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Abstract 
The characteristics of the static/dynamic forces between spacecrafts and rockets are the important reference for 
designation of spacecraft structures. The most conventional dynamic load identification method is the finite 
element simulation combined with the telemeter acceleration data, which restricts the structure designed level and 
leads to the large designed error. In this paper, a dynamic load identification method based on the detected strain 
field of attachment and its optimization plans are proposed. Three-way strain rosettes are mounted outside the 
docking ring densely. And the six degrees of freedom forces can be derived by strain field. Considering the 
requirements of engineering applications and the recognition accuracy, an optimized identified approach which 
greatly reduces the detecting points is proposed. Results of dynamic simulation show that, only X direction 
bending moment identification error is 19.8%, the other load identifications error are lower than 10%. Finally, the 
testing results show that both identification errors of static and dynamic load are below 20%, which can meet the 
practical requirements. 
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1.  Introduction 
With the fast development of the space launch technology, spacecrafts are becoming larger and 
heavier in recent years [1]. The static/dynamic load characteristics between a spacecraft and a 
rocket has been an important design basis for spacecraft structures. In the existing rocket user 
manuals, three directions of loads are clearly stipulated under the condition of quasi static 
overload of centroid [2]. Such stipulation is the safety criteria of spacecraft structure design, 
and the main standard of mechanical environment tests for whole spacecrafts. However, the 
practical telemetry results show that, the loading stipulation are much higher than the actual 
loading force. Moreover, in the recent years, international research institutions have recognized 
that, there exists a big difference between the test mechanical impedance and the mechanical 
impedance of mounting structure in the real flight. In the conventional vibration tests of space 
hardware, the acceleration excitation at the interface between the test article and the mounting 
structure is controlled according to the acceleration specification, so the testing results are just 
the envelope of acceleration peaks in the flight environment. This traditional testing approach 
is known to produce the great over-testing at its own resonant frequencies [3-4]. The ability of 
spacecraft lightweight design is strongly limited for the above reasons.   
Force limited vibration testing approach is then proposed and widely used to alleviate the ‘over-
testing’ problem, for instance, NASA successfully selected this approach to design spacecrafts 
in the 90's of 20th Century [5-8]. Consequently, the more accurate load spectrum of satellite 
attachment was attracted by some researchers. 
The most direct method to measure the load of satellite attachment during the launch phase is 
cascade the force sensor between spacecraft and launch vehicle. However, it introduces the 
higher requirements on the development of the sensors and the connecting structure. The 
stiffness and strength of the connection will be weaker at the same time. It is possible to change 
the mechanical properties between the spacecraft and launch vehicle, which improves the 
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riskiness of the launch phase [9]. Focusing on the typical satellite connection structure, Zhang 
et al. proposed an approach to measure the load force through the monitoring of the structure 
strain [10]. The theoretical model based on the assumption of Euler beam, was finally 
established and explained the linear mapping from the strain to the six degree of freedom. 
However, there still exists the large stress/strain distortion field in the connecting area near the 
baffle plate, which brings the large error of the load identification. 
In this paper, a novel approach based on continuous strain field of attachment is proposed. The 
identifying accuracy is not affected by the attachment and the connecting structures, which 
successfully solve the problem existed in the method proposed by Zhang et al. [10]. In addition, 
the optimization of reducing the strain sensors is discussed. The accuracy, effectiveness and 
applicability of the proposed method are finally validated by the simulation and experimental 
results. 

2.  Theoretical analysis 

satellite body

baffle plate

backpanel

(a) (b)

central tube

 
Figure 1. Schematic diagram of typical satellite structure: (a) schematic diagram of the whole satellite; (b) 

schematic diagram of the satellite without lower side panel 

The schematic diagram of a typical satellite is shown in Figure 1. This is the most usual structure 
selected by the Chinese satellites: central tube plus back panel and baffle plate. A clamp band 
is used to joint the satellite and the launch vehicle. Since the diameter of the attachment is much 
larger than its thickness, the attachment could be assumed to thin plate ring. It is a good 
assumption for the simplified attachment model, as shown in Figure 2. 

