [3] developed an automatic
leveling hoisting device that uses a two-dimensional sliding table to achieve the movement of the
main hoisting point. An XY workbench is installed to adjust the hoisting point of the spreader, and
an inclination sensor is used to measure the size and direction of the spreader’s inclination accurately.
Although the measurement of the angle and the adjustment distance have been realized
automatically, operations such as controlling the overhead crane and holding the spacecraft tightly
still need to rely on manual labor. The operation process is complicated, requires high technical skills
from the operators, and cannot achieve dynamic continuous adjustment.

Italian scholar Carlo Ferraresi et al. [12] designed a 9-rope 6-DOF cable-driven parallel
mechanism, which can achieve 6-DOF posture adjustment of the motion platform. The spreader
structure of the main hoisting point mobile type has the characteristics of a large adjustment range
and quick posture adjustment. However, the movement of the main hoisting point requires the
overhead crane to follow, which will bring a larger swing to the system and increase the operation
difficulty. Rope direct connection type spreaders have the characteristic that the suspended object is
directly connected with the adjusting ropes [13]. For example, the feed flexible cable support system
of a 500-meter aperture spherical radio telescope (FAST) realizes the adjustments of position and
posture of the end platform through a six-cable-driven parallel mechanism [14]. The RoboCrane,
which is applied to the hoisting work of large component assembly, adjusts the posture of the
suspended movable platform through six paired connected ropes [15]. This type of spreader has the
characteristics of relatively simple structures, large load-bearing capacity, and high degrees of
freedom, flexibility, and adaptability. which is suitable for applications requiring rapid response and
extensive motion range. However, when lifting heavy loads, larger adjustment forces are needed,
and the elasticity and swinging of the ropes may result in unstable lifting operations, so additional
control and adjustments are required [16]. A counterweight-based spreader achieves posture
adjustment through the movement of counterweights. For example, Zhang et al. [17] proposed a 3D
crane leveling mechanism based on weight compensation technology, which is composed of a crane,
ropes, a leveling box, and four ropes of the same length. The leveling box is divided into three parts,
with all sensors, motors, and microcomputers installed in the middle control part and two
compensation weights, along with two beams installed in the upper and lower execution parts,
respectively. The adjustment of this type of spreader is safe and stable. However, with the increase
in the weight of the suspended object, the compensation weight will significantly increase so that the
self-weight and dimensions of the spreader will increase.

Therefore, for the designer, it is essential to consider the advantages and disadvantages
comprehensively in practical applications and carry out reasonable design and selection. Aiming at
the hoisting requirement of spacecraft with unknown center of mass, a rigid-flexible coupling cable-
driven parallel robot spreader with a two-stage adjustment function combining the movement of the
main hoisting point and counterweight is proposed in this paper. Its two-stage adjustment realizes
through the cable-driven parallel mechanism and counterweight compensation mechanism. It has
the characteristics of strong load-bearing capacity, large workspace, easy reconfiguration, and
flexible scale. The length of cables or the displacement of counterweights can be adjusted
automatically based on the inclination angles, and the desired posture requirements can be achieved.
This design can solve the problem of insufficient automatic leveling ability of the existing automatic
leveling robot.

