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Abstract 

It was a long time since mankind explored and studied the universe, but the early-age power sources 

have not changed a lot over that period. Solar panels have been used long ago and are still in use today. 
However, their efficiency has improved considerably. Large and complicated solar arrays are now used 

instead of simply attaching the panels directly on the face of the satellite. A solar array is essential for 

a spacecraft to carry out its mission successfully and the first task for the spacecraft in space is the 
deployment of the solar array. Since there is not much space in the nose cone of the launch vehicle, a 

stowed position of the solar panels is required. Also, during launch and ascent, the launch loads can 
be transmitted to the satellite structure in a better way, because of the stiffness of the solar array in the 

stowed configuration and its ability to take up high natural frequencies. A solar array is attached to the 
satellite by means of a yoke. The purpose of the yoke is to keep the array out of the satellite’s own 

shadow, and several solar panels are connected by a rotating hinge here. In general, these solar arrays 
are deployed synchronously by a synchronous mechanism. The synchronization system controls the 

relative movement of the yoke and the panels with respect to the sidewall of the satellite. Hereby 
interference of the solar array with the satellite is prevented. The closed cable loop (CCL) is a typical 

synchronous mechanism for the solar array deployment. The closed cable loop device is known as a 
suitable instrument for deploying solar array configurations and arrays. This study provides a multi-

DOF dynamic model of a solar array with n panels using the CCL. A formula to calculate the 
synchronous torque for the ideal synchronization is derived from the dynamic model, and its 

characteristics are analyzed. And then, the decision method of the maximum synchronous torque is 
provided. The calculation results indicate that the method is accurate enough and can be used to 

determine the CCL design parameters. 
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INTRODUCTION 

The primary electrical power of a spacecraft is obtained from a solar array and the first task of 

spacecraft in space is the deployment of the solar 

arrays. The typical solar array used in satellites 

consists of a yoke and several panels. The multiple 

panel solar arrays are usually folded during the 

spacecraft launch and ascent. The yoke and panels 

are interconnected by the hinges. The energy for the 

deployment is provided by the pre-loaded torsion 

springs located at each of the hinges. To 

synchronize the deployment motion of the panels, a 

synchronization system is mounted alongside each 

panel. The closed cable loop (CCL) is commonly 

used as a synchronous deploying control 

mechanism of the solar array [1–6]. The solar array 

deployment has been studied by many researchers. 
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Narayana et al. took each deployment angle as the generalized coordinates and the synchronous torques 

at each joint as the generalized forces, and then, studied the solar array deployment by using ADAMS 

[7]. Li studied the synchronous torques and the change of the cable tension by using ADAMS and 

decided the pretension of the cable [8]. Here, the ratio of the change of the cable tension to the pretension 

was considered and the pretension was decided so that the change of the cable tension was not bigger 

than the pretension. Wang et al. explained the operation principle of a CCL and the cause of 

asynchronous phenomena [9]. He described the synchronous torque by a CCL as a function of the 

asynchronous angle and provided the better way to practice the synchronization of the solar array 

deployment. Chen provided a single-DOF analysis method for the deployment of the solar array, which 

considers that the solar array deployment using the CCLs is ideal and synchronous, and studied the 

deployment period and the angular velocity at the end of the deployment [10, 11]. It is simple and 

convenient to study the deployment period and angular velocity at the end of the deployment by using 

the single-DOF method. Chen also provided the method for calculation of the synchronous torque and 

analyzed the change of the cable tension and the asynchronous angle. Here, the equations of motion of 

each body (a yoke and three panels) were established, and the synchronous torques were calculated by 

using the angular velocity and the angular acceleration obtained from the single-DOF model. But the 

errors included in results of the synchronous torque were not analyzed and the calculation method of 

the maximum synchronous torque was not provided. Ding et al. provided the 4-DOF dynamic model 

of a solar array [2, 12]. The output torque of the root hinge drive assembly (RHDA) was calculated here, 

but the characteristics of the synchronous torque were not studied. The n-DOF dynamic model of a solar 

array, but this model is composed of matrices of high dimension ((3+3n)×(3+n)), so it is complicated 

to analyze the solar array deployment using this model. 

