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Abstract: Considering that the relative attitude between the subsystems of space solar power station has the 
characteristic of periodic continuous change, the adjustment strategy of space large-span parallel cable 
mechanism is studied. Taking OMEGA (Orb-shape Membrane Energy Gathering Array) type space solar 
power station as the research object, the motion relationship between subsystems is analyzed. The kinematic 
analysis of the cable mechanism is carried out, and the variation rule of cable length is obtained. With the 
minimum variance of cable force as the optimization objective, the smoothness of cable force variation and 
the lightweight of cable as the design criteria, the optimal installation position of cable and the optimal 
adjustment strategy of cable mechanism are optimized. Through simulation analysis, the parallel cable 
mechanism proposed in this paper changes smoothly, which is suitable for the adjustment strategy of the 
relative attitude of the space solar power station subsystem.
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1. Introduction

The development of electric vehicles has greatly reduced the pollution of automobile exhaust to the 
atmosphere. With the popularity of electric vehicles, the demand for electric energy will increase greatly. 
However, wind power generation, ground solar power generation, nuclear power and so on are subject to 
geographical, climate, security and other limitations. In contrast, space solar energy has unique advantages, 
and space solar power technology has great strategic potential.

SSPS (Space solar power station) is a technologically advanced space solution for solving energy 
problems. Since Dr. Peter Glaser proposed the idea of using space solar energy for power generation in 
1968 [1], various research institutions have successively given their own innovative design schemes, such as 
SSPS reference scheme [2], sun tower configuration [3], tethered SSPS configuration [4], Integrated 
Symmetrical Concentrator (ISC) [5], SSPS-ALPHA [6], multi-rotary joint SSPS [7], etc., and much key 
technical research for their own innovative scheme have also been carried out.

OMEGA (Orb-shape Membrane Energy Gathering Array) scheme has the advantages of better heat 
dissipation characteristics, higher solar energy collection efficiency, and simpler subsystem attitude 
adjustment technology [8,9], which has attracted the attention of many scholars and carried out extensive and 
in-depth research. Therefore, this paper will take this scheme as the research object to carry out the 
corresponding research work. As shown in Figure 1, the system is an innovative scheme of spherical space 
solar power station based on the principle of line focusing, which includes a spherical concentrating structure 
for concentrating sunlight. The photovoltaic cell array (PV Array) rotates periodically on a circular orbit 
inside the spherical concentrating structure to maintain the orientation to the sun, and the transmitting antenna 
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is located in the center of the spherical concentrating structure to maintain the orientation to the earth. It can 
be seen that there must be relative motion between the subsystems, in which the mutual attitude between the 
concentrator structure and the transmitting antenna is adjusted by the upper and lower symmetric 
cable mechanism.

Considering the structural characteristics of OMEGA scheme, the cable mechanism has two 
characteristics: large span and low speed continuous adjustment. In space, this kind of long-span low-speed 
continuous adjustment cable mechanism is very rare in the existing space systems. In the design of space 
deployable mechanism, flexible cable is used to maintain profile accuracy [10,11]. A similar tethered space 
solar power station also has a long-span connection rope, but the length of the connection rope in this system 
does not need to be adjusted. Even if some scholars have studied how to suppress the vibration of 
photovoltaic arrays by changing the connection tension, the adjustment range is very small [12,13].