Kinematic analysis of a mechanism is the premise of determining its workspace, studying its
posture and pose, analyzing its motion performance, and optimizing its design and control. The
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kinematic and dynamic analysis of cable-driven parallel robots is always a hot and challenging
problem in mechanism research. The principle of virtual work, based on the principles of work and
energy conservation, provides an accurate relationship between posture and joint angles [18,19].
Wang et al. [20] proposed a cable-driven parallel mechanism with four sets of pulleys directly
connected to the moving platform. The mapping matrix from the moving platform posture to cable
lengths was derived by analyzing a single set of pulleys. Additionally, the velocity and acceleration
formulas of the mechanism were solved according to the principle of virtual work. John et al. [21]
proposed a spatial cable-driven two-degree-of-freedom joint with variable stiffness capability, and
based on the screw theory, thoroughly analyzed the joint mobility and workspace. Palpacelli [22]
enhanced the force controllability and static performance of industrial robots by introducing
actuation redundancy to establish kinematic and static models. Jia et al. [23] presented a method for
solving the coupled cable-driven serial-parallel robotic arm using iterative Jacobian pseudoinverse
computation. Li [24] established the kinematic model and trajectory error of the end effector for
parallel cable-driven robots using the closed vector method and the theory of differential kinematics.
Chesser et al. [25] utilized a cable-driven parallel robot for concrete additive manufacturing,
establishing a kinematic model via the vector closure method, ultimately obtaining the reachable
workspace of the end-effector. Through the analysis of the above methods, it can be observed that
the closed vector method has the advantages of simplicity and convenience when analyzing the
kinematics of cable-driven parallel mechanisms. In this paper, the kinematic model of the mechanism
is established based on the closed vector method, and the positional solution is obtained. Then, an
innovative approach is introduced to solve the adjustment amounts through torque balance
equations. The required adjustment amounts when the mechanism reaches the given positions are
derived from the difference in the positions of the counterweights between the current position and
the critical equilibrium states according to the balance assumption and steady-state approximation
methods. The algorithm iterates according to the current inclination angles of the platform to
eliminate the inevitable errors caused by flexible cables until the platform meets the predefined
evaluation criteria.

The remaining sections of the article are outlined as follows: The second section mainly
introduces the kinematic model of the mechanism. Firstly, the three-dimensional model and
structural schematic of the cable-driven parallel automatic leveling robot are given, and the favorable
position solution of the mechanism is derived using the closed vector method. Then, to ensure
adjustment precision, an optimized adjustment scheme with the preferred selection of cables is
proposed to ensure the stability of the spacecraft hoisting process. Finally, the adjustment amounts
of the counterweights are solved based on force and torque balance equations, and the two-stage
high-precision mechanism adjustment is completed. In the third section, MATLAB numerical
calculation and ADAMS simulation are carried out on the automatic leveling robot model. In the
fourth section, the experimental prototype has been built and experimental study has been carried
out. The results validate the correctness of the leveling algorithm and the theoretical models.

2. Kinematic Modeling of Cable-Driven Parallel Automatic Leveling Robot

2.1. Structural Characteristics of Cable-Driven Parallel Automatic Leveling Robot

The three-dimensional model of the newly designed cable-driven parallel automatic leveling
robot is illustrated in Figure 1. (a) depicts the overall three-dimensional structure of the robot, while
(b) provides a detailed magnification of a single drive branch. The robot consists of a two-stage
adjustment system, including the first-stage initial adjustment module with a cable-driven parallel
mechanism and the second-stage accurate adjustment module with a counterweight compensation
mechanism. It can achieve three degrees of freedom adjustments in pitch, yaw, and vertical
displacement. Each of the three inclined tension cables has one end connected to the connection point
of the screw-nut mechanism through a fixed pulley on the cable-driven platform, and the other end
is connected to the main hoisting point. Each branch is driven by a servo motor to achieve changes
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in the cable length through the motion of the screw-nut mechanism. The counterweights are arranged
in a cross-shaped pattern on the counterweight platform, with each direction being driven by a servo
motor to propel two counterweights along guide rails bidirectionally. The four vertical suspension
cables are connected with one end to the counterweight platform and the other end to the suspended
object. The robot mechanism employs a modular design approach, which is easy to install, flexible to
disassemble, and convenient to debug. An inclination sensor is positioned on the cable-driven
platform to measure the inclination angles of the moving platform. Tension sensors are installed at
the connections between the four vertical suspension cables and the moving platform to measure the
tension of these cables in real time. The system can continuously monitor the inclination of the
suspended object and make adjustment strategies according to the information of the inclination
sensor and tension sensors.

Main lifting
Inclined 2" point

Suspension /

Cable \
|\

_ Electrical
Pulley \ Machinery
Upper Electric  Tpe gerew-nut
platform motor

structure

Pulley
Bracket Lower
platform
Vertical lifting Counterweight
sling
(a) (b)

Figure 1. Two-stage adjustment automatic leveling robot. (a) 3D model of the mechanism; (b) Drive branch of
the cable.

