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ABSTRACT 

A new type of large semi-rigid solar array structure with a new structural concept of rigid-flexible 
combination has developed for space application.  Due to the good features of large scale and light-
weight, such structure can well satisfy to the large power requirements of spacecraft and thus has drawn 
increasing attention recently.  However, its structural weakness of inherently flexibility makes low fre-
quency vibrations happen much easier.  It is highly required to obtain an accurate dynamic model for 
predicting the dynamic characteristics of this kind of semi-rigid space structure.  Because this structure 
is composed of different components that have quite different stiffness properties respectively, it is very 
difficult to build up an accurate dynamic model of this complex structure.  In this paper, a novel analyt-
ical dynamic model is developed for solving this problem.  To validate the correctness of the proposed 
model, experiment studies are conducted.  By comparing the simulation results with experimental results, 
it can be concluded that this dynamic modeling method presented in the paper is credible.  The present 
study is significant for the structural construction and application of this special structure. 
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1.  INTRODUCTION 

Nowadays, space solar array structures become larg-
er and lighter due to the energy requirements of space-
craft and the stringent restrictions of launch cost [1].  
As a new type of lightweight space structures, large 
semi-rigid solar array structures (LSSAS) are of con-
tinued research interest by many organizations in recent 
years, and being developed for potential space applica-
tions including the power collection and conversion 
devices of spaceships, space stations, space laboratories, 
etc. [2-4].  This new breed of large semi-rigid space 
structure embodies a typical structural concept of rigid- 
flexible combination, and has many superior advantages 
such as large scale (up to 100m2) and lightweight (less 
than 1kg/m2).  

Nevertheless, this type of semi-rigid structure en-
counters a serious dynamic problem due to its inherent 
flexibility.  It is very easy for this type of semi-rigid 
structure to be stirred up low frequency vibrations, 
which will seriously degrade the performance of space-
craft and even disrupt the space missions.  Therefore, 
to obtain an accurate dynamic model for predicting the 
dynamic behavior of the structure is highly required in 
engineering.  

But, it is very difficult to do so due to the complexity 
of the structural construction.  In contrast to those tra-
ditional rigid solar array structures, which usually made 
of an aluminum honeycomb structure covered with 
carbon fiber panels on both sides as shown in Fig. 1, a 

   
(a) Rigid solar array       (b) Structural construction 

Fig. 1 Diagram of a traditional rigid solar array 
structure [14] 

LSSAS is composed of different components, such as 
solar cells, flexible fiber nets and a perimeter rigid 
supporting frame.  Hence, we view it as a semi-rigid 
structure here (see Fig. 2).  These components have 
quite different stiffness properties respectively.  For 
instance, the solar cells are of membrane type structural 
properties, the fiber nets are of string type structural 
properties, and the perimeter rigid supporting frame are 
of beam type structural properties. 

However, owing to the complicated structural char-
acteristics, it is very difficult to build up an accurate 
dynamic model for describing the dynamic properties of 
this type of semi-rigid structures.  Until recently, there 
are few published studies concerning about the dynamic 
modeling problem of such semi-rigid solar array struc-
tures [5-13].  S. W. Smith, et al. [5] developed two 
kinds of beam-type models (a cantilevered beam with a 
tip mass and a double-T-shaped structure composed of 
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Fig. 2 Schematic of a large semi-rigid solar array 
structure 

six beams) to analyze nonlinear planar responses of a 
semi-rigid laboratory solar array.  Kyung-Eun Ko,   
et al. [6] employed a thin-walled composite beam mod-
el to conduct the coupled thermal-structural analysis of 
solar arrays.  K. S. Carney, et al. [7] established a can-
tilevered plate model of a space station solar array by 
applying the equations of continuum mechanics.  All 
these above studies used the relative simple beam/plate 
models, and did not take the influence of solar cell film 
stiffness on the system dynamic performance into ac-
count.  

In this paper, an innovative analytical model, which 
we name it as membrane-frame model, is developed for 
the dynamic analysis of this semi-rigid solar array 
structure.  Experimental studies, including stiffness 
measurement of a solar cell and modal test of the semi- 
rigid solar array structure, are conducted for the pur-
pose of parameter measuring and dynamic model vali-
dating.  By comparing the numerical simulation results 
with the experimental results, it can be concluded that 
the modeling and experiment methods presented in this 
paper are credible and usable for structural dynamic 
characteristic predicting and vibration control design of 
this new type of semi-rigid structures. 

2.  DYNAMIC MODELING 

Referring to Fig. 2, a semi-rigid solar array structure 
mainly consists of three components: A rigid rectangle 
frame, a flexible fiber net, and many of thin solar cell 
films.  The rectangle frame is a stiff perimeter sup-
porting structure having high dimensional stability.  
The fiber net is formed by dense interconnected quad-
rangles, which are generated through the way that 
threadlike fibers extend across the rectangle frame sur-
face.  The solar cells, acting as the solar power collec-
tion and conversion devices, are attached to the surface 
of the fiber net. 