 

The synchronous torque directly affects to the deployment synchronization of a solar array and it is 

related with the structural parameters not only of the solar panels but also of the CCLs such as the 

stiffness coefficient, the pretension of the cable, and the diameter of pulleys. Furthermore, the maximum 

of the synchronous torque is the very important parameter because it is the base data for design of the 

CCLs to guarantee the successful deployment of the solar array. However, the characteristics of the 

synchronous torque were not studied in depth, especially, as there are no methods to decide the 

maximum of the synchronous torque. Multi-DOF dynamic models contain the asynchronous 

phenomena implicitly, so it is easier and convenient to consider the synchronous torque by using the 

multi-DOF dynamic model. 

 

Multi-DOF models provided in previous studies have limitations in the application, because they 

were modeled under some conditions, for example, that all of the panels have the equal length. The 

panels of the solar array introduced by Haynie and Kriger were not same in length [13]. Its outer panel 

was longer than the inner panel. With the rapid development of astronautic technology, the growing 

requirements of the electrical power have the need to use large-area arrays and it makes the number of 

panels grow. Hence, it is needed to generalize the dynamic model to the case of more panels. 

 

This study establishes a generalized multi-DOF deployment dynamic model of a solar array with n 

panels and proposes the calculation method of maximum of the synchronous torque based on the model. 

 

DYNAMIC MODELING OF THE SOLAR ARRAY 

Kinematics 

The global position vector of an arbitrary point on the rigid body i can be expressed in terms of the 

translation and the rotation of the body, as shown in Figure 1 [6].  

 

𝑟𝑖 = 𝑅𝑖 + 𝐴𝑖𝑢̄𝑖  (1) 

 

where, 𝑟𝑖  is the global position vector of an arbitrary point P on the rigid body i, 𝑅𝑖  the global 

position vector of the origin of the body coordinate system 𝑋1
𝑖 𝑋2

𝑖 𝑋3
𝑖 , 𝐴𝑖 rotation matrix that defines the 
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orientation of body i with respect to the global coordinate system 𝑋1𝑋2𝑋3, 𝑢̄𝑖 the position vector of an 

arbitrary point P in the body coordinate system 𝑋1
𝑖 𝑋2

𝑖 𝑋3
𝑖  which has a constant component. 

 

A yoke and the solar panels are interconnected by the revolute hinges, so that the deployment motion 

can be considered as a planar motion [12]. Figure 2 shows the schematic representation of a solar array 

with the defined coordinate systems. It is clear that the orientation of all of the body coordinate systems 

can be coincided with the global coordinate system when the solar array is fully deployed. 

 

 
Figure 1. Global coordinate system and body coordinate system. 

 

 
Figure 2. Coordinate systems of a solar array system. 
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The position vector of the mass center of each panel and the origin of the body coordinate systems 

can be described as follows: 

 

𝑟𝑐
𝑖 = 𝑅𝑖 + 𝐴𝑖𝐸̄𝑖  (2) 

 

𝑅𝑖 = 𝑅𝑖−1 + 𝐴𝑖−1𝐿̄𝑖−1 = ∑ 𝐴𝑗𝐿̄𝑗𝑖−1
𝑗=1   (3) 

 

where, 𝑟𝑐
𝑖 represents the global position vector of the mass center of the ith panel, 𝐸̄𝑖 and 𝐿̄𝑖the local 

position vector of the mass center and length vector of the ith panel in the ith body coordinate system, 

respectively. 
 

 𝐸̄𝑖 = [𝑒𝑖 0]𝑇  (4) 

 

𝐿̄𝑖 = [𝑙𝑖 0]𝑇  (5) 

 

The rotation matrix from the ith body coordinate system to the global coordinate system is:  
 

𝐴𝑖 = 𝐴𝑖−1𝐴𝑖,𝑖−1 = ∏ 𝐴𝑗,𝑗−1𝑖
𝑗=1   (6) 

 

where, 𝐴𝑖,𝑖−1 is the rotation matrix from the ith body coordinate system to the i-1th coordinate system. 
 

