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This paper builds a dual isolation system for suppressing the micro-vibration due to flywheel of optical satellite. 

The advantages of this system compared to the single-layer vibration isolation system are: 1) the layout of fly- 

wheels is more compact, which improves the utilization rate of structure; 2) the load path of the perturbation of 

flywheel is extended; 3) the attenuation rate of vibration in high frequency band is improved. The transmissibility 

of force is discussed and the decay time of precession associated with the flywheel gyroscopic effect is analyzed. 

The suitable cut-off frequencies of isolators are designed in consideration of the precession decay time and the 

first-order natural frequency of the satellite during launch process. The influence of flywheel micro-vibration on 

camera with and without isolation is compared by on-ground optical imaging test. The RMS of pixel offset at- 

tenuates obviously under dual isolation and the maximum attenuation rate reaches 69.0%. The pixel offset value 

under dual isolation is less than 0.1 pixels, indicating the feasibility of dual isolation system for flywheel. 
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. Introduction 

Along with the rapid development of earth observational technology,

atellites have very precise optical instruments used for various mis-

ions, putting forward higher requirements of the stability and pointing

ccuracy of optical satellites [1] . The flywheel is selected as the attitude

ontrol actuator, which is widely used in various space missions due

o its high reliability and control accuracy [2] . However, owing to the

nbalance of the rotor, the flywheel inevitably produces perturbation

nder working condition [3] . Micro-vibration will lead to line-of-sight

itter, resulting in blurred or distortion of images [4] . 

Micro-vibration suppression is always a key technology in the de-

elopment of high-resolution optical satellites [5] . Considering the lim-

ted space and launch weight of micro satellite, it is more feasible to

hoose passive isolation as flywheel perturbation suppression scheme.

assive single-layer vibration isolation system for flywheel has been suc-

essfully used in some high-precision optical satellites. The Hubble tele-

cope launched in 1990 adopts a passive isolation system employing

etal springs in parallel with viscous fluid dampers to suppress the fly-

heel disturbance [6] . The cut-off frequency of the system is 18–20 Hz

nd the damping ratio is about 4%. FY-4 satellite launched in 2016 de-

igns a Stewart platform-based passive isolation system. The attenuation

ate of the system can be more than 70% for disturbance above 40 Hz

7] . The GOES-R satellite launched in 2016 designs a passive vibration
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solator based on viscoelastic material having an attenuation effect on

ywheel disturbance above 50 Hz [8] . The theory of vibration isolation

hows that the lower the natural frequency of isolator, the better the

ffect of vibration reduction. However, due to the high rotational speed

f the rotor, the gyroscopic effect will cause a precession modal with

ow natural frequency [9] . As the modal is excited by the motion of the

atellite, it becomes another low frequency disturbance source, which

xtends the stability time of attitude control [10–13] . The low frequency

f isolator may influence the first-order natural frequency of the satel-

ite during launch process, resulting in failing to withstand the launch

ibration environment. 

The perturbation of flywheel has the characteristics of small am-

litude and wide frequency band, requiring high sensitivity of test

quipment [14–16] . The measurement system based on Kistler Table

s commonly used to test the flywheel perturbation. The system can di-

ectly measure the disturbing force and disturbing moment of the fly-

heel mounted on the platform [17] . However, the influence of micro-

ibration on the image performance of the camera needs to be further

valuated. At present, the commonly on-ground test methods include

ptical imaging test and acceleration sensor-based jitter measurements

 17 , 18 ]. Both methods simulate the condition of the camera in orbit to

how the influence of micro-vibrations. 