In the dynamic modeling of this special type of semi- 
rigid structures, how to deal with the influence of the 
solar cell film stiffness on the system dynamic charac-
teristics is very important.  In this paper, according to 
the relative value between the equivalent stiffness of the 
solar cell film and that of the fiber net, a simplified 
model called membrane-frame model is established for 
the dynamic analysis of a LSSAS.  The modeling pro-
cess will be discussed in detail as below. 

Because the bending stiffness of the solar cell film is 
very small, the combined structure of fiber net and solar 

cells can be simplified as a membrane model.  How-
ever, the frame can be simplified as rigid frame model 
due to the bending stiffness of the frame is quite strong.  
Thus, the solar array structure can be simplified as a 
membrane-frame model.  In this model, the membrane 
is pretensioned and coupled to the rigid frame.  
Therefore, the proposed model can be described as a 
pretensioned membrane surrounded by a rectangular 
rigid frame consisting of four beams, as illustrated in 
Fig. 3.  Next, we establish the specific mathematical 
equations for this model. 

2.1  Equations of Motion for the Membrane 

A membrane is basically a two dimensional system 
that lies in a plane when in equilibrium.  The structure 
itself provides no resistance to bending, so that the re-
storing force is only due to the tension in the membrane.  
Let W (x, y, t) represent the displacement in the z direc-
tion of a membrane lying in the x-y plane at the point  
(x, y) and the time t, as shown in Fig. 4. 

The equations of motion for the membrane is given 
by [15] 

 
2 2 2

2 2 2
, ,

W W W
T p x y

t x y

   
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 (1) 

where p is the external force exerted on the membrane; 
 denotes the region in the x-y plane occupied by the 
membrane; T is the tensile force per unit length of the 
membrane, which is assumed the same in all directions; 
 is the mass per unit area of the membrane. 

Considering the special case of no external loading 
in this study, Eq. (1) can be rewritten as 
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where 
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2
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 
 is the two-dimension Laplace 

operator. 

2.2  Equations of Motion for the Frame 

In this membrane-frame model, the shape of the 
boundary is a rigid frame structure.  Here, “rigid” is 
relative to the inner flexible fiber net.  Actually, it is 
flexible, and we shall treat the rigid frame as four flexi-
ble beam columns in the study.  Considering the 
boundary supporting frame is compressed due to the 
tension in the membrane, the equations of motion for 
the frame can be described by [16] 
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(a) Physical model            (b) Simplified model 

Fig. 3  Schematic of the membrane-frame model 

 

Fig. 4  A pretensioned membrane element 

where A, B are the length and width of the frame, re-
spectively; X, Y are the transverse displacements of the 
supporting frame in the z direction; Ix, Iy are the cross 
sectional moments of inertia about x, y axis’s, respec-
tively; E and b are the elastic modulus and mass per 
unit length of the supporting beam. 

As mentioned above, there are no external force and 
moment acting on the frame.  Thus, Eq. (3) has the 
following free-free-free-free boundary conditions 
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where d 2( )  0 denotes the boundary condition of 
moment balance, while d 4( ) 0 denotes the boundary 
condition of force equilibrium. 

Substituting the above boundary conditions (4) into 
Eq. (3), we can obtain the solution of Eq. (3) in the fol-
lowing form 
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where 
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Herein b1 and b2 are the natural frequencies of the 
beams in the x, y directions, respectively. 

2.3 General Equations for the Membrane-Frame 
Structure 

To acquire the solution of Eq. (2), the boundary con-
ditions of the membrane should be specified.  Here, 
we treat the frame as the boundary conditions of the 
membrane. 

By applying the displacement-continuity conditions, 
we have 
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By using the moment-equilibrium conditions, we 
obtain 
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 (8) 

Thus, we can derive the general equations of motion 
for the membrane-frame structure by combining Eqs. 
(2), (5), (7) and (8). 

2.4  Numerical Simulation 

To demonstrate the correctness and rationality of the 
above proposed dynamic model, modal analyses of a 
LSSAS are conducted by numerical simulation.  The 
parameters of LSSAS used for analysis are as follows: 
 Dimensions of the solar array: 4800  600  15mm 
 Dimensions of the solar cell film: 40  40  0.3mm 
 Bending stiffness of the fibre net: 220GPa 
 Tensile force in the fibre net: 5N 
 Mass density of the fibre net: 15kg/m3 
 Bending stiffness of the solar cell film: 22GPa 
 Mass density of the solar cell film: 25kg/m3 
 Elastic modulus of the supporting beam: 170GPa 
 Mass per unit length of the supporting beam: 

1200kg/m3 
 Shape of cross section of the supporting beam: 

Square 
 Cross sectional dimensions of the supporting beam: 

12  12mm 
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Based on the dynamic model established, the natural 
frequencies and mode shapes are calculated.  The first 
five mode shapes of the membrane-frame model are 
shown in Fig. 5, and the first five natural frequencies of 
the model are listed in Table 1.  At the same time, 
numerical simulation of the modal characteristics of the 
LSSAS is conducted by using the FEM software pack-
age (the NASTRAN is used in the study), and the 
computed results of the natural frequencies is also listed 
in Table 1.  We can conclude from this table that the 
analytical solutions agree well with the FEM solution.  