Z

R 
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X
Y

 
Figure 2. Schematic diagram of attachment 

A cylindrical coordinate system is established in Figure 2. The three-directional strain rosette 
sensors are densely arranged on the periphery of the central tube. Consequently, the three-
directional 0o, 45o and 90o strains can be directly measured, the hoop normal, Z normal and 
hoop shear strains can then be deduced according to equation (1) 
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Where ε0, ε45 and ε90 are the strains of 0o, 45o and 90o directions, respectively; εz is Z normal 
strain, εθ is hoop normal strain, εθz is hoop shear strain. 
According to the basic hypothesis of thin plates, the radial stress and strain of the thin plate 
structure are very small and can be even neglected, the Z normal stress and hoop sheer stress is 
then expressed by equation (2) 
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Where σz is the normal stress of Z direction，τzθ is the hoop sheer stress，E is the elastic 
modulus of the structure material, μ is its Poisson's ratio. 
When there exists the sheer forces in X, Y directions and the torque in Z direction, as shown in 
Figure 3, the shear stress will be produced in the attachment. Still according to the basic 
hypothesis of thin plates, radial stress and strain are neglected, the shear stress is only 
distributed along the hoop direction, given in equation (3)  
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Take an integral of θ in XY plane, we can obtain the sheer forces Fx and Fy, in Z direction, the 
torque Tz, as shown in equation (4) 
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Where t and R are the thickness and diameter of the central tube, respectively, θ is angle of the 
corresponding micro cell. 
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Figure 3. Schematic diagram of shear stress distribution 
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Since the measured point is discrete, equation (4) could be expressed in the following form, 
shown in equation (5). Similarly, the bending moments Mx, My and the pull force Fz are 
expressed in equation (6) 
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3.  Simulation validation 
In order to validate the introduced theoretical model, a finite element model shown in Figure 4 
is established, the generation of the mesh is based on mapping technique. The material of the 
model is a high-strength aluminium alloy, the diameter and height of the central tube is 1 m and 
0.3 m, respectively. The thicknesses of the tube and the plate are 10 mm.  

 
Figure 4. Finite element simulation model of the satellite structure 

3.1 Static simulation 
Validation 
As shown in the finite element simulation model, the central tube is divided into 300 finite 
elements around its circumference direction. The bottom of the central tube is fixed on the base 
through Multi-Points-Constraint (MPC), while the top of the satellite body is connected to a 
point where the external force [100 N 100 N 100 N 0 0 100 Nm] is loaded at. Three detecting 
points which are 230 mm, 100 mm and 40 mm from the backpanel are selected to monitor the 
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changing strains of the satellite. Finally, the simulated loads are identified and compared to the 
theoretical results, as shown in Table 1.  

Table 1. Load identification error table 

Position & 
errors 

Load/Preload 
Fx Fy Fz Mx My Tz 

230mm 95.29/100 97.92/100 100/100 146.2/143 140.3/143 98/100 
Errors 4.7% 2.1% 0% 2% 1.9% 2% 

100mm 97/100 101.2/100 100.1/100 132.9/130 127.5/130 98.8/100 
Errors 3% 1.2% 0% 2% 1.9% 1% 
40mm 103.5/100 106.2/100 102.1/100 126.6/124 120.4/124 98/100 
Errors 3.5% 6.2% 2% 3% 2.9% 2% 

Figure 5 shows the schematic diagram of the stress distribution in different positions. It is 
obviously seen, the closer the point to the baffle plate, the more serious the stress distortion 
phenomenon, and the changing gradient is almost inverse proportion to the distance between 
the point and the baffle plate. The major reason is that the longitudinal load-bearing ability of 
backpanel is weak, meanwhile the thickness of the baffle plate is also very thin. When the 
external force is loaded on the satellite, the baffle plate can be regarded as a concentrated force 
loaded on the central tube, which leads to the concentrated stress.  
However, according to the simulation results shown in Table 1, we can find that the load 
identification error is small and acceptable, no matter how long the distance from backpanel to 
the point, and how large the concentrated force influence caused by the baffle plate. Although 
there exists the stress distribution, the introduced approach still can make sure the measurement 
accuracy of load identification. 