In the ground system, scholars have studied deeply on the long-span rope-pulled parallel robot. S. E. 
Lafourcade completed the preliminary optimization design of the SACSO wind tunnel based on the 
accessible workspace. In the optimization process, the shape of the workspace was considered, but the impact 
of load on the workspace was not considered [14]. Tang et al. [15], Qiu et al. [16], and Zi et al. [17] studied 
the FAST (Five-hundred-meter Aperture Spherical Radio) telescope. The catenary model is used to describe 
the shape of the rope in the dynamic study of the rope-pulled parallel robot. At the same time, most of the 
redundant drives are used to achieve maximum working space, but there is no unique solution to the rope 
tension at this time. Mikelsons et al. [18] proposes a driving force solution algorithm, but this algorithm takes 
the center of gravity of convex polyhedron solution space as the optimization solution index, and deliberately 
gives up the search for the optimal solution. For a three-dimensional remote sensing robot (NIMS3D) that can 
be used for environmental monitoring, Borgstrom et al. [19] adopts the minimum 2-norm as the driving force 
for solving optimization objectives, but does not give specific continuity and real-time indicators. Aiming at 
the completely constrained positioning mechanism, Gosselin et al. [20] takes the 4-norm minimization of the 
deviation between each root driving force and the median driving force as the goal, and transforms the 
driving force distribution problem into a univariate polynomial extreme value solving problem.

To sum up, this paper carries out the design of parallel cable mechanism for OMEGA scheme. Based on 
the study of the interaction between the subsystems, the adjustment strategy of the cable mechanism is 
designed. The minimum variance of cable force is used as the optimization index to solve the cable force 
driven by redundant cables. The smoothness of cable force variation and cable lightweight are used as the 
design criteria to obtain the optimal installation position of parallel cables.

2. Coordinate System Description and Assumption

In order to facilitate the description of the mutual motion relationship between subsystems, coordinate 
systems are established as shown in Figure 2.

 

 Incident rayConcentrator

Transmitting Antenna

PV Array

Circle Rail

Figure 1.　 SSPS-OMEGA (Space Solar Power Station-Orb-shape Membrane Energy Gathering Array) scheme 
diagram.
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(1) Earth’s inertial coordinate system XEYEZE

The ZE axis is perpendicular to the Earth’s equatorial plane and consistent with the direction of the 
Earth’s rotation angular velocity vector. The XE axis is in the equatorial plane and points to the spring 
equinox of epoch J2000.0. The YE axis conforms to the right-hand rule.

(2) Concentrator coordinate system X1Y1Z1 with base vextor e1 = [ e1
x e1

y e1
z ]

T

The X1Z1 plane coincides with the middle surface of the concentrator. The X1 axis points to the direction 
in which the concentrator moves around the Earth. The Y1 axis conforms to the right-hand rule and is coaxial 
with the central axis of the concentrator.

(3) PV array coordinate system X2Y2Z2 with base vextor e2 = [ e2
x e2

y e2
z ]

T

The Z2 axis is coaxial with the rotation axis of the PV array, and points to the center of the concentrator. 
The Y2 axis is in the same direction as the Y1 axis of the concentrator coordinate system. The X2 axis follows 
the right-hand rule.

(4) Transmitting antenna coordinate system X3Y3Z3 with base vextor e3 = [ e3
x e3

y e3
z ]

T

The Z3 axis is perpendicular to the transmitting antenna plane. The X3 axis points to the direction of the 
transmitting antenna relative to the Earth, is tangent to the geosynchronous (GEO) orbit, and is located in the 
central plane of the transmitting antenna; The Y3 axis conforms to the right hand rule and is also located in the 
central plane of the transmitting antenna.

(5) Body coordinate system XbYbZb with base vextor eb = [ eb
x eb

y eb
z ]

T

Zb axis is yaw axis, pointing to the center of earth. Xb axis is the rolling axis, pointing to the running 
direction of the SSPS-OMEGA system. Yb axis is the pitch axis, conforming to the right-hand rule.

In the above five coordinate systems, the Earth’s inertial coordinate system is the reference coordinate 
system; The concentrator coordinate system, the PV array coordinate system and the transmitting antenna 
coordinate system are the centroid coordinate systems of each subsystem of the SSPS-OMEGA system. The 
body coordinate system is the satellite coordinate system fixed on the SSPS-OMEGA system. In this paper, it 
is assumed that the transmitting antenna coordinate system and the body coordinate system completely 
coincide. In addition, in an ideal case, the origin of the condenser coordinate system coincides with the origin 
of the transmitting antenna coordinate system.