𝐴𝑖,𝑖−1 = [
𝑐𝑜𝑠 𝜃𝑖 − 𝑠𝑖𝑛 𝜃𝑖

𝑠𝑖𝑛 𝜃𝑖 𝑐𝑜𝑠 𝜃𝑖
]  (7) 

 

Therefore, the rotation matrix, the position vector and the velocity vector of the mass center can be 

written as follows: 
 

𝐴𝑖 = [
𝑐𝑜𝑠 𝛼𝑖 − 𝑠𝑖𝑛 𝛼𝑖

𝑠𝑖𝑛 𝛼𝑖 𝑐𝑜𝑠 𝛼𝑖
]  (8) 

 

𝑟𝑐
𝑖 = [∑ 𝑔𝑖𝑗 𝑐𝑜𝑠 𝛼𝑗

𝑖
𝑗=1 ∑ 𝑔𝑖𝑗 𝑠𝑖𝑛 𝛼𝑖

𝑖
𝑗=1 ]

𝑇
  (9) 

 

𝑟̇𝑐
𝑖 = [− ∑ 𝑔𝑖𝑗𝛼̇𝑗 𝑠𝑖𝑛 𝛼𝑗

𝑖
𝑗=1 ∑ 𝑔𝑖𝑗𝛼̇𝑗 𝑐𝑜𝑠 𝛼𝑗

𝑖
𝑗=1 ]

𝑇
  (10) 

 

Where,  
 

𝛼𝑖 = ∑ 𝜃𝑗
𝑖
𝑗=1 , 𝛼̇𝑖 = ∑ 𝜃̇𝑗

𝑖
𝑗=1   (11) 

 

𝑔𝑖𝑗 = {
𝑙𝑗, 𝑗 ≠ 𝑖

𝑒𝑗, 𝑗 = 𝑖
  (12) 

 

The angular velocity of the ith body coordinate system with respect to the global coordinate system 

can be described as follows: 
 

𝜔𝑖 = 𝜔𝑖−1 + 𝜔𝑖,𝑖−1  (13) 

 

where, 𝜔𝑖  is the angular velocity of the ith body coordinate system with respect to the global 

coordinate system and 𝜔𝑖,𝑖−1 is one of the ith body coordinate systems with respect to the i-1th body 

coordinate system. 

 

𝜔𝑖,𝑖−1 = 𝜃̇𝑖  (14) 
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Accordingly, Eq. (13) can be written as follows: 

 

𝜔𝑖 = ∑ 𝜔𝑗,𝑗−1
𝑖
𝑗=1 = ∑ 𝜃̇𝑗

𝑖
𝑗=1 = 𝛼̇𝑖  (15) 

 

Multi-DOF dynamic model 

Let us derive the dynamic equation of the solar array with n panels (to be more exact, a yoke and n-

1 panels). The degree of freedom is n. Let us take the deployment angle of each panel as the generalized 

coordinates as 𝑞𝑖 = 𝜃𝑖, 𝑖 = 1, 2, ⋯ , 𝑛. 

 

Then the kinetic energy of the ith panel is: 
 

𝑇𝑖 =
1

2
𝑚𝑖𝒓̇𝑐

𝑖 𝑇
𝒓̇𝑐

𝑖 +
1

2
𝐽𝑐

𝑖 𝜔𝑖
2  (16) 

 

where, 𝑚𝑖 and 𝐽𝑐
𝑖  are the mass and the mass moment of inertia for the mass center of the ith panel, 

respectively. 

 

The total kinetic energy of system can be obtained as follows: 
 

𝑇 = ∑ 𝑇𝑖𝑛
𝑖=1 =

1

2
∑ (𝐽𝑐

𝑖 𝛼̇𝑖
2 + 𝑚𝑖 ∑ 𝑔𝑖𝑗

2 𝛼̇𝑗
2𝑖

𝑗=1 )𝑛
𝑖=1 + ∑ ∑ ∑ 𝑚𝑖𝑔𝑖𝑗𝑔𝑖𝑘𝛼̇𝑗𝛼̇𝑘 𝑐𝑜𝑠(𝛼𝑗 − 𝛼𝑘)𝑖

𝑘=𝑗+1
𝑖−1
𝑗=1

𝑛
𝑖=2   (17) 

 

The total potential energy of system can be expressed as follows: 
 

𝑈 =
1

2
∑ 𝑘𝑖

𝑠(𝜃0𝑖 − 𝜃𝑖)2𝑛
𝑖=1   (18) 

 

where, 𝑘𝑖
𝑠  and 𝜃0𝑖  are the stiffness coefficient and the preliminary displacement angle of torsion 

spring located at the ith joint, respectively. 