230mm

normal stress sheer stress

100mm

40mm  
Fig. 5 Schematic diagram of stress distribution 
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Optimization 
In practical requirements, it is not necessary to set many strain rosette sensors to regularly 
arrange a circle of the central tube. Actually, the same accuracy of load identification can be 
obtained if the number of the sensors near the stress concentration is increased, while the 
number in the other places is decreased. According to this practical principle, the monitoring 
points in the central tube can be optimized.  
In the position of 40 mm from the backpanel, the schematic diagram of stress distribution 
clearly shows that the stress concentration phenomenon is almost disappeared at the place far 
away from the baffle plate 10 elements. Besides the stress concentration, the stress is evenly 
distributed in the tube. Hence, the optimized schemes can be designed in the following. 
According to the stress concentration phenomenon, 5 detection points are arranged around the 
baffle plate, which means there are 5 finite elements between the two adjacent points. Besides, 
only 3 detection points are arranged in the rest 55 finite elements, which means there are 13 or 
14 finite elements between the two adjacent points. Finally, the optimized arranging scheme 
named 5-5-3-13-14 is shown in Figure 6. In the Arabic numerals name, the first 5 presents the 
number of the detection points around a baffle plate in a quarter of the circle; the second 5 
presents the number of elements between these two adjacent points; the third 3 means the 
number of the detection points in the other places in this one quarter of the circle; similarly, 13 
and 14 presents the number of elements between the adjacent detection points. 

 
Figure 6. Schematic diagram of the 5-5-3-13-14 arranging scheme 

Table 2 compares the load identification errors among the different arranging schemes, all the 
results are obtained by the finite element software, where the position of the circle is 40 mm 
from the backpane. From the table, it is clearly seen that the selection of 5-5-3-13-14 arranging 
scheme is the best choice: the maximal value of the error is 11.2%, and only 8 detection points 
are arranged in a quarter of the circle. Although 5-4-2-19-20, 5-5-1-27-28 and 5-5-2-18-19 
arranging schemes need less detection points, the errors increase a lot at the same time. In 
addition, 7-3-3-14-15 scheme has the minimal error value of Fx, but the other load identification 
errors are still bigger than the optimized 5-5-3-13-14 arranging one, the number of the detection 
points is also larger. 
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Table 2. The comparison of errors among the different arranging schemes 

Schemes Load/Preload 
Fx/100 Fy/100 Fz/100 Mx/124 My/124 Tz/100 

7-3-2-19 97 116 104.8 128 124.8 95 
3% 16% 4.8% 3% 0.6% 5% 

7-3-3-14-15 99.3 112.9 102.6 126.7 124.1 96 
0.7% 12.9% 2.6% 2.20% 0.8% 4% 

5-4-3-14-15 99.4 113 102.9 126.8 124.3 96.1 
1% 13% 2.9% 2.3% 0.2% 3.9% 

5-4-2-19-20 96.7 116.5 105.1 128.7 125 95 
3.3% 16.5% 5.1% 3.8% 0.8% 5% 

5-5-1-27-28 94.5 121 108.1 131.3 125.7 94 
5.5% 21% 8.1% 5.9% 1.3% 6% 

5-5-2-18-19 98.6 114.3 103.7 127.7 124.4 95.8 
1.4% 14.3% 3.7% 3% 0.3% 4.2% 

5-5-3-13-14 100.9 111.2 102.1 125.6 123.6 101 
0.9% 11.2% 2.1% 1.3% 0.3% 1% 

3.2 Dynamic simulation 
Still based on the finite element model shown in Figure 4, the dynamic simulation is introduced 
in this subsection. The bottom of the central tube is fixed on the base through MPC, a 6 degrees 
of freedom acceleration whose value is [10 N, 10 N, 10 N, 0, 0, 10 Nm] is excited on the satellite 
body. The strain detection points are glued at the circle that is 40 mm from the backpanel. The 
5-5-3-13-14 arranging scheme is used to measure the strain and obtain the load identification 
shown in Figure 7.  