3. Planning of Relative Motion between Subsystems

As shown in Figure 3, the SSPS-OMEGA system revolves around the Earth in the GEO orbit. During 
the operation, the PV array needs to be oriented towards the sun, its coordinate system rotates around the Y1 
axis in the concentrator, and the Z2 axis is always inversely parallel to the incident light, and the trajectory of 
the PV array in the condenser is parallel to the ecliptic plane. The transmitting antenna remains oriented to 

 

Figure 2.　Coordinate systems diagram.
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the ground, and the Z3 axis of the coordinate system always points to the OE of the Earth’s inertial coordinate 
system, so the transmitting antenna coordinate system always coincides with the system body coordinate 
system under ideal conditions. The origin of the concentrator coordinate system always coincides with the 
origin of the transmitting antenna coordinate system. However, due to the existence of the ecliptic Angle, the 
mutual attitude between the concentrator and the transmitting antenna will change, which is realized by 
changing the length of the connecting cable between them.

Figure 3 shows the position and attitude relationship between the coordinate systems of each subsystem 
at four-time nodes (0 h, 6 h, 12 h, 18 h) in a day. It can be seen that there is an attitude angle whose amplitude 
is equal to the angle of the ecliptic at each of the four-time nodes. For PV cell array, the change of the attitude 
angle between it and the system body coordinate system can be seen as the superposition of the attitude angle 
between the condenser and the system body coordinate system and the attitude angle between the PV array 
and the condenser, that is, the first step is to convert the system body coordinate system by rotating one 
certain angle to the condenser coordinate system. The second step is to convert the condenser coordinate 
system to the PV array coordinate system by rotating one certain angle.

3.1. Attitude of the Condenser Relative to the System Body Coordinate System

As shown in Figure 4, in the heliocentric coordinate system XSYSZS, the base vector of the condenser 
coordinate system could be expressed as:

ì

í

î

ï
ïï
ï

ï
ïï
ï

e1® S
x = [ ]cosωEt sinωEt 0

T

e1® S
y = [ ]0 0 -1

T

e1® S
z = [ ]-sinωEt cosωEt 0

T

(1)

where ωE is the angular velocity of the earth’s rotation.
A(1S) is the cosine matrix of the direction of the concentrator coordinate system relative to the 

heliocentric coordinate system, which can be obtained by Equation (2):

[ e1
x e1

y e1
z ]

T
=A(1S)[ e1® S

x e1® S
y e1® S

z ]T
(2)

 

Figure 3.　Diagram of relative attitude of subsystems in one day.
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At the same time, A(1S) could also be expressed as:

A(1S)=A(1b) A(bE) A(ES) (3)

where

A(ES)=
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

ú1 0 0
0 cos ε -sin ε
0 sin ε cos ε

(4)

A(bE)=
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úcosωEt 0 sinωEt
-sinωEt 0 -1

0 cosωEt 0
(5)

where ε = 23°26′ , is the intersection angle of the yellow.

The attitude of the condenser relative to the system body coordinate system is rotated according to the 

order of Euler angle “x-y-z”, which could be further obtained:

A(1b)=
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úa11 a12 a13

a21 a22 a23

a31 a32 a33

=
é

ë

ê

ê
êêê
ê

ê

ê ù

û

ú

ú
úúú
ú

ú

úCγ1Cβ1 Cγ1Sβ1Sα1 + Sγ1Cα1 -Cγ1Sβ1Cα1 + Sγ1Sα1

-Sγ1Cβ1 -Sγ1Sβ1Sα1 +Cγ1Cα1 Sγ1Sβ1Cα1 +Cγ1Sα1

Sβ1 -Cβ1Sα1 Cβ1Cα1

(6)

where S represents sine function “sin” and C represents cosine function “cos”.

