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Abstract. This paper describes the method of determining reasonable test levels for product of 
spacecraft with big size, low mass and high test levels when the force of the shaker facilities is 
limited. The major step is to compute the test envelope from both Newton’s law and Ampere’s 
force aspects, the minimum of which is defined as the final safety control envelope for flight 
spacecraft hardware. By using this method, the shaker facilities can provide maximum force for 
spacecraft experiencing effective assessment and the interruptions can be avoid during the process 
of test operation. 
Keywords: spacecraft, shaker facility, vibration test, control envelope. 

1. Introduction 

As rapidly growing development of space technology, different kinds of spacecraft have been 
manufactured. The characteristics of these spacecraft are that the size is large, the structure is 
complicated and the number of its sub-systems is increasing. To ensure the successful launch of 
spacecraft and its stable function in the orbit, the dynamic environmental test needs to be carried 
out not only on the components, subsystems of the spacecraft but also the whole spacecraft itself 
[1-9]. 

While for some large components of spacecraft with big size, high test levels, some of shaker 
facilities can’t meet its test requirements unless by lowering the test levels. The product will be 
experiencing under test when the test levels decrease too much while experiencing shock risks 
when the test levels lowers too little that the shaker facility cannot provide. So this paper seeks to 
find a reasonable solution to determine the control envelope for spacecraft based on the force of 
shaker. By employing this solution, the shaker test facilities can provide maximum force for 
spacecraft experiencing effective assessment and the interruptions can be avoid during the process 
of test operation. 

2. The design of current monitoring device 

The current index of power amplifier’s is of great importance for the evaluation of shaker’s 
force during the vibration test of the spacecraft. The top priority of the determination method of 
sine control envelope of spacecraft based on the force of a shaker is to obtain the current value of 
the armature during its operation. 

So, the first step is to design a set of current monitoring device converting the current signal 
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of the armature into the voltage signal that can be measured by the vibration controllers. 

2.1. Current transducer installation 

The current transducer should be placed on the positive or negative cables of the shakers, close 
to the power amplifier or armature. The maximum measured value of current transducer should 
be one and half times the maximum current value the power amplifiers can provide. So for some 
special power amplifiers, it is possible to cut the cables firstly and then using a copper bar to 
connect them again. The copper bar should be placed in the middle of the current transducer for 
the purpose of accurate measurements [10]. Also, special attention should be paid to the cross 
section areas of the copper bar. Its cross section areas should be larger than the total cross section 
areas of the power amplifier’s cables. The current sensor must be well protected using a special 
box with good grounding. Fig.1 shows the current transducer of large shaker facilities. 

 
Fig. 1. The current transducer for large shaker facility 

2.2. Current monitoring converter 

The output signal of current transducer is generally very small current signal. So a appropriate 
resistance is needed to translate the small current signal into voltage signal that can be measured 
by the control system or acquisition system. The supply voltage for the current transducer is 
±24 V, the maximum range is 0-2000 A and the output current range is 0-400 mA. The maximum 
voltage of the current monitoring converter is set to ±10 V. According to the output range of the 
current transducer and the current monitoring converter, then the resistance value can be 
computed. It is around 25 Ω. It is usual to design up to four channels for backup. The design 
principle diagram of current monitoring converter is shown in Fig. 2. The current monitoring 
converter is shown in Fig. 3. 

 
Fig. 2. The design diagram for current  

monitoring converter 

 
Fig. 3. The current monitoring converter  
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3. The introduction of control envelope determination 

For the large vibration test facilities, the total mass of moving parts mainly consist of the mass 
of armature, the expander or slip table, the connecting bolts, etc.: 𝑀௦ = 𝑀 + 𝑀௧ + 𝑀. (1)

The manufacturer of shaker facilities should provide the information of its maximum force 
capabilities. This mainly include the acceleration magnitude-frequency profile that shaker can 
reach. After the shaker was installed on site, the test operator would use the maximum acceleration 
profile to test the shaker facilities. Multiple points average control strategy is usually employed 
during the test. The current magnitude-frequency profile can be obtained using the controller 
according to the signals from the current monitoring converter. The filter mode is preferably 
recommended. 

3.1. Employing Newton’s law 𝑭 = 𝑴𝑨 to determine the control envelope 

We suppose the mass of the spacecraft is 𝑀, the maximum acceleration level of bare shaker 
is 𝐴୫ୟ୶ _௧. Before conducting the vibration test of the spacecraft, the sine control 
envelope 𝐴ூ  can be determined according to the force equivalent principle by the following 
equation: 𝐴ூ = [𝑀௦/(𝑀௦ + 𝑀)] × 𝐴୫ୟ୶ _௧. (2)

From above equation, we can see that the control envelope is proportional to the maximum 
profile of bare shaker given by manufacturer. 