 

Hence, the dynamic equation can be obtained as [14, 6]:  
 

𝑑

𝑑𝑡
(

𝜕𝐿

𝜕𝑞̇𝑖
) −

𝜕𝐿

𝜕𝑞𝑖
= 𝑄𝑖, 𝑖 = 1, 2, ⋯ , 𝑛  (19) 

 

where, 𝑞̇𝑖  and 𝑄𝑖  are the generalized velocity and generalized force, respectively, and L is the 

Lagrangian. 

 

𝐿 = 𝑇 − 𝑈  (20) 
 

The dynamic Eq. (19) can be written in the following matrix form: 
 

𝑀(𝛩)𝛩̈ + 𝑉(𝛩, 𝛩̇) = 𝜏  (21) 

 

where, 𝑀(𝛩) is the mass matrix, 𝑉(𝛩, 𝛩̇) = [𝑉1 𝑉2 ⋯ 𝑉𝑛]𝑇 a vector of centrifugal and Coriolis 

terms, 𝛩̇ = [𝜃̇1 𝜃̇2 ⋯ 𝜃̇𝑛]𝑇  a vector of the joint angular velocity, 𝛩̈ = [𝜃̈1 𝜃̈2 ⋯ 𝜃̈𝑛]𝑇  a 

vector of the joint angular acceleration, 𝜏 = [𝜏1 𝜏2 ⋯ 𝜏𝑛]𝑇 a vector of joint torque. 

 

The mass matrix and the vector of centrifugal and Coriolis terms are as follows: 

 

𝑀(𝛩) = [

𝑀11 𝑀12 ⋯ 𝑀1𝑛

𝑀21 𝑀22 ⋯ 𝑀2𝑛

⋮ ⋮ ⋱ ⋮
𝑀𝑛1 𝑀𝑛2 ⋯ 𝑀𝑛𝑛

] 
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𝑀𝑢𝑣 = ∑ ∑ 𝑚𝑖𝑔𝑖𝑗
2 𝑠𝑢𝑗𝑠𝑣𝑗

𝑖

𝑗=1

𝑛

𝑖=1

+ ∑ 𝑚𝑖 ∑ ∑ 𝑔𝑖𝑗𝑔𝑖𝑘(𝑠𝑢𝑘𝑠𝑣𝑗 + 𝑠𝑢𝑗𝑠𝑣𝑘) 𝑐𝑜𝑠(𝛼𝑗 − 𝛼𝑘)

𝑖

𝑘=𝑗+1

𝑖−1

𝑗=1

𝑛

𝑖=2

+ ∑ 𝐽𝑐
𝑖 𝑠𝑢𝑖𝑠𝑣𝑖

𝑛

𝑖=1

 

                                                                     𝑢 = 1,2, ⋯ , 𝑛            𝑣 = 1,2, ⋯ , 𝑛  (22) 
 

𝑉𝑢 = ∑ 𝑚𝑖 ∑ ∑ 𝑔𝑖𝑗𝑔𝑖𝑘[𝛼̇𝑗𝛼̇𝑘(𝑠𝑢𝑗 − 𝑠𝑢𝑘) − (𝑠𝑢𝑘𝛼̇𝑗 + 𝑠𝑢𝑗𝛼̇𝑘)(𝛼̇𝑗 − 𝛼̇𝑘)] 𝑠𝑖𝑛(𝛼𝑗 − 𝛼𝑘)

𝑖

𝑘=𝑗+1

𝑖−1

𝑗=1

𝑛

𝑖=2

 

𝑢 = 1,2, ⋯ , 𝑛  (23) 
 

where,  
 

𝑠𝑖𝑗 = {
1, 𝑗 ≥ 𝑖
0, 𝑗 < 𝑖

  (24) 

 

𝛼̈𝑖 = ∑ 𝜃̈𝑗
𝑖
𝑗=1   (25) 

 

The joint torque consists of the drive torques by the torsion springs and the synchronous torques by 

the CCLs. 
 

𝝉 = 𝝉𝑠 + 𝝉𝑐  (26) 
 

If there is a RHDA to control the deployment of the solar array, the drive torque of RHDA 𝜏𝐴 is also 

included in the root joint torque. 
 

𝜏1 = 𝜏1
𝑠 + 𝜏1

𝑐 + 𝜏𝐴  (27) 
 

The drive torque by torsion spring at the ith joint is: 
 

𝜏𝑖
𝑠 = 𝑘𝑖

𝑠(𝜃0𝑖 − 𝜃𝑖)  (28) 
 

The coefficients of Eq. (28) can be modified according to the ground test performance to compensate 

the joint resistance influence [2, 12]. 