The angular displacement of the condenser relative to the system body coordinate system can be 

expressed as:

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

α1 =-arctan
a32

a33

β1 = arcsin a31

γ1 =-arctan
a21

a11

(7)

when a11 and a33 are equal to zero, α1 and γ1 are equal to ±
π
2

 respectively which is need manual regulation.

3.2. Attitude of the PV Array Relative to the System Body Coordinate System

As shown in Figure 4, the direction vector lS of solar rays in the heliocentric coordinate system 

XSYSZS can be expressed as:

lS
S = [ sinωSt -cosωSt 0 ]T

(8)

Convert it to the condenser coordinate system X1Y1Z1, which can be expressed as:

 

Figure 4.　Diagram of mutual motion between the system, the Sun and the Earth.
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lS® 1
S =A(1S)lS

S (9)

where the calculation A(1b) obtained in Section 3.1 is substituted into Equation (3) to obtain A(1S)= (A(S1)) T
.

In addition, the base vector e2
z of the PV array in the condenser coordinate system X1Y1Z1 can be 

expressed as:

e2® 1
z =A(12)e2

z (10)

where A(12) is the direction cosine matrix of the condenser coordinate system relative to the PV battery array 
coordinate system:

A(12)=
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úcosΦ 0 sinΦ
0 1 0

-sinΦ 0 cosΦ
(11)

The Z2 axis of the PV array is sun-oriented, that is, inversely parallel to the direction vector of the 
incident light, which can be expressed as:

e2® 1
z lS® 1T

S =-1 (12)

According to Equation (12), during the operation of the SSPS-OMEGA system around the Earth, the 
rotation angle of the PV array around the condenser is as follows:

Φ =ωEt (13)

For the attitude change between the PV array coordinate system and the body coordinate system, it can 
be obtained by the direction cosine matrix between them, namely:

A(2b)=A(21) A(1b) (14)

At the same time, the attitude of the PV array relative to the system body coordinate system is rotated 
according to the order of “z-x-y” of the Euler angle, and it can be obtained:

A(2b)=
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úb11 b12 b13

b21 b22 b23

b31 b32 b33

=
é

ë

ê

ê
êêê
ê

ê

ê ù

û

ú

ú
úúú
ú

ú

ú-Sγ2Sβ2Sα2 +Cγ2Cα2 Sγ2Sβ2Cα2 +Cγ2Sα2 -Sγ2Cβ2

-Cβ2Sα2 Cβ2Cα2 Sβ2

Cγ2Sβ2Sα2 + Sγ2Cα2 -Cγ2Sβ2Cα2 + Sγ2Sα2 Cγ2Cβ2

(15)

The angular displacement of the PV array coordinate system in the body coordinate system can be 
expressed as:

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

α2 =-arctan
b21

b22

β2 = arcsin b23

γ2 =-arctan
b13

b33

(16)

when b22 and b33 are equal to zero, α2 and γ2 are equal to ±
π
2

 respectively which is need manual regulation.

4. Analysis and Design of Parallel Cable Mechanism

Assuming that the cable is always in a tensioned state, the cable can be approximated as a straight line 
in the absence of gravity in space.

4.1. Kinematics Analysis of Parallel Cable Mechanism

As shown in Figure 5, the connection point coordinates of the jth connecting cable with the condenser 

and the transmitting antenna are respectively V b
j = [ xj yj zj ]

T
 and U b

j = [ xj yj zj ]
T
, j = 12m in the 

system body coordinate system.
Accordingly, the direction vector of the jth cable in the system body coordinate system can be written as:

Lb
j =U b

j -V b
j (17)
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Among them, the transmit antenna coordinate X3Y3Z3 coincides with the system body coordinate XbYbZb, 

so U b
j =U 3

j . V b
j  can be expressed as:

V b
j = rb

1 +A(b1)V 1
j (18)

where, V 1
j  is the coordinate of the connection point between the jth cable and the condenser in the condenser 

coordinate system.