3.2. Employing Ampere’s force 𝑭 = 𝑩𝑰𝑳 to determine the control envelope 

We also suppose the mass of the spacecraft is 𝑀. The low level sine test should be carried out 
for the spacecraft. The test level 𝐴௪_௩ is flat and usually at the range of 0.1 g to 0.5 g. The 
current magnitude-frequency profile of low level test can be obtained. Then by using the 
maximum current profile of bare shaker, the current profile of low level test and the acceleration 
value of low level test, then the sine control envelope 𝐴ூூ  can be determined according to the 
Ampere’s force equivalent principle by the following equation: 𝐴ூூ = ൫𝐼୫ୟ୶ _௧  𝐼௪_௩⁄ ൯ × 𝐴௪_௩ . (3)

3.3. Final control envelope determination 

By employing the Newton’s law 𝐹 = 𝑀𝐴 and the Ampere’s force 𝐹 = 𝐵𝐼𝐿 method, two 
control envelopes are computed. The minimum envelope of that two control envelope is defined 
as the final safety control envelope while the maximum envelope of that two control envelope is 
defined as the final usable control envelope for the spacecraft sine vibration. 

For the flight spacecraft, the final safety control envelope is recommended. While for the 
qualification spacecraft, the final usable control envelope can be employed. 

4. Engineering application case 

4.1. Test introduction 

The maximum force of shaker test facility is 350 kN. The armature of the shaker’s is directly 
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connected with the expander for the vertical test while for the horizontal test the armature is 
indirectly connected with the slip table through a bar. The mass of the armature is 350 kg, the 
expander is 1300 kg, so the total mass of the bare shaker for the vertical test is 1650 kg. The mass 
of the bar is 150 kg, the hydrostatic bearing is 225 kg, and the slip table is 940 kg, so the total 
mass of the bare shaker for the horizontal test is 1665 kg. 

The unit under test is one component of space station. Its mass is around 800 kg. The test 
product on the shaker’s slip table is shown in Fig. 4. 

 
Fig. 4. The component of spacecraft placed on the slip table 

4.2. Test process and analysis 

The vibration test of product is usually performed by the single-axis shaker facilities. 
Electro-dynamic shakers have been used for vibration testing of spacecraft hardware by applying 
uniaxial excitation. Due to three direction tests is carried out through sequentially-applied uniaxial 
testing, the sine control envelope should be determined at each direction. This paper mainly 
introduces the detailed test process of product for the horizontal 𝑋 direction. 

The maximum reference profile of the bare shaker is given by Fig. 5. By using the reference 
and four-point average control strategy, a sine vibration test is carried out and the current profile 
of bare shaker is obtained shown by Fig. 6. From the curve we can see that the maximum current 
value reach nearly 2000 A. The frequency range of low level test of the UUT is from 5-100 Hz. 
The test level is 0.2 g. The sweep rate is 4 Oct/min. Fig.7 shows the low level test profile for the 
product. After the low level test completed, the current profile is obtained shown by Fig. 8. 

By employing the method of Newton’s law 𝐹 = 𝑀𝐴, the first control envelope 𝐴ூ  is 
determined according to the maximum reference profile of bare shaker, the mass of horizontal 
shaker and the mass of spacecraft product. By using the maximum current profile of bare shaker, 
the current profile of low level test and the acceleration value of low level test, then the second 
control envelope 𝐴ூூ  can be determined according to the Ampere’s force equivalent principle. 
The two control envelopes are shown by Fig. 9. 

Due to UUT is the flight product, so the minimum envelope of that two control envelope is 
used as the final safety control envelope shown by the red line in Fig. 10. The designer of the test 
product determined the actual reference level that the product would experience. From Fig. 10, it 
can be seen that the actual level of UUT is below the final safety control envelope at large parts 
of the frequency range. 

According to the reference and current curve of low level test, the high level test reference, 
then the current curve of high level test can be projected. Fig. 11 shows the current of projected 
envelope, the actual measurement and the maximum current profile of bare shaker. From the 
curve, we can see that the actual measurement is very close to the projections while both of them 
are below the maximum current profile of bare shaker. 
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Fig. 5. The max reference profile of the bare shaker 

 
Fig. 6. The current magnitude profile of bare shaker 

 

 
Fig. 7. The low level test profile for the product 

 
Fig. 8. The current magnitude profile of the product 

 

 
Fig. 9. The two control envelopes  

 
Fig. 10. The final safety control envelope and the 

actual reference level for the product 

5. Conclusions 

This paper talks about how to determine the method of spacecraft sine control envelope based 
on the force of shaker from two aspects: Newton’s law and Ampere’s force. The minimum 
envelope of that two control envelope is defined as the final safety control envelope which is can 
be used for flight spacecraft. This method can resolve the unreasonable test problems for 
spacecraft with big size, low mass and high test levels and the interruptions of the facility can be 
avoid during the test operation. It has been proved to be a very effective technique in spacecraft 
environmental vibration test and good results have been achieved. 
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Fig. 11. The projection, the actual measurement and the max envelope at high test level 
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