 

And the synchronous torque by the CCLs at the ith joint is: 
 

𝜏𝑖
𝑐 = 𝜏𝑖,𝑖−1

𝑐 + 𝜏𝑖,𝑖
𝑐    

𝜏𝑖,𝑗
𝑐 = 2𝑅𝑖𝛥𝐹𝑗  

𝛥𝐹𝑖 = (
𝜃𝑖+1(0)

𝜃𝑖(0)
𝜃𝑖 − 𝜃𝑖+1) 𝑅𝑖+1𝑘𝑖

𝑐  (29) 

 

where, 𝑘𝑖
𝑐 and 𝛥𝐹𝑖 are the stiffness coefficient of the cable and the change of the cable tension of the 

ith CCL, 𝑅𝑖 is the radius of the pulley located at the ith joint, 𝜏𝑖,𝑗
𝑐  the synchronous torque by the jth CCL 

at the ith joint. 

 

This dynamic model can be applied for any solar array. For example, if a solar array has a yoke and 

three panels, of which the degree of freedom is 4, and the panels are same in length, that is, 𝑙2 = 𝑙3 =
𝑙4 , then the mass matrix and the vector of centrifugal and Coriolis terms coincide with the result 

provided by Ding and Li [2]. 

 
CALCULATION OF THE MAXIMUM SYNCHRONOUS TORQUE 

The synchronization of the solar array deployment is closely related to the structural parameters of 

the CCLs. 



 

Journal of Aerospace Engineering & Technology 

Volume 15, Issue 3 

ISSN: 2231-038X (Online), ISSN: 2348-7887 (Print) 

 

© STM Journals 2025. All Rights Reserved 43  
 

During the deployment of the solar array, the cable tension is changed according to the deployment 

angle and the synchronous torque by a CCL is proportional to the change of the cable tension. And the 

change of the cable tension is proportional to the stiffness coefficient and the asynchronous angle. 

 

If the pretension of the cable of the CCLs is too low, the cable becomes loose, and it affects to the 

synchronization of the solar array deployment. Contrarily, if the pretension is too high, the frictional 

resistance torque gets higher, and the stress of the cable can even reach to the limit of strength or the 

cable may break down by the additional tension. So, the pretension of the cable of the CCLs should be 

as low as possible with guaranteeing the synchronization of the deployment, and also, it should not be 

lower than the change of the tension. 

 
Like these, the synchronous torque is not only related with the characteristics of the solar array 

deployment using the CCLs, but also significant data for the design of the CCLs. Hence, the calculation 

method of the synchronous torque is provided in this section. 

 

Calculation of the Synchronous Torque 

Let us derive the formula to calculate the synchronous torque for the ideal synchronization of the 

solar array deployment. The condition for the ideal synchronization is: 

 
𝜃𝑖+1(0)

𝜃𝑖(0)
𝜃𝑖 − 𝜃𝑖+1 = 0, 𝑖 = 1, 2, ⋯ , 𝑛 − 1  (30) 

 

Hence, we can obtain the following equations: 

 

{

𝜃𝑖 = 𝑐𝑖𝜃1

𝜃̇𝑖 = 𝑐𝑖𝜃̇1

𝜃̈𝑖 = 𝑐𝑖𝜃̈1

, 𝑖 = 1, 2, ⋯ , 𝑛  (31) 

 

where,  

 

𝑐𝑖 =
𝜃𝑖(0)

𝜃1(0)
  (32) 

 

The total kinetic energy of system can be described by 𝜃1 and 𝜃̇1 as follows: 

 

𝑇 = ∑ 𝑇𝑖𝑛
𝑖=1 =

1

2
𝐽(𝜃1)𝜃̇1

2  (33) 

 

where, J is the corresponding mass moment of inertia of system. 