Therefore, the length of the jth cable can be obtained by Equation (17). The length of the cable and the 
change rate can be obtained by derivation of Equation (17):

L̇j lb
j + Lj l̇b

j =U̇ b
j - ṙb

1 - Ȧ(b1)V 1
j -A(b1)V̇ 1

j (19)

where L̇j is the length change rate of the cable and lb
j  is the unit direction vector of the cable.

Taking into account V̇ 1
j = 0 and U̇ b

j = 0, Equation (19) can be rewritten as:

L̇j lb
j + Lj l̇b

j =-ṙb
1 - Ȧ(b1)V 1

j

=-ṙb
1 -A(b1) A(1b) Ȧ(b1)V 1

j

=-ṙb
1 -A(b1)ῶ b

1V 1
j

=-ṙb
1 +A(b1)V͂ 1

j ω b
1

(20)

where V͂ 1
j  is the component matrix of the vector V 1

j .

By left multiplying both sides of Equation (20) simultaneously with lbT
j , it can be get as follows:

L̇j lbT
j lb

j + Lj lbT
j l̇b

j =-lbT
j ṙb

1 + lbT
j A(b1)V͂ 1

j ω b
1 (21)

where lbT
j l̇b

j = lbT
j (ω ´ lb

j ) = 0. It can be further obtained as follows:

L̇j =-lbT
j ṙb

1 + lbT
j A(b1)V͂ 1

j ω b
1 =

é
ë
êêêê-lbT

j lbT
j A(b1)V͂ 1

j
ù
û
úúúú é

ë
ê
êê
ê ù

û
ú
úú
úṙb

1

ω b
1

(22)

Therefore, the length change rate of all cables in the overall system can be expressed as:

L̇=-J Tq̇b
1 (23)

where L̇= [ L̇1 L̇2  L̇m ]T
, q̇b

1 = [ ṙbT
1 ω bT

1 ]T

,

 

Figure 5.　Diagram of the connecting cable mechanism between the condenser and the transmitting antenna.
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J =
é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
úlb

1 lb
2  lb

m

V͂ 1
1 A(1b)lb

1 V͂ 1
2 A(1b)lb

2  V͂ 1
m A(1b)lb

m

Equation (23) represents the relationship between the change rate of the generalized coordinates of the 
condenser relative to the system body coordinate system and the length change rate of the cable.

4.2. Redundant Cables Tension Force Solution

Without considering the influence of the subsystem flexibility factor on the mechanical characteristics 
of the connecting cable mechanism, the multi-body rigid body dynamics equation of the condenser and PV 
array system is derived [21,22] as follows:

R̈E
b∑

i = 1

2

Mi +∑
i = 1

2

Mir̈b
i + 2ῶE

b∑
i = 1

2

Miṙb
i +ῶ̇ E

b∑
i = 1

2

Mirb
i +ῶE

bῶE
b∑

i = 1

2

Mirb
i =∑

i = 1

2

Fgi +∑
j = 1

m

lb
j Flj (24)

∑
i = 1

2

İ b
i ωE

b +∑
i = 1

2

I b
i ω̇E

b +∑
i = 1

2

I iω̇ b
i +∑

i = 1

2

Mir͂b
i r̈b

i +∑
i = 1

2

ῶE
b I b

i ωE
b +∑

i = 1

2

ῶE
b I b

i ω b
i +∑

i = 1

2

MiῶE
b r͂b

i ṙb
i

=∑
i = 1

2

Tgi +∑
j = 1

m (rb
1 +A(b1)V 1

j ) ´ lb
j Flj

(25)

where Flj is the tension force of the jth cable.
The multi-rigid body dynamics equation of the subsystem can be further rewritten as:

Jb Fl =
é

ë

ê
êê
ê ù

û

ú
úú
úF

T (26)

where F=R̈E
b∑

i = 1

2

Mi +∑
i = 1

2

Mir̈b
i + 2ῶE

b∑
i = 1

2

Miṙb
i +ῶ̇ E

b∑
i = 1

2

Mirb
i +ῶE

bῶE
b∑

i = 1

2

Mirb
i -∑

i = 1

2

Fgi,

T=∑
i = 1

2

İ b
i ωE

b +∑
i = 1

2

I b
i ω̇E

b +∑
i = 1

2

I iω̇ b
i +∑

i = 1

2

Mir͂b
i r̈b

i +∑
i = 1

2

ῶE
b I b

i ωE
b +∑

i = 1

2

ῶE
b I b

i ω b
i +∑

i = 1

2

MiῶE
b r͂b

i ṙb
i -∑

i = 1

2

Tgi, coefficient 

matrix Jb =
é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
úlb

1 lb
2  lb

m

V͂ b
1 lb

1 V͂ b
2 lb

2  V͂ b
mlb

m

.

In the ideal case, there is no deviation between the body coordinate system and the orbital coordinate 
system, so when the number of cables and the number of equations are equal, the tension force of all cables 
can be obtained by substituting the known mutual motion position and attitude relationship between 
subsystems into Equation (26). When the number of cables exceeds the number of equations, there is 
redundant drive, and Equation (26) cannot obtain a unique solution. At this time, the tension force of the 
cable can be expressed as:

Fl = J +
b

é

ë

ê
êê
ê ù

û

ú
úú
úF

T + [ ξ1 ξ2  ξm - 6 ]c (27)

where J +
b  is the generalized inverse matrix of Jb, [ ξ1 ξ2  ξm - 6 ] is the fundamental system of solutions 

of Jb, c= [ c1 c2  cm - 6 ]
T
 is the coefficient vector of the fundamental solution system.

As a component with certain elasticity, the tension force of all cables has interval constraint. In order to 
ensure that the cable is in a tensioning state, the tension force acting on the cable should not be less than its 
pretension force Flmin, and the material strength of the cable and the drive power of the servo motor 
determine the maximum tension force Flmax that the cable can withstand, that is, the tension force constraint 
on each cable is:

Fl min £Flj £Fl max (28)

Su et al. [23] mentioned that the minimum variance index is of the most physical significance. By 
adjusting the coefficient of the fundamental system of solutions, the tension force of each cable can be kept 
near the target value. Therefore, the optimization model can be obtained as follows:
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min　F(c)= 1
m∑j = 1

m ( )Flj -F *
l

2

s.t.　Fl = J +
b

é

ë

ê
êê
ê ù

û

ú
úú
úF

T + [ ]ξ1 ξ2  ξm - 6 c
　　 Fl min £Flj £Fl max　( j = 12m)

(29)

where F *
l  is the target tension force.

4.3. Cable Connection Location Design Criteria

Considering the structural symmetry and the periodicity of the relative motion between the condenser 

and the transmitting antenna, the connection cable mechanism scheme is designed as an eight parallel cable 

connection scheme. As shown in Figure 6, each side of the OMEGA has four cables connecting the condenser 

and the transmitting antenna. Number 1, 2, 3, 4 cables are at the up, number 5, 6, 7, 8 cables are at the down. 

They have the same connection point number on the condenser and the transmitting antenna. The positions of 

the connection points are symmetric with respect to the coordinate axis. φ is the angle between connection 

points at the transmitting antenna and coordinate axis. θ is the angle between connection points at the 

condenser and coordinate axis. Different φ and θ fitting together will form different cable mechanism 

adjustment methods. Here are some guidelines on how to choose the best adjustment from 

these combinations.

(1) Cable force continuity criteria

When the relative attitude of the transmitting antenna and the condenser is adjusted continuously, if the 

driving force sudden changes, the relative attitude of the transmitting antenna and the condenser will cause 

attitude oscillation and it is very difficult to recover, which will affect the pointing accuracy of microwave 

beam and the solar energy collection efficiency. Within the range of one cycle change of relative attitude, the 

maximum tension force increment max{ΔFlj} of each cable with adjacent time step Δt and the maximum 

tension force gradient increment max{ÑFlj} of each cable are:

max{DFlj }= max
0 £ t £ T

 F t +Dt
lj -F t

lj (30)

 

Figure 6.　Diagram of eight parallel cable connection points.
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max{ÑFlj }= max
Dt £ t £ T









 







F t +Dt

lj -F t
lj

Dt
-

F t
lj -F t -Dt

lj

Dt
(31)

If both meet:

ì
í
î

max{DFlj }£ δ1

max{ÑFlj }£ δ2

(32)

It can be considered that the tension force changes smoothly and continuously with time.