During the first-stage initial adjustment process of the robot, the main hoisting point is moved
by changing the cable length of the cable-driven parallel mechanism, and the projection position of
the main hoisting point is adjusted to the eccentric position based on the inclination angles of the
moving platform, so as to realize the levelness adjustment of the suspended object. Due to the need
for the crane to follow the movement of the main hoisting point and considering the precision affected
by crane operation accuracy, a second-stage accurate adjustment module with four counterweights
is designed to further enhance the leveling precision of the mechanism. When the system detects that
the platform inclination angles are less than the set threshold, the adjustment of the cable-driven
parallel mechanism is halted, and the counterweights are driven to carry out the second-stage
accurate adjustment until the specified evaluation criteria are met.

Figure 2 illustrates the structural configuration and force diagrams of the cable-driven automatic
leveling robot. (a) represents the overall system structure and a simplified force diagram, (b) provides
a schematic diagram of the counterweight structure, and (c) illustrates the pulley structure. The
moving platform contains cable-driven platform m1 with center point o, and the counterweight
platform m> with center point o2. The centers of the pulleys connected to the three cable-driven
branches are denoted as Bi(i=1,2,3), forming a symmetrical distribution along a circular path. The
distance from point Bi to o is represented as R. A coordinate system {B}: 0-xsyzzs is attached on o with
ys points to B, xs vertical ys extends horizontally to the right, and zs is determined according to the
right-hand screw rule. The coordinate system attached to the main hoisting point O is denoted as {A}:
O-xayaza. Initially, {A} shares the same axis directions with {B}. The inclination angles of the moving
platform are denoted as « for rotation around the X-axis and § for rotation around the Y-axis. The
center points of each counterweight are denoted as Pi(i=1,2,3,4). The center point of the four
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counterweights' center plane is denoted as o1. The distances from Pi to 01 are represented as I
(i=1,2,3,4). Initially, the distances from P1 and Ps to 01 are both ;xo, while the distances from P2 and P4
to o1 are both Iy, and the height from o1 to o0 is hr. The height from the center point 02 to o0 is k.. A
coordinate system attached to 02 is denoted as {D}: 02-xpypzp. In this coordinate system, xp points to
Ps, yo points to Ps, and zp is determined according to the right-hand screw rule. {D} and {B} coordinate
axes are always in the same direction. The connection points of the vertical suspension cables to the
counterweight platform are denoted as Di (i=1,2,3,4). The distance from D: to 02 is R4, and these points
are symmetrically distributed along a circular path. The distance from O to Biis Li (i=1,2,3). The points
where the cables intersect with the pulley are labeled as Ki (i=1,2,3). The distance from O to Ki is
Lkio(1=1,2,3). The distance between o and O is Leoo. The radius of the pulley is Rp. The acute angle
between the line BiKi and the line Bi is 0: (i=1,2,3).

(a) (b)

[ ]
K; R 0
RP Bi \O hc‘ h]’
0; Y
o1 @
il m o e
] 02
(o) (d)

Figure 2. Structure and force schematic of the automatic leveling robot. (a) Automatic leveling robot - structure
schematic; (b) Counterweight structure schematic; (¢) Schematic representation of the pulley structure; (d)

Elevation schematic.

2.2. Leveling Kinematics Analysis of Cable-Driven Parallel Mechanism

According to the adjustment principles of the designed mechanism, adjusting the length of
cables can realize an initial adjustment in the horizontal orientation of the suspended load. The
inverse kinematics of the cable-driven parallel mechanism is described as follows: given the position
of the moving platform m1 in coordinate system {A} as o (Xo, Yo, Zo) and the orientation (a, 5, y), the
task is to solve the lengths Li. {B} rotates a around X-axis and f around Y-axis with respect to {A}.
Utilizing ZYX Euler angles, the rotational transformation matrix between the two coordinate systems
is expressed as:
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6 of 16
X, Y oz cosff sinasinf cosasinf
‘R=RY,BRX,2)=|x, Yy, z,|=| O cosa —sina | (1)
X, Y, Z, —sin 8 sinacosf cosacosf
Coordinates of B;, D;, o1 and o2 are represented in {B} and {A}, respectively, as follows:
Bp _ T Bp _ l _ _ T s _l _ T
B =[0 R 0],32_2[ V3R -R 0],33_2[J§R R 0]
’p,=[0 -R, -h].'D,=[R, 0 -h]
‘p,=[0 R, -h].'D,=[-R, 0 -h] @)