 

𝐽 = ∑ (𝐽𝑐
𝑖 𝑑𝑖

2 + ∑ 𝑚𝑖𝑔𝑖𝑗
2 𝑑𝑗

2𝑖
𝑗=1 )𝑛

𝑖=1 + 2 ∑ ∑ ∑ 𝑚𝑖𝑔𝑖𝑗𝑔𝑖𝑘𝑑𝑗𝑑𝑘 𝑐𝑜𝑠(𝑑𝑗 − 𝑑𝑘) 𝜃1
𝑖
𝑘=𝑗+1

𝑖−1
𝑗=1

𝑛
𝑖=2   (34) 

 

 𝑑𝑖 =
𝛼𝑖(0)

𝜃1(0)
= ∑ 𝑐𝑗

𝑖
𝑗=1   (35) 

 

And its derivative can be obtained as follows: 

 

𝐽′ = −2 ∑ ∑ ∑ 𝑚𝑖𝑔𝑖𝑗𝑔𝑖𝑘𝑑𝑗𝑑𝑘(𝑑𝑗 − 𝑑𝑘) 𝑠𝑖𝑛(𝑑𝑗 − 𝑑𝑘) 𝜃1
𝑖
𝑘=𝑗+1

𝑖−1
𝑗=1

𝑛
𝑖=2   (36) 

 

The total potential energy of system and its derivative can be expressed as follows: 

 

𝑈 =
1

2
∑ 𝑘𝑖

𝑠(𝜃0𝑖 − 𝑐𝑖𝜃1)2𝑛
𝑖=1   (37) 
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𝑈′ = − ∑ 𝑘𝑖
𝑠𝑐𝑖(𝜃0𝑖 − 𝑐𝑖𝜃1)𝑛

𝑖=1   (38) 

 

Considering the initial condition, we can write the following equation from the energy conservation 

law: 

 

𝑇 + 𝑈 = 𝑈0  (39) 

 

where, 𝑈0 represents the initial potential energy. 

 

The angular velocity and the angular acceleration can be obtained from Eqs. (33) and (39). 
 

𝜃̇1(𝜃1) = −√
2(𝑈0−𝑈)

𝐽
  (40) 

 

𝜃̈1(𝜃1) = −
𝐽′

𝐽2
(𝑈0 − 𝑈) −

𝑈′

𝐽
  (41) 

 

where, the sign of the angular velocity “-” is because the deployment of the yoke starts at 90°and 

ends at 0°. Eqs. (40) and (41) indicate that the angular velocity and angular acceleration of the 

deployment are represented by deployment angle of the yoke, when the solar array deployment is ideally 

synchronous. 

 

From Eqs. (21) and (26), the synchronous torque can be expressed as follows: 

 

 𝜏𝑐 = 𝑀(𝛩)𝛩̈ + 𝑉(𝛩, 𝛩̇) − 𝜏𝑠  (42) 

 

Considering Eqs. (40) and (41), the synchronous torque depends on deployment angle of the yoke 

1 .  
 

𝜏𝑐(𝜃1) = 𝑀(𝜃1)𝜃̈1(𝜃1) + 𝑉(𝜃1) − 𝜏𝑠(𝜃1)  (43) 
 

And also, we can write the relation between the synchronous torques at both the joints by a CCL. 
 

𝜏𝑖,𝑖
𝑐 = −

𝑐𝑖+1

𝑐𝑖
𝜏𝑖+1,𝑖

𝑐   (44) 

 

Considering Eqs. (29) and (44), we can represent the synchronous torque at the ith joint by the ith 

CCL by deployment angle from Eq. (43). 
 

𝜏𝑖,𝑖
𝑐 (𝜃1) = ∑ 𝑐𝑗𝑀𝑖𝑗(𝜃1)𝑛

𝑗=1 𝜃̈1(𝜃1) + 𝑉𝑖(𝜃1) − 𝜏𝑖
𝑠(𝜃1) +

𝑐𝑖−1

𝑐𝑖
𝜏𝑖−1,𝑖−1

𝑐 (𝜃1), 𝑖 = 1,2, ⋯ , 𝑛 − 1  (45) 

 

Characteristics of the synchronous torque 

The characteristics of the synchronous torque is analyzed by using the above calculation method. 

Tables 1 and 2 show the structural parameters of the yoke and the solar panels, and the torsion springs, 

respectively. 

 

Table 1. Structural parameters of the yoke and solar panels. 

Parameter Yoke Solar panel 

Mass (kg) 1.46 11.95 

Mass moment of inertia for the mass center (kgm2) 0.05 1.45 

Length (m) 0.66 1.26 

Position of the mass center (m) 0.42 0.63 
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Table 2. Parameters of torsion springs. 