GF03 is a micro optical satellite designed with the principle of “low

eight, low power consumption and high resolution ” (as shown in
h 2020 
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Fig. 1. GF03 optical satellite model. 
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Fig. 2. Schematic diagram of the dual isolation system. 
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ig. 1 ). The designed orbit of the satellite is 535 km sun-synchronous

rbit, the resolution of sub-satellite point is better than 1 m and the

aunch weight of the whole satellite is less than 40 kg. This paper fo-

uses on finding the proper cut-off frequency of isolators for flywheel

ith its impacts on attitude control taken into account [19] . Viscoelas-

ic damping material is selected as an isolator. Its main parameters are

esigned by setting the appropriate temperature [ 20 , 21 ]. The pixel off-

et of camera with and without isolation is compared by the on-ground

ptical imaging test to quantitatively evaluate the vibration reduction

fficiency. At last, the on-orbit rotational speed of flywheel is obtained

hrough telemetry data and the pixel offset of the image is analyzed to

erify the feasibility of dual isolation for flywheel [ 22 , 23 ]. 

. Dual vibration isolation 

In order to obtain higher vibration reduction efficiency, the dual vi-

ration isolation theory is studied [24] . The evolution from the ideal

ingle isolation system to the dual isolation system will inevitably in-

ert the intermediate mass on the original ideal single isolation model,

dding a resonance peak to the whole isolation system. The dual isola-

ion system in single direction is shown in Fig. 2 . 

The dynamics of dual isolation system are described as: 
 

𝑚 1 ̈𝑥 1 + 𝑐 1 
(
𝑥̇ 1 − 𝑥̇ 2 

)
+ 𝑘 1 

(
𝑥 1 − 𝑥 2 

)
= 𝐹 1 𝑠𝑖𝑛𝜔𝑡 

𝑚 2 ̈𝑥 2 − 𝑐 1 
(
𝑥̇ 1 − 𝑥̇ 2 

)
− 𝑘 1 

(
𝑥 1 − 𝑥 2 

)
+ 𝑐 2 ̇𝑥 2 + 𝑘 2 𝑥 2 = 0 (1)

here m 1 and m 2 are the mass of flywheel and the intermediate layer,

espectively; k 1 and c 1 are the stiffness and damping coefficient of the

rst isolator, respectively; k 2 and c 2 are the stiffness and damping coef-

cient of the second isolator, respectively; F 1 sin 𝜔 t represents the input

erturbation from the flywheel. 

Assume an exponential solution: 
 

𝑥 1 = 𝐵 1 e i ( 𝜔𝑡 − 𝜑 ) 

𝑥 2 = 𝐵 2 e i ( 𝜔𝑡 − 𝜑 ) (2)

𝐵 1 e −i 𝜑 = 

(
𝑘 1 + 𝑘 2 

)
− 𝑚 2 𝜔(

𝑘 1 − 𝑚 1 𝜔 

2 
)(

𝑘 2 − 𝑚 2 𝜔 

2 
)
− 𝜔 

2 
(
𝑚 1 𝑘 1 + 𝑐 1 𝑐 2 

)
+ 

𝐵 2 e −i 𝜑 = 

𝑘 1 + (
𝑘 1 − 𝑚 1 𝜔 

2 
)(

𝑘 2 − 𝑚 2 𝜔 

2 
)
− 𝜔 

2 
(
𝑚 1 𝑘 1 + 𝑐 1 𝑐 2 

)
+ 

𝜇 = 

√ √ √ √ √ 

(
𝑘 1 𝑘 2 − 𝜔 

2 𝑐 1 𝑐 2 
)2 +[(

𝑘 1 − 𝑚 1 𝜔 

2 
)(

𝑘 2 − 𝑚 2 𝜔 

2 
)
− 𝜔 

2 
(
𝑚 1 𝑘 1 + 𝑐 1 𝑐 2 

)]2 +
Substitute Eq. (2) into Eq. (1) : 

 

(
− 𝑚 1 𝜔 

2 + 𝑐 1 i 𝜔 + 𝑘 1 
)
𝐵 1 e i ( 𝜔𝑡 − 𝜑 ) − 

(
𝑐 1 iω + 𝑘 1 

)
𝐵 2 e i ( 𝜔𝑡 − 𝜑 ) = 𝐹 1 e i 𝜔𝑡 (

− 𝑐 1 iω − 𝑘 1 
)
𝐵 1 e i ( 𝜔𝑡 − 𝜑 ) + 

(
− 𝑚 2 𝜔 

2 + 𝑐 1 iω + 𝑘 1 + 𝑐 2 iω + 𝑘 2 
)
𝐵 2 e i ( 𝜔𝑡 − 𝜑 ) = 0 

(3) 