B.=R°B.+0,(i=1,23); D, =2R"D +0,(i=1234)

Po,=[0 0 —h,].%0,=[0 0 ], 0=[X, Y, Z] ={R% +o.(i=12)
In the equation, o represents the coordinates of o in {A}.
Based on the geometric relationships in Figure 2(c), the angles 6i(i=1,2,3) at the pulley locations,
distance Loo between o and O can be solved as:

R*+L -1, R,
— S ) |,(=12,3
2RL )+ arccos( T ) 1,3 )

Lo=X+Y+Z]

Coordinates of K;, position vectors Lsiki, Lxio and unit direction vectors of cables 6. (=1,2,3) are

6. = t—| arccos(

®)

derived as:
0 —x/gR—x/ng cos b, \/§R+\/§RP cos b,
K, =|R+R, cos0, ,BK2=% ~R—R, cos 6, ,BK3=% ~R—R, cos 6,
R, siné) 2R, sin®), 2R, sin®),

T
"Ly, = [O R,c080, R,sing, ]T Ly, = %[_\/gRP cos, —R,cosf, R,sin 6’2:| 4)
1 . T
"Lyyxs = E[ﬁRP cosf, —R,cosf;, R,sin HJ

= ﬂ,(i =1,2,3)
|LK1'O|
According to the closed vector method, the length vector of the cable Li (i=1,2,3) and its length Li
can be solved as:
L=Lg+Ly,=0-B =—;R"B ~o
L =|L|=|oB|

Assuming the projection coordinates of the main hoisting point O on the moving platform m is

L

_ ApB . _ _ApBp .
sii = 5 R Lpis Lo =—3RK; —0; 5LK1‘

®)

BA=[m n 0], and the position vector from O to the projection point A is 2loa=[0 0 k]7, then, the position
vector flagi (i=1,2,3) from Bi to A can be expressed as follows:
BlABi = BBi -4 (6)

According to the vector closed-loop relationship of the vertical line from O to the moving
platform mi, the line connecting point A with Bi, and the cable length. The expression of the cable
length in {B} Li (i=1,2,3) is:

BLi = _BIABi - BIOA 7)

Hence, the lengths of the cables in different positional states can be solved based on relevant
structural parameters and system state parameters.

To carry out the leveling operation, the cable adjustments amount can be solved based on the
cable lengths before and after movement. The approach is to calculate the eccentric position Pc based
on the platform inclination angle, and determine the movement of the main hoisting point according
to Pc to calculate the new cable lengths, and then the cable adjustment amount can be derived based
on the difference of cable lengths in the two cases.
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When the cable lengths are known, the eccentric coordinates (i1, 1), the vertical height / and the
coordinates of the eccentric position Pc in {B} denoted as BPc can be solved as:

S BEE) o
6R 6R
| AB6RIL (L + I3 -21 -6R°) -3(L; - L) ()
6R
°P.=[m+htana n—htan O]T

When adjust the eccentric position coordinates to the target, the projection point of the main
hoisting point coincides with the eccentric position. At this point, the new adjusted cable lengths,
denoted as ?Liv (i=1,2,3), can be solved using the Formula (7):

PLy ="l = "1,,(1=1,2,3)

1.

m+htana «/5R/2+m+htana —x/gR/2+m+htana )
°L =|-R+n-htan g |,°L,, =| R/2+n-htanfp |,°L,, =| R/2+n—-htanp
h+Ah h+Ah h+Ah

Here, Blrsi and Blor represent the position vectors from Pc to Bi, and from the main hoisting point
to the projected point after moving to the target position in {B}, respectively. Al is the change in the
height of the main hoisting point.

From this, the cable adjustment amount ALi (#=1,2,3) is derived as:

AL =|"Ly|-|"L|.(=1,2,3) (10)

The variation in cable lengths leading to changes in the height of the main hoisting point, in
order to ensure solution determinacy and guarantee adjustment precision, the adjustment process
limits the changes to at most two cables each time. Therefore, optimization selection of the adjustment
scheme is required. To ensure safety and minimize horizontal forces on the suspended load during
the adjustment process, the cables far from the eccentric position will be adjusted preferentially. This
will ensure the cables only extend without retract. Based on this, the optimal cable adjustment scheme
is illustrated in Figure 3.