(2) Cable lightweight criteria

The rocket launch cost used in the construction of the spacecraft system is crucial, and all parts of the 
structure need to be lightweight as a design goal. Therefore, on the basis of satisfying the cable force smooth 
and continuous change, the total weight of the cable mechanism should be minimum. Considering that the 
reserved length of the cable must meet the maximum length in the process of cable length change, and each 
cable has the same density and cross-sectional area, there is

min
ì
í
î

ïï∑
j

m

Lj

ü
ý
þ

ïï
(33)

5. Simulation Analysis

5.1. System Parameter

Set the power output of the ground receiving antenna as P0 = 2 GW, and calculate the characteristic 
dimensions of each subsystem according to the predicted energy transfer efficiency link, as shown in Table 1. 
Since heat dissipation equipment and power transmission equipment is not designed in detail in the position 
of the PV array, this part of the quality is not considered in the PV. In the simulation process, the time period 
is set to 24 h, the time step is set to 360 s, and the upper limit of the continuity criterion is set to δ1 = 2 N, 
δ2 = 2 N.

5.2. Subsystem Relative Attitude

Ideally, the center of mass of the condenser is assumed to coincide with the origin of the system body 
coordinate system. Due to the existence of the ecliptic angle, the attitude between the condenser and the 
system body coordinate system has a continuous periodic change, as shown in Figure 7. Among them, the 
change trend of attitude angle around Xb axis and Zb axis is the same, the amplitude is equal to the declination 
angle (23.43°), and the period is 24 h. However, the change around Xb axis lags behind the change around Zb 
axis by 6 h. The attitude angle around the Yb axis has a amplitude of 2.36° and a period of 12 h. It can be seen 
that the attitude angle around the Yb axis has a smaller change amplitude and a faster change frequency. 
Correspondingly, the angular velocity and angular acceleration magnitudes about the Xb axis and Zb axis are 
5.96°/h and 1.69°/h2, respectively, and the angular velocity and angular acceleration magnitudes about the Yb 
axis are 1.24°/h and 0.65°/h2, respectively, relative to the Earth’s rotation angular velocity (15°/h). The 
attitude angle between the condenser and the system body coordinate system (i.e., the transmitting antenna) 
changes slowly. At the same time, the simulation results provide a reference for the length adjustment of the 
connecting cables.

Table 1.　The basis parameters of 2GW SSPS-OMEGA.

Subsystems

Concentrator

PV array

Transmitting antenna

Characteristic 
Dimensions (m)

R1 = 1500

R2 = 151.8
H2 = 262.7

R3 = 500

Mass (kg)

3.53 × 106

2.01 × 106

6.54 × 106

Inertia (kg·m2)

diag([1.68 × 1013, 1.96 × 1013, 1.68 × 1013])

diag([8.61 × 106, 2.73 × 104, 8.61 × 106])