3.  EXPERIMENT STUDIES 

In this section, experiment studies regarding to a 
LSSAS are conducted.  First, the stiffness of the solar 
cell film is measured to determine whether the simpli-
fied model is appropriate for the solar array.  Then, to 
verify the validity and accuracy of the proposed dy-
namic model, a modal analysis experiment of the solar 
array is carried out. 

3.1  Solar Cell Film Stiffness Measurement 

In this study, we present a novel experimental meth-
od to measure the solar cell film stiffness, as illustrated 
in Fig. 6. 

This experimental testing method is a noncontact 
photogrammetry measurement method based on a three- 
point bending principle.  First, we put the solar cell 
film need to be tested on two parallel supporters.  
Then, the solar cell film is loaded via the way of adding 
standard weights step by step to a hanger, which is 
hanged on the middle of the solar cell film.  Finally, 
every bending deformation caused by the standard 
weights is measured through image processing tech-
niques.  The structural and material parameters of the 
solar cell film used for test are same as those mentioned 
in Section 2.4.  The testing result is plotted with a 
load-deflection curve, as shown in Fig. 7. 

From Fig. 7, it can be found that the relationship 
between the deflection and the mass of the standard 
weights is nonlinear.  This is because the elastic mod-
ulus of the solar cell film is not constant since the solar 
film is formed by stacking multi-layer different materi-
als. 

Based on the three-point bending formula [17], the 
equivalent bending stiffness of the solar cell film can be 
calculated by 

 
3

34
f

a p
E

bh f





 (9) 

where p is the load increment on the load-deflection 
curve, f is the corresponding deflection increment with 
regard to p.  

By applying Eq. (9), we can get that the equivalent 
bending stiffness of the tested solar cell film is 
20.416GPa from Fig. 7.  Compared with the given 
value of the fiber net stiffness (220GPa), we find that 
the measured stiffness of the solar cell film is less than 
1/10 of that of fiber net, thus the stiffness of fiber net is 
dominating in the membrane model. 

   
First mode                  Second mode 

   
Third mode                  Fourth mode 

 
Fifth mode 

Fig. 5 Mode shapes for a LSSAS with the proposed 
dynamic model 

 

Fig. 6 Experimental system for measuring the solar 
cell film stiffness 

 

Fig. 7  Load-deflection curve of a solar cell film 
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Table 1 Comparison of the first five natural 
frequencies of a LSSAS 

Mode 
No. 

Simulation 
results using 
the proposed 

model 

Simulation 
results by 
ANSYS 
software 

Results by 
modal analysis 

experiment 

Relative 
error ()

1 4.311 4.323 4.30 0.26 

2 9.165 9.187 8.94 2.52 

3 11.874 11.989 12.21 2.75 

4 15.583 15.612 16.02 2.73 

5 19.251 19.874 19.82 2.87 

 
 

3.2  Solar Array Modal Analysis Experiment 

Now we conduct a modal analysis experiment to 
verify the accurateness of the proposed model.  As 
shown in Fig. 8(a), an experimental model of a large 
semi-rigid solar array structure with dimensions of 
4800  600  15mm is designed.  Then, a modal anal-
ysis experimental system for testing the modal frequen-
cies of the designed solar array structure is established.  
The composition of this modal experimental system is 
illustrated in Fig. 8(b). 

The experimental results of the first five frequencies 
of this semi-rigid solar array structure are listed in Ta-
ble 1.  By comparing to the results by the proposed 
membrane-frame model, it can be observed that these 
natural frequencies are showing good consistence with 
each other (the maximum relative error is less than 3).  
Thus, the correctness of the proposed model has been 
demonstrated. 

 
(a) Tested object of a solar array structure 

 
(b) Diagram of modal experiment equipments 

Fig. 8 Modal analysis experiment system for a large 
semi-rigid solar array 

4.  CONCLUSIONS 

LSSAS is very promising for the large power devices 
of many spacecraft such as of spaceships, space stations 
and space laboratories.  To solve complex dynamic 
problem encountered in the design and control of such 
semi-rigid structure, an innovative analytical dynamic 
model for analyzing its dynamic characteristics is de-
veloped in this paper.  Furthermore, efficient experi-
mental method is proposed for measuring the dynamic 
parameters of this special kind of rigid-flexible cou-
pling structure.  From the present paper, we can con-
clude that:  
1. The presented dynamic model, namely membrane- 

frame model, has provided a novel idea for solving 
the dynamic modeling problem of this typical kind 
of semi-rigid space structure. 

2. The proposed experimental method has given feasi-
ble and effective approach to measure the dynamic 
parameters of this complex rigid-flexible coupling 
structure. 

3. Through the way of numerical simulation and ex-
perimental research, the presented analytical dy-
namic modeling method is verified to be accurate 
and valid. 

4. Based on the dynamic modeling and experiment 
method proposed in this paper, we can acquire the 
dynamic characteristics of this kind of large semi- 
rigid structure.  The research results in this paper 
are very valuable for the structural design and con-
trol system design of this structure in the engineering.  
As a subsequent extension of this study, shape main-
taining and vibration control of such semi-rigid 
structure need further investigations. 
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