?

Eccentricity schematic

(d) (e) ()

Figure 3. Optimal cable adjustment scheme. (a) Adjusting L1, L2; (b) Adjusting L1, Ls; (¢) Adjusting Lz, Ls; (d)
Adjusting Li; (e) Adjusting Lo; (f) Adjusting Ls.

2.3. Leveling Kinematic Analysis of Counterweight Compensation Mechanism

To ensure the precision and stability of the adjustment process, a counterweight compensation
mechanism is employed for accurate adjustment in small inclination angles. The current positions of
the counterweights are solved based on the current inclination angles. The theoretical positions of the
counterweights are calculated when the system adjusts the inclination angles to zero. The differences
in counterweight positions between these two cases are the required adjustment distances.

(1) Current Positions Calculation of the Counterweights
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The positions of the four counterweights are represented as:

—lpl 0 lp3 0
op=| 0 | =| -1, | "p=| 0 R =[1, [ aD)
0 0 0 0
In Equation (11), lyi(i=1,2,3,4) is the distance from the counterweight Pi to 01, and the following
relationship holds:
lpy =1Ipy = lpr +Alpx9lp3 =lpys =lpy _Alpx (12)
lpy = lpy, = lpyO +Alpy’lP4 =lpy = leo _Alpy

Where l,is represents the current positions, Alx and Alyy denote the changes in the counterweight's
current positions compared to the initial positions. The coordinates of the counterweight positions in
{A} are expressed as:

P =R"P.+o,  (13)

There exists the following force and torque equilibrium equations in this robot system:
3

4
ZQR.(BE ) B5u<i)+ZFDf +(G,+G,+G,)=0

i=1 ) i=1 \ (14)
z BlBiu X BE‘ + z DlDiaZ x DFDi +Z DlPinZ X DGPi +1,,xG, =0

i=1 i=1 i=1

w

Here,
The above equations represent the corresponding relationship between the tension in inclined
cables and the positions of counterweights. Additionally, considering the elasticity of cables, the
following deformation coordination equations are derived:
m’ +(R-n)* +h* = (L, +5L,)
(=\BR/2=m)* +(~R/2—n)* +h* = (L, +5L,)* (15)
(3R/2=m)* +(~R/2-n)* +h* = (L, + 5L,)*
In Equation (15), dL1, 0Lz, and OLs represent the deformation of each inclined cable, and Fi

F=\F +F}+F;
represents the magnitude of the tension. Their expressions are: SL=FiLi/(EA1), TR,
where E is the elastic modulus of the cable, and A is the cross-sectional area of the cable.

Considering the moment equilibrium about the vertical line passing through O, we can derive:

3 4 4
ZFiz ABix +Ge on +Gp A02x + ZFDiz ADix + ZGPi APpix =0
z:l lzl 121 (1 6)
> E. "B, +G."0,+G, "0, + > F,. "D, +> G, "P, =0
i=1 i=1 i=1
By simultaneously solving Equations (13) to (16), the tension forces in the cables and the
displacement of the counterweights can be derived.
(2) Theoretical Positions Calculation of Counterweights After Leveling
After leveling, assuming the tension in the vertical suspension cables is still Fo;, the theoretical
positions of the counterweights when the system is horizontal are solved as:

Ly =lpy =lpo + Alpxl’lP3 =lpy =1lpy _Al;m

(17)
lpy =lpy = leO +Alpyl’lP4 =lpy = leo _Alpyl

Where by represents the distance from the center point to the theoretical positions of the
counterweights after leveling, and Alpx1, Alyy1 represents the changes in the theoretical positions of the
counterweights after leveling compared to the initial positions.

At the horizontal position, where both a and f are zero, the tension in the cables and the positions
of the counterweights can be solved by Equation (13)-(16).