Solve the Eq. (3) and yield: 

 2 = 

𝑘 1 + 𝑐 1 iω (
𝑘 1 + 𝑘 2 

)
− 𝑚 2 𝜔 

2 + 

(
𝑐 1 + 𝑐 2 

)
iω 

𝐵 1 (4)

𝑐 1 + 𝑐 2 
)
iω 

 

𝑐 2 + 𝑘 2 𝑐 1 − 𝑚 1 𝜔 

2 𝑐 1 − 𝑚 1 𝜔 

2 𝑐 2 − 𝑚 2 𝜔 

2 𝑐 1 
)𝐹 1 (5)

 

𝑐 2 + 𝑘 2 𝑐 1 − 𝑚 1 𝜔 

2 𝑐 1 − 𝑚 1 𝜔 

2 𝑐 2 − 𝑚 2 𝜔 

2 𝑐 1 
)𝐹 1 (6)

As the isolated object is the source of vibration, the transmissibility 𝜇

s defined as the ratio of the initial excitation force and the force applied

o the satellite. 

= 

|||𝐹 𝑓 |||||𝐹 0 || (7)

here F 0 represents the initial excitation force, F f represents the force

pplied to the satellite: 

 0 = 𝐹 1 sin 𝜔𝑡 (8) 

 𝑓 = 𝑐 2 ̇𝑥 2 + 𝑘 2 𝑥 2 (9) 

Then Eq. (7) can be solved as: 

 1 𝑐 2 + 𝑘 2 𝑐 1 
)2 

 1 𝑐 2 + 𝑘 2 𝑐 1 − 𝑚 1 𝜔 

2 𝑐 1 − 𝑚 1 𝜔 

2 𝑐 2 − 𝑚 2 𝜔 

2 𝑐 1 
)2 (10)

The mass ratio is defined as: 

= 

𝑚 2 
𝑚 1 

(11)

The modal frequency of each layer is defined as: 

 1 = 

√ 

𝑘 1 
𝑚 1 

(12) 

 2 = 

√ 

𝑘 2 
𝑚 2 

(13) 
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Fig. 3. The transmissibility of force under different 𝛽. 
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Fig. 4. The transmissibility of force under different 𝛼. 

Fig. 5. The transmissibility of force under different 𝜉1 . 
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Define two dimensionless parameters: 

1 = 

𝜔 

𝜔 1 
(14) 

2 = 

𝜔 

𝜔 2 
(15) 

The damping ratio of each layer is defined as: 

1 = 

𝑐 1 

2 
√

𝑚 1 𝑘 1 
(16) 

2 = 

𝑐 2 

2 
√

𝑚 2 𝑘 2 
(17) 

Substitute Eq. (11) –(17) into Eq. (10) and yield: 

𝜇 = 

√ √ √ √ √ √ √ 

1 + 4 𝜉2 1 𝜆
2 
1 + 4 𝜉2 2 𝜆

2 
2 + 16 𝜉2 1 𝜉

2 
2 𝜆

2 
1 𝜆

2 
2 [ (

1 − 𝜆2 1 
)(
1 − 𝜆2 2 

)
− 

( 

𝜆2 2 
𝛼
+ 4 𝜉1 𝜉2 𝜆1 𝜆2 

) ] 2 
+ 4 

(
𝜉1 𝜆1 + 𝜉2 𝜆2

Define a dimensionless parameter: 

= 

𝜆2 
𝜆1 

= 

𝜔 1 
𝜔 2 

(19)

Substitute Eq. (19) into Eq. (18) and the final expression of 𝜇 is at-

ained as follows: 