Fx Fy Fz

Mx My Tz

 
Figure. 7 The measured strain results in the dynamic simulation 

As shown in Figure 7, the maximum identification error of the 5-5-3-13-14 arranging scheme 
is the bending moment in X direction, this value is 19.8%. Besides, the other load identification 
error is less than 10%. Consequently, the 5-5-3-13-14 arranging scheme can accurately identify 
the load under the different excited frequencies, which validates the correction of the theoretical 
model and the feasibility of the optimized scheme at the same time. 
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4.  Experimental validation 
The validated equipment is specially designed to simulate the practical load added on the 
satellite, as shown in Figure 8. A simplified satellite structure is assembled and its size is the 
same as those given in the simulation model. The strain rosette sensors are arranged according 
to the optimized 5-5-3-13-14 scheme. Between the two install bases, several force sensors 
which can be used to obtain the real external excited force are regularly arranged. The final 
identified loads are calculated based on the measured strains of the rosette sensors, Hence, the 
identification errors of different loads can be compared obviously.  

central tube

upper install base 

lower install base

force sensor

backpanel

(a)

(b) (c)
 

Figure 8. Experimental setups: (a) schematic diagram; (b) and (c): photos 

In the experiments of static load, 2 different static loads are applied on the satellite. In the first 
working condition of static load, the force is mainly loaded along the X direction, while in the 
second working condition, the force is mainly loaded along the Y direction. The identification 
load and their errors are shown in Figure 9. From the figure, it is clearly found that only the 
identification load of Fz in the first working condition has the maximum error of 20%, the other 
identified errors are almost smaller than 10%. The experimental results already get the practical 
requirements.  
In addition, see the comparison of the two working conditions, it seems that the identified errors 
are smaller under the larger external load. This is because the strain deformation of the structure 
is larger under the larger load, leads to the more precise strain measurements of the system. 
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Figure 9. Experiment results under the condition of two kinds static loads 

Fx Mx

Fy My

Figure 10. Experiment results under the condition of dynamic load 

To achieve the dynamic load excitation, the whole measure equipment is fixed on a single 
degree of freedom vibrating table. A 5~200 Hz sweeping sinusoidal signal is selected as the 
excited load, the acceleration magnitude is kept at the constant of 0.3 g. Finally, the results are 
shown in Figure 10.  
From the frequency responses of each loads shown in Figure 10, we can see that the theoretical 
calculation results are in good agreement with practical loads, almost all the peaks are identified, 
only the amplitudes between the theoretical and experimental results exist the difference, 
however, the errors are not big and meet the requirements in the engineering applications.    
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5.  Conclusion 
The conventional dynamic force identification approach is to combine the finite element 
simulation results with the telemeter acceleration data, which restricts the spacecraft design 
level owing to large errors.  In this paper, a dynamic force identification approach based on 
the detected strain field of central tube is introduced. The load identification accuracy is not 
affected by the structure of the central tube itself and the connection structure.  
The three-directional strain rosette sensors are arranged on the periphery of the central tube. 
According to the measured strains, the six degrees of freedom load can be deduced. Such 
identified method has been successfully validated by the simulation and experimental results. 
Based on the optimized 5-5-3-13-14 arranging scheme, the maximum value of the dynamic 
load identification is 19.8% of the X direction bending moment, while the other loads 
identification errors are all lower than10%, totally meets the the requirements in the engineering 
applications. 
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