(3) Solve of Counterweight Displacements
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The purpose of moving counterweight is to achieve two-stage high-precision leveling. Ideally,
the inclination angles of the moving platform are double 0°, and the counterweight positions are
solved based on the torque balance condition. The solution processes are as follows:

1) Solve the current positions of the counterweights Iyis, that is, the change amounts Alyx and Alpy
are obtained;

2) Set the angular values @ and f of the X and Y-axes to 0°, that is the angles when the robot
system achieves the ideal leveling state;

3) Solve for the tension force Fi of the inclined cables and the unit vector d:x: of the cable based
on mechanical analysis of the automatic leveling robot system;

4) According to the process of solving the current positions of the counterweights, the theoretical
positions of the counterweights after leveling are solved. The distance from each counterweight
position to the center o1 is lyi. The solution expression is shown in Equation (17), and Alpx, Alpy
represent the changes in the counterweight positions when it moves to the ideal balance state.

5) Adjust the counterweights by moving them based on the difference between the two changes;

6) Measure the X and Y-axis angles « and § again. If the specified angle threshold is not reached,
record the current positions of the counterweights and proceed with steps (1)-(6) iteratively until the
desired angles are met.

3. Simulation Analysis of Cable-Driven Parallel Automatic Leveling Robot

To validate the effectiveness, feasibility, and correctness of the leveling algorithm, simulation
analysis during the leveling process of the cable-driven parallel mechanism and counterweight
compensation mechanism is conducted. For specific instances, MATLAB numerical calculations and
ADAMS simulations are carried out. The structural parameters, mass parameters, and working loads
applied on the four vertical suspension cables are shown in Table 1. The simulation model of the
robot is established using ADAMS software, as shown in Figure 4(a). To simulate the posture after
completely lifting the spacecraft, loads of magnitude Foi=Fps =20KN and Fp2=Fps=50KN are added to
the end of the four vertical suspension cables. The loads are applied in the vertically downward
direction. The two-stage adjustment conversion threshold is set to 1°. After applying external forces,
the moving platform inclines with angles @#=4.817° and p=4.819°, as shown in Fig 4(b). The position
and posture of the platform and the lengths of the inclined cables are measured and substituted into
equation (5) for calculation.

Table 1. Given structural parameters and working load.

Symbols Value, Units Symbols Value, Units
IBio(R) 1250 mm Fp1, Fp4 20 KN
Ra 1000 mm Fp2, Fps3 50 KN
Ry 68 mm mi 831.5 kg
he 573.24 mm m2 926.95 kg
hyp 428.9 mm My 400 kg
e, Lo 250 mm Cable Initial Length 1956.4 mm
Lo, L20, Lao

Based on the cable adjustment algorithm, the cable adjustment values are calculated in
MATLAB, and the results are: ALi=191.38mm, AL»=143.86, and AL=0mm. According to this, by
controlling the motion of the robot using these adjustments to the cables, the position and posture of
the platform after the first adjustment of the inclined cables are shown in Figure 4(c). The simulated
measurement results are obtained in ADAMS by setting corresponding parameters for the
simulation. The curves depicting the changes in inclination angles, cable lengths, and cable forces are
shown in Figure 5. During the external force loading process, the variation of cable forces and the
relative errors between analytical solutions and simulation solutions are shown in Figure 6(a),(b),
respectively, with a maximum relative error of less than 0.87%. After the first adjustment of the cable-
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driven parallel mechanism, the calculated inclination angles of the moving platform become a=1.423°
and $=1.339°, with a significant reduction. The platform posture is depicted in Figure 4(c).

At the end of one iteration of the cable adjustment, the system detects that the platform
inclination has not reached the threshold of 1°, the rope adjustment algorithm continues work. The
current posture information is recorded, and based on the iterative calculation of the cable adjustment
algorithm, the adjustment amounts for the cables are solved to be ALi=62.122mm, AL:=47.135,
ALs=0mm. The adjusted platform posture is shown in Figure 4(d). At this time, the inclination angles
are =0.658°, and p=0.032°, which are below the set threshold. The system will exit the cable control
loop and begin the counterweight adjustment algorithm. Based on the current posture, the
adjustment amounts for the counterweights are calculated as Ali=-25mm and Al,=512.7mm. The
positions of the counterweights before and after adjustment are shown in Table 2. After the
counterweight adjustment, the inclination angles are #=0.103°, p=0.022°, and the platform posture is
shown in Figure 4(e). This satisfies the horizontal accuracy required for the spacecraft hoisting. The
counterweight adjustment is completed, and the system exits the loop. The postures of the moving
platform during the two-stage adjustment are shown in Table 3.