𝜇 = 

√ √ √ √ √ √ √ 

1 + 4 𝜉2 1 𝜆
2 
1 + 4 𝜉2 2 𝛽

2 𝜆2 1 + 16 𝜉2 1 𝜉
2 
2 [ (

1 − 𝜆2 1 
)(
1 − 𝛽2 𝜆2 1 

)
− 

( 

𝛽2 𝜆2 1 
𝛼

+ 4 𝜉1 𝜉2 β𝜆2 1 

) ] 2 
+ 4 

(
𝜉1 𝜆1 + 𝜉2

Fig. 3 shows the transmissibility 𝜇 with respect to 𝜆1 under different

, in which 𝛼 = 11, 𝜉1 = 0.4, and c 2 equals to c 1 . The frequency of the

esonance peak gradually decreases with an increased 𝛽. When 𝛽 < 1,

he amplitude of the resonance peak becomes larger with an increased

, while 𝛽 > 1, the amplitude of the resonance peak becomes smaller

ith an increased 𝛽. Moreover, the larger the value of 𝛽, the smaller

he frequency range of the amplification region and the faster the peak

ttenuation rate. Therefore, 𝛽 should be increased as much as possible

o obtain a higher reduction efficiency. 
1 
𝜉1 𝜆1 𝜆

2 
2 − 𝜉2 𝜆

2 
1 𝜆2 

)2 
(18) 

 

𝛼+1 
𝛼

𝜉1 𝜆1 𝛽
2 𝜆2 1 − 𝜉2 𝜆

2 
1 𝛽𝜆1 

)2 
(20) 

Fig. 4 shows the transmissibility 𝜇 with respect to 𝜆1 under differ-

nt 𝛼, in which 𝛽 = 3.5, 𝜉1 = 0.4, and c 2 equals to c 1 . The attenuation

ate becomes faster with the increasing 𝛼, but the amplitude of the res-

nance peak gradually becomes larger. Therefore, the value of 𝛼 should

e designed in consideration of the attenuation rate and the formant

mplitude. 

Fig. 5 shows the transmissibility 𝜇 with respect to 𝜆1 under different

1 , in which 𝛼 = 11, 𝛽 = 2 and c 2 equals to c 1 . Here, the damping co-

fficient of the two layers isolators are the same and the larger the 𝜉1 ,

he better the formant attenuation effect. However, the attenuation rate

owers with the increasing 𝜉1 , indicating that the value of 𝜉1 should be

esigned in consideration of the attenuation rate and the formant am-

litude. 

From Figs. 4 and 5 , both 𝛼 and 𝜉1 should be designed in consideration

f the vibration attenuation rate and the formant amplitude. However,
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Fig. 6. The transmissibility of force under different 𝛼 and 𝜉1 . 
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and 𝜉1 have opposite effects on the attenuation rate and the formant

mplitude. To obtain optimized parameters of the dual vibration iso-

ation system, it is necessary to compare the influence efficiency of 𝛼

nd 𝜉1 [25] . The transmissibility 𝜇 with respect to 𝜆1 is calculated with

= 2, 𝛼 = 10 and 𝜉1 = 0.2, then the transmissibility of increasing and de-

reasing the value of 𝛼 with 𝜉1 at the same time by 50% are calculated

nd compared under the condition of unchanged 𝛽. The comparisons

re shown in Fig. 6 . It shows that the resonance peak decreases 2.42%

nd the attenuation rate at 𝜆1 = 4.95 decreases 0.05% with increased 𝛼

nd 𝜉1 , the resonance peak increases 2.86% and the attenuation rate at

1 = 4.95 increases 0.04% with decreased 𝛼 and 𝜉1 . Combining with the

ingle effects of 𝛼 or 𝜉1 on the attenuation rate and the formant ampli-

ude, it can be concluded that under the condition of unchanged 𝛽, the

igher vibration attenuation rate can be obtained by preferentially re-

ucing the value of 𝜉1 , and the lower formant amplitude can be obtained

y preferentially reducing the value of 𝛼. 

. Precession of flywheel 

The flywheel is mainly composed of rotor and shell, which is shown

s Fig. 7 . 