Parameter Root hinge Panel-panel hinge 

Odd index Even index 

Stiffness coefficient (Nmm/°) 2.7 1.35 1.35 

Preload torque (Nm) –0.081 –0.081 0.081 

Initial displacement (°) 90 –180 180 

 

Table 3 Characteristics of the synchronous torque. 

Number of panels 

(including yoke) 

CCLs Maximum of the synchronous 

torque 

Value (Nm) Deployment 

angle (°) 

n=2 CCL-1 0.83 12.0 

n=3 CCL-1 –2.46 8.4 

CCL-2 –1.50 8.1 

n=4 CCL-1 –3.13 6.6 

CCL-2 –1.40 6.9 

CCL-3 1.40 6.6 

n=5 CCL-1 –11.66 5.6 

CCL-2 –4.92 5.9 

CCL-3 –0.84 5.5 

CCL-4 –2.94 5.7 

n=6 CCL-1 –17.05 5.0 

CCL-2 –6.53 5.1 

CCL-3 –0.97 4.6 

CCL-4 –3.23 5.1 

CCL-5 2.43 5.0 

 
Figure 3 shows the curve of the synchronous torques by the CCLs with deployment angle in the case 

of four panels. During the deployment, the angle of the yoke 𝜃1 decreases from 90 to 0°. The process 

of the deployment can be divided into two intervals according to the rate of change of the synchronous 

torque. In the first interval (right side of each graph), the synchronous torque changes slowly, while in 

the second interval (left side of each graph), it changes rapidly. What is more important is that the 

synchronous torque reaches to the absolute maximum in the second interval. 

 
Table 3 gives the characteristics of the synchronous torque of the solar arrays with different number 

of panels. As we can see from the table, the maximum of the synchronous torque of the CCL-1 is the 

biggest of all. In addition to this, with the bigger number of panels, the synchronous torque reaches to 

the bigger maximum at the less deployment angle. 

 
Approximate Calculation of the Maximum Synchronous Torque 

The synchronous torque, of course, can be calculated by the deployment angle using Eq. (45). But it 

is difficult to calculate the maximum of the synchronous torque directly from it. So, a method to 

calculate the maximum of the synchronous torque is given. Let us use the polynomial approximation 

and its differentiation. 

 

As mentioned above, the synchronous torque reaches to the maximum in the second interval. So, 

Eq. (45) can be approximated in the second interval as a cubic polynomial as follows: 

 

𝜏𝑖,𝑖
𝑐 (𝜃1) = 𝑎1

𝑖 𝜃1
3 + 𝑎2

𝑖 𝜃1
2 + 𝑎3

𝑖 𝜃1 + 𝑎4
𝑖   (46) 
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Figure 3. The synchronous torque in the case of four panels:  

(a) CCL-1, (b) CCL-2, (c) CCL-3, and (d) CCL-4. 
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Figure 4. Sample points. 

 

The coefficients of the polynomials can be obtained by catching four or more adequate sample points 

(Figure 4). 

 

Then, the extremal point can be obtained as follows: 

 

𝜃1,𝑒𝑥𝑡
𝑖 =

−2𝑎2
𝑖 ±√(2𝑎2

𝑖 )
2

−12𝑎1
𝑖 𝑎3

𝑖

6𝑎3
𝑖   (47) 

 

There are two roots and the root satisfying the following condition is the extremal point of maximum 

torque. 

 

sign (𝜏𝑖,𝑖
𝑐 (𝜃12) − 𝜏𝑖,𝑖

𝑐 (𝜃11)) (6𝑎3
𝑖 𝜃1,𝑒𝑥𝑡

𝑖 + 2𝑎2
𝑖 ) < 0  (48) 

 

where, sign(*) is the sign function. 

 

Substituting Eq. (47) into Eq. (46), we can the maximum synchronous torque as follows: 

 

𝜏𝑖,𝑖,𝑒𝑥𝑡
𝑐 = 𝜏𝑖,𝑖

𝑐 (𝜃1,𝑒𝑥𝑡
𝑖 ) = 𝑎3

𝑖 (𝜃1,𝑒𝑥𝑡
𝑖 )

3
+ 𝑎2

𝑖 (𝜃1,𝑒𝑥𝑡
𝑖 )

2
+ 𝑎1

𝑖 𝜃1,𝑒𝑥𝑡
𝑖 + 𝑎0

𝑖   (49) 

 

Eq. (49) gives the approximate value of absolute maximum of the synchronous torque by the ith CCL. 