diag([1.88 × 107,1.88 × 107,3.77 × 107])
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As shown in Figure 8, from the Angle of angular displacement, the change trend of attitude Angle 
around Xb axis and Zb axis is similar, with a amplitude of 23.43° and a period of 24 h. However, in terms of 
angular velocity and angular acceleration, there is a difference between the attitude angle change around the 
Xb axis and the Zb axis: the angular velocity around the Xb axis is 6.50°/h, while the angular velocity around 
the Zb axis is relatively small, 5.96°/h. Moreover, around 6 and 18 h, the angular acceleration around the Zb 
axis is relatively gentle, and it is also the position where the angular acceleration is the largest, with a 
maximum value of 1.43°/h2, while the angular acceleration around the Xb axis is larger, with a maximum 
value of 1.70°/h2. From the perspective of linear displacement, the center of mass of the photovoltaic cell 
array is fixed relative to the coordinates of the Yb axis, and the coordinates in the direction of the Xb axis and 
the Zb axis are periodically changed in sine and cosine form. Therefore, it can be considered that the 
photovoltaic cell array rotates around the Yb axis at a non-uniform fixed axis, and the angular velocity varies 
periodically from 13.76 to 16.35°/h, with a period of 12 h. The angular acceleration has a amplitude of 
0.68°/h2.

(a)　

(c)　

(b)　

Figure 7.　The angular displacement, angular velocity and angular acceleration of the condenser relative to the system 
body coordinate system. (a) Angular displacement; (b) Angular velocity; (c) Angular acceleration.
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5.3. Optimal Mechanism Adjustment Strategy

By optimizing the design of the cable mechanism, the optimal eight parallel cable drive connection 
scheme can be obtained as φ = 50° and θ = 60°. Due to the periodicity and symmetry of the relative attitude 
between the condenser and the transmitting antenna, the change trend between the 1th and 5th cable, the 2th 
and 6th cable, the 3th and 7th cable, and the 4th and 8th cable is the same respectively, and the change period 
is 24 h. As shown in Figures 9 and 10, the maximum cable length is 1339 m, the maximum change amount is 
289 m, and the maximum change rate of cable length is 42 m/h, which is relatively slow and stable. At the 
same time, 200 N is taken as the cable force optimization target in Equation (22), and the maximum cable 
force is set to 1000 N. Through optimization, the tension force variation law of each cable is obtained, as 
shown in Figure 11. It can be seen that the maximum tension force of the eight cables does not exceed 280 N, 
and the minimum tension is 5.4 N. The change of cable force is smooth, which is easy to adjust the relative 
attitude between the condenser and the transmitting antenna smoothly and continuously.

(a)　

(c)　

(b)　

Figure 8.　The angular displacement, angular velocity and angular acceleration of the PV array relative to the system 
body coordinate system. (a) Angular displacement; (b) Angular velocity; (c) Angular acceleration.
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(a)　　
 

(b)　

Figure 9.　Cable length change curve. (a) The up rail; (b) The down rail.

(a)　 (b)　

Figure 10.　Cable length change rate curve. (a) The up rail; (b) The down rail.

 

(a)　
 

(b)　

Figure 11.　Tension force change curve. (a) The up rail; (b) The down rail.
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6. Conclusions

In this paper, SSPS-OMEGA is taken as the research object, the motion planning of the subsystem is 
carried out, and the relative attitude change relationship between the condenser, the PV array and the 
transmitting antenna are studied. Based on the redundant cable solution method and design criteria, a scheme 
of eight parallel cable drive for transmitting antenna is designed. Through model construction and simulation 
analysis, the following conclusions are obtained:

(1) Considering the different orientation targets, due to the existence of ecliptic angle, the relative 
attitude between subsystems in OMEGA scheme presents a large angle periodic change, the maximum value 
of rolling angle and pitch angle change is equal to the magnitude of the ecliptic angle, and the maximum 
value of yaw angle change is only 2.36°.

(2) Due to the symmetry of OMEGA structure and relative motion between subsystems, the design of 
cable mechanism also adopts unilateral symmetry and upper and lower symmetry redundancy layout. 
According to the optimization objective of minimum variance of cable force and the design criteria of smooth 
continuity and lightweight, the optimal cable force variation trend is obtained, the maximum cable force is 
not more than 280 N, and the minimum tension is 5.4 N. The maximum change rate of cable length is 42 m/h, 
and the change is smooth, which is easy to adjust the relative attitude between the condenser and the 
transmitting antenna smoothly and continuously.
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