The dynamic of flywheel at steady rotational speed is described by

he equation [26] : 

 ̈𝑥 + ( 𝐶 + 𝐺 ) ̇𝑥 + 𝐾𝑥 = 𝐹 (21)

In Eq. (21) , M, K, C, G are 6 × 6 system matrixes of mass, stiffness,

amping and gyroscope, x is the displacement vector and F is the per-

urbation vector, which can be expressed as follows: 

 = diag 
[
𝑚 𝑚 𝑚 𝐼 𝑥 𝐼 𝑦 𝐼 𝑧 

𝑠ℎ𝑒𝑙𝑙 

]
(22)
Fig. 7. Section view and the coordinate system definition of the flywheel. 

{
 

ρ  

𝜔  

𝜉  
 = diag 
[
𝑘 11 𝑘 22 𝑘 33 𝑘 44 𝑘 55 𝑘 66 

]
(23) 

 = diag 
[
𝑐 11 𝑐 22 𝑐 33 𝑐 44 𝑐 55 𝑐 66 

]
(24) 

 = 

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 𝐼 𝑧 

𝑟𝑜𝑡𝑜𝑟 

0 0 0 0 − 𝐼 𝑧 
𝑟𝑜𝑡𝑜𝑟 

0 

⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 
(25)

 = 

[
𝑢 𝑥 𝑢 𝑦 𝑢 𝑧 𝜃𝑥 𝜃𝑦 𝜃𝑧 

]𝑇 
(26)

here m represents the mass of flywheel; I represents the inertia of

ywheel, k ii and c jj represent the stiffness and damping coefficient of

he isolation system, respectively; I rotor and I shell represent the inertia of

he rotor and shell, respectively. 

 = 𝐼 𝑟𝑜𝑡𝑜𝑟 + 𝐼 𝑠ℎ𝑒𝑙𝑙 (27)

Extract the radial rotational freedom and omit the perturbation vec-

or, the Eq. (21) can be reduced to: 

 

𝐼 𝑥 

𝐼 𝑦 

] [ 
𝜃̈𝑥 

𝜃̈𝑦 

] 
+ 

{ [ 
𝑐 44 

𝑐 55 

] 
+ Ω

[ 
𝐼 𝑧 
𝑟𝑜𝑡𝑜𝑟 

− 𝐼 𝑧 
𝑟𝑜𝑡𝑜𝑟 

] } [ 
𝜃̇𝑥 

𝜃̇𝑦 

] 
+ 

[ 
𝑘 44 

𝑘 55 

] [ 
𝜃𝑥 

𝜃𝑦 

] 
= 

[ 
0 
0 

] 
(28) 

For the symmetry configuration of the flywheel: 

 

𝑥 = 𝐼 𝑦 (29) 

 44 = 𝑘 55 (30) 

 44 = 𝑐 55 (31) 

The modal frequency of the isolation system is defined as: 

 𝑛 = 

√ 

𝑘 44 
𝐼 𝑥 

(32)

The damping ratio of the isolation system is defined as: 

= 

𝑐 44 

2 
√

𝐼 𝑥 𝑘 44 
(33)

Substitute Eq. (32) - (33) into Eq. (28) and yield: 

 

𝜃̈𝑥 
𝜃̈𝑦 

] 
+ 

{ 

2 𝜉𝜔 𝑛 

[ 
1 

1 

] 
+ 𝜂Ω

[ 
1 

−1 

] } [ 
𝜃̇𝑥 
𝜃̇𝑦 

] 
+ 𝜔 

2 
𝑛 

[ 
1 

1 

] [ 
𝜃𝑥 
𝜃𝑦 

] 
= 

[ 
0 
0 

] 
(34) 

here, 

= 

𝐼 𝑧 
𝑟𝑜𝑡𝑜𝑟 

𝐼 𝑥 
(35)

The precession of flywheel mainly attributes to the momentum

orque vector of rotor changed by the elastic restoring torque of iso-

ation system. The second derivative term of the radial rotation angle

f the flywheel in Eq. (34) can be omitted [27] . Then the approximate

recession equation of the flywheel is obtained as: 
 