I I
. ® ] @
(a) (b)
I I I

T ale 1 R IR
() (d) (e)

Figure 4. Cable leveling state diagram. (a) Before starting; (b) Hoisting; (c) First leveling; (d) Second leveling; (e)
Counterweight leveling.
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Figure 5. Simulation results. (a) Inclination angles; (b) Cable lengths Li; (c) Cable forces Fi.
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Figure 6. Force and relative error during the external force loading process. (a) the variation of cable forces; (b)

the relative errors between analytical solutions and simulation solutions.

Table 2. Position of counterweight.

Counterweight initial Counterweight adjusted Actual Adjustment

position /mm position /mm Value /mm
lpl‘ lp3 -10.8 -35.8 -25
Ip2y s 9.3 522 512.7

Table 3. The posture of the moving platform during adjustment.

Counterweight initial Counterweight adjusted Actual Adjustment

position /mm position /mm Value /mm
i Ips -10.8 -35.8 -25
Ip2+ Ips 9.3 522 512.7

Based on the analyzed results, it is evident that the changes in cable lengths, platform angles,
and cable forces during the adjustment process are in accordance with reality. The analytical values
and simulated values of cable forces are in good agreement, and the curves are smooth. The
maximum relative error is less than 0.87%. This proves the correctness of the theoretical model and
computational results. Also, it proves the feasibility of the proposed two-stage adjustment method.

4. Simulation Analysis of Cable-Driven Parallel Automatic Leveling Robot

4.1. Initial Adjustment Experiment of Cable-Driven Parallel Mechanism

To further verify the practical application effect, the experimental prototype has been built. The
prototype of initial adjustment cable-driven parallel mechanism is shown in Figure 7. Its moving
platform is made of aluminum alloy. There are three linear modules driven by servo motors arranged
at 120° on the moving platform and an inclination sensor arranged on the center. The posture of the
suspended object is considered as the same with the moving platform, so the angles measured by the
sensor represent the posture of the suspended object. Each steel cable can be driven by the
corresponding module and the main lifting point can be changed by a winch. A PLC controller is
used for the motion control. The module displacement is precisely measured by receiving A/B phase
pulses from the feedback of the servo motor, so as to determine the cable length.
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Figure 7. Cable-driven parallel mechanism prototype model.

To verify the actual leveling performance of the designed robot, a dynamic hoisting and posture
adjustment experiment has been conducted using a PID controller. During the experiment, set
eccentricity randomly, then lift the device upward slowly. In this process, values of inclination sensor
are read and recorded in real time and posture of moving platform is adjusted through the designed
control system when the inclination angles exceed +1°. The adjustment will be finished until the
platform fully off the ground and the inclination angles remain within the target range.

Here, two sets of experiments are conducted shown as situations 4 and b.

Situation a. The eccentric position Pc (x, y) satisfies: ~3R/4<x<~3R/4 ,Y> ~3x/3 and
y> Bx/3.

The experimental model is shown in Figure 8(a),(b). In this situation, according to the adjustment
algorithm, AL: is set to 0, lengths of L and Ls should be adjusted. During the adjustment, the angle
values of the inclination sensor before and after filtering are shown in Figure 9(a),(b), cable lengths
are shown in Figure 9(c). After adjustment, values of inclination sensor are stable within +1°, which
is consistent with the reality.

@) (b)
Figure 8. Experimental model (a) Experimental model of situation a; (b) Posture of the moving platform after
adjustment.
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(@) (b) ()

Figure 9. Experimental result (a) The angle values of the inclination sensor before filtering; (b) The angle values
of the inclination sensor after filtering; (c) Cable lengths.

Situation b. The eccentric position Pc (x, y) satisfies: —3R/2<x<0, y< —3x/3.
The experimental model is shown in Fig. 10(a) and 10(b). In this situation, AL2 is set to 0, lengths
of L1 and L2 should be adjusted. During the adjustment, the angle values of the inclination sensor

before and after filtering are shown in Fig. 11(a) and 11(b), cable lengths are shown in Fig. 11(c). After
adjustment, values of inclination sensor are stable within +1° too.