From the maximum, the diameters of pulleys and the changes of the cable tensions of the CCLs can be 

obtained, and the pretension of the cable can be decided. And also, the stiffness coefficient of the cable 

can be decided according to the given asynchronous angle. 

 

NUMERICAL RESULTS 

The accuracy of the calculation method of the maximum synchronous torque is verified. 

 

First, the maximum of the synchronous torque of the solar array with the different number of panels 

is calculated from Eq. (49). Then, the stiffness coefficient of the cable is decided according to the given 

asynchronous angle while the diameter of pulleys of root hinge and panel-panel hinge are 100 and 

50 mm, respectively. In general, the CCLs of a solar array employ the same cable, so the stiffness 

coefficients take one of CCL-1 by which the maximum synchronous torque is the biggest. The stiffness 

coefficient can be calculated from the maximum of the synchronous torque as follows: 

 

𝑘1
𝑐 =

𝜏1,1,𝑒𝑥𝑡
𝑐

2𝑅1𝑅2𝛥𝜃1
  (50) 

0  0  0  0  0  0  0  0  0 90

sync tor   
 0

  

   

  0

 

  

0
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Table 4 The maximum synchronous torque with the  

asynchronous angle (Nm). 

Asynchronous 

angle (°) 

Number of panels 

3 4 5 6 

0.0 2.461 3.128 11.600 17.050 

0.5 2.449 3.113 11.562 17.010 

2.0 2.434 3.097 11.526 16.962 

1.5 2.418 3.078 11.484 16.905 

2.0 2.399 3.057 11.413 16.812 

2.5 2.350 3.003 11.227 16.600 

3.0 2.224 2.853 10.840 16.100 

 

Table 5 Relative error of the maximum synchronous  

torque with the asynchronous angle (%). 

Asynchronous 

angle (°) 

Number of panels 

3 4 5 6 

0.5 0.5 0.5 0.3 0.2 

2.0 1.1 1.0 0.6 0.5 

1.5 1.7 1.6 1.0 0.9 

2.0 2.5 2.3 1.6 1.4 

2.5 4.5 4.0 3.2 2.6 

3.0 9.6 8.8 6.6 5.6 

 

where, 𝛥𝜃1 is the asynchronous angle between the two joints wrapped by CCL-1. 

 

Then, this stiffness coefficient is substituted into the multi-DOF dynamic model (Eq. (21)) and the 

maximum of the real synchronous torque can be obtained by solving the equation. 

 

Table 4 shows the maximum synchronous torque by CCL-1 according to the asynchronous angle 

with different number of panels. The values in the first row is corresponding to the ideal synchronization, 

that is, the asynchronous angle is 0° and it is obtained by the calculation method of maximum 

synchronous torque (Eq. (49)). And Table 5 shows its relative error. 

 

The result indicates that the bigger the asynchronous angle gets, the bigger the relative error is. This 

means that the calculation method is more accurate when the cable is more stiff. And when the number 

of panels is increasing, the relative error gets smaller for the same asynchronous angle. This can be 

explained by the fact that the maximum of the synchronous torque gets bigger as the number of panels 

is increasing. The relative error is smaller than 5% when the asynchronous angle is not bigger than 2.5°. 

This indicates that the calculation method of maximum synchronous torque has enough accuracy when 

the asynchronous angle is not bigger than 2.5°. In other words, this method can be used only when the 

cable is stiff sufficiently, so that the asynchronous angle is not bigger than 2.5°. 

 

CONCLUSION 

The study on the solar array deployment has the great significance for the successful operation of a 

spacecraft in space. This study provides the generalized multi-DOF dynamic model of the solar array 

with n panels. The dynamic model can be applied to any solar array, and the characteristics of the 

deployment such as the deployment period, angular velocity, the synchronous torque can be obtained 

by the model. This model can also be used to obtain the output torque of RHDA. The calculation formula 

of the synchronous torque for the ideal synchronization is derived and its characteristics are analyzed. 

Then the calculation method of the maximum synchronous torque is provided and its accuracy is 

verified. The results indicate that the method has enough accuracy when the asynchronous angle is not 
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bigger than 2.5°. From the maximum synchronous torque, the design parameters of the CCLs, such as 

the diameter of pulleys, the stiffness coefficient and the pretension of the cable, can be decided. 
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