(a) (b)

Figure 10. Experimental model (a) Experimental model of situation b; (b) Posture of the moving platform after
adjustment.

From the results we can know that: For situation 4, the angles of X-axis changed from maximum
-2.79° to the stable -0.56° and angles of Y-axis changed from maximum 1.44° to the stable -0.12°.
During this process, the length of cable L1 remained constant, length of cable L2 increased from 1100
mm to 1152.11 mm, and length of cable Ls increased from 1100 mm to 1110.96 mm. For situation b,
the angles of X-axis changed from maximum 2.10° to the stable -0.59° and angles of Y-axis changed
from maximum -1.01° to the stable -0.56°. During this process, the length of cable L3 remained
constant, the length of cable L1 increased from 1100 mm to 1125.38 mm, and the length of cable L:
increased from 1100 mm to 1103.37 mm. The experimental results are in accordance with the reality.
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Figure 11. Experimental result (a) The angle values of the inclination sensor before filtering; (b) The angle values
of the inclination sensor after filtering; (c) Cable lengths.

4.2. Accurate Adjustment Experiment of Counterweight Compensation Mechanism

To verify the actual leveling performance of counterweight compensation mechanism, this study
further conducts dynamic adjustment experiments on the counterweight compensation prototype
using a PID controller. The experiment prototype model is shown in Figure 16.
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Figure 12. Prototype model of the counterweight compensation mechanism.

Because of the symmetry and independence of X-axis and Y-axis in adjustment algorithm, there
are only two linear modules arranged in X direction to save costs. Actually, it does can verify the
feasibility. There are four fixed cable lengths connect the main hoisting point and moving platform.
One counterweight with 2kg is arranged on each linear module. When the linear module moves, the
counterweight moves with it. Based on the counterweight adjustment algorithm, a PLC program is
written to control the movement of the linear modules. The adjustment is considered to be finished
when inclination angles are stable within 0.11°. Initial position of each counterweight is 50mm away
from the bottom of the corresponding module. Two modules move synchronously.

In order to better observe the leveling effect, the moving platform is lifted in a fully suspended
status. Here, two sets of experiments are conducted with two different situations. One is an initial
inclination angle of 0.55° in X direction. The other is an initial inclination angle of -0.34° in X direction.
During the experiment, the angle values of the inclination sensor before and after filtering of the two
situations are shown in Figures 13(a),(b) and 14(a),(b), respectively. The counterweight positions are
shown in Figures 13(c) and 14(c).
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Figure 13. Experimental result (a) The inclination angles before filtering; (b) The inclination angles after filtering;
(c) Position of the counterweight.
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Figure 14. Experimental result (a) The inclination angles before filtering; (b) The inclination angles after filtering;

(c) Position of the counterweight.

In the first situation, inclination angles vary from 0.55° to 0.11°, counterweight position has
changed from 50mm to 81.16mm. In the second situation, inclination angles vary from -0.34° to -0.11°,
counterweight position has changed from 50mm to 34.89mm. Both positive and negative inclinations
in X direction can realize the requirement adjustment. The threshold judgment prevents overshooting
and oscillations. Although there exists noise and delay in the PLC signal acquisition, the angle values
after moving average filtering can be used for smooth adjustment.

5. Conclusions

A new configuration of a cable-driven parallel automatic leveling robot was proposed, which
can achieve 3-DOF adjustments in pitch, yaw, and vertical movement. This design meets the
requirements for automatic leveling operations during the hoisting process of the spacecraft. Based
on the closed vector method and the principle of force equilibrium, the kinematic models of the cable-
driven parallel mechanism and counterweight compensation mechanism were established, and the
corresponding relationships between the posture of the moving platform and the adjustments of
cable lengths and counterweight movements were derived. Kinematic simulation analysis of the
leveling process was conducted by using ADAMS software. The leveling performance further
verified through experiments. The results showed that the proposed two-stage adjustment
algorithms can achieve the desired leveling goals. The leveling accuracy is less than +0.11° after
adjustment, meeting the accuracy requirements. Results validate the correctness of the established
theoretical model, and provides a theoretical basis and reference for the optimization design and
precise control of the robot in the future.
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