2 𝜉𝜔 𝑛 

[ 
1 

1 

] 
+ 𝜂Ω

[ 
1 

−1 

] } [ 
𝜃̇𝑥 
𝜃̇𝑦 

] 
+ 𝜔 

2 
𝑛 

[ 
1 

1 

] [ 
𝜃𝑥 
𝜃𝑦 

] 
= 

[ 
0 
0 

] 
(36)

The characteristic polynomial of Eq. (36) is: 

( 𝑠 ) = 

(
4 𝜉2 𝜔 

2 
𝑛 
+ 𝜂2 Ω2 )( 

𝑠 2 + 

4 𝜉𝜔 

3 
𝑛 
𝑠 

4 𝜉2 𝜔 

2 
𝑛 
+ 𝜂2 Ω2 + 

𝜔 

4 
𝑛 

4 𝜉2 𝜔 

2 
𝑛 
+ 𝜂2 Ω2 

) 

(37)

The modal frequency of precession is defined as: 

 𝑝 = 

𝜔 

2 
𝑛 √ 

4 𝜉2 𝜔 

2 
𝑛 
+ 𝜂2 Ω2 

(38)

The damping ratio of precession is defined as: 

𝑝 = 

2 𝜉𝜔 𝑛 √ 

4 𝜉2 𝜔 

2 
𝑛 
+ 𝜂2 Ω2 

(39)
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Fig. 8. The decay time of precession under different parameter. 

Fig. 9. Flywheel integrally designed with isolator. 
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Then the decay time of precession can be approximately calculated

s: 

 𝑝 = 

4 
𝜉𝑝 𝜔 𝑝 

= 

2 
(
𝜉2 𝜔 

2 
𝑛 
+ 𝜂2 Ω2 )

𝜉𝜔 

3 
𝑛 

(40)

The waterfall plot of the decay time of precession with respect to 𝜔 n 

nd Ω is shown in Fig. 8 , in which 𝜂 is set as 1.4 and 𝜉 is set as 0.04.
ig. 8 shows that the decay time increases with the increasing Ω and

ecreases with the increasing 𝜔 n . 

. Design of isolation system 

.1. Assembly of isolator 

For the GF03 satellite, the flywheel is assembled on the electronic

ox through viscoelastic damping isolators rather than directly on the

ain structure of the satellite, and the electronic box is assembled on

he main structure through the isolators with the same material. The

dvantage of this installation is that the load path of the perturbation

f flywheel can be extended. Meanwhile, the electronic box acts as an

ntermediate mass and forms a dual vibration isolation system. The fly-

heel is shown in Fig. 9 , the installation flange of flywheel is integrally

esigned with isolator. The installation of the flywheel isolator is shown

n Fig. 10 , where the isolator of the electronic box is installed with the

ame viscoelastic damping material selected. 

.2. Viscoelastic damping material 

The viscoelastic damping material selected in this paper is silicone

ubber (ZN-45), which has the advantages of large damping, low den-

ity and high stability. The result of dynamic thermomechanical analysis

DMA) of silicone rubber tested under 125 Hz is shown in Fig. 11 . It can

e seen from the figure that the modulus E and loss factor tan( 𝛿) of sili-

one rubber vary greatly with temperature. The lower the temperature,
Fig. 10. Section view of the isolator assembly. 
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Fig. 11. The modulus and loss factor of silicone rubber varied with temperature. 
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Fig. 12. Limit of pixel offset for high-resolution camera. 

Fig. 13. Comparison of transmissibility under single isolation and dual isola- 

tion. 
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a  
he larger the modulus and damping of the material. Since the isolator

s located in the cabin of the satellite, the ambient temperature is gen-

rally controlled between − 20 °C and + 40 °C. Considering the cut-off

requency and damping ratio of the isolator and the feasibility of the

hermal control scheme, the operating temperature of the material is

hosen as 20 ◦C. Therefore, the isolator is controlled in the temperature

ange (20 ± 0.5 ◦C) by reasonable thermal control measures to make its

erformance meet the demand and not subject to the external environ-

ent temperature change. 

.3. Parameter design of isolation system 

In order to meet the requirement of real-time attitude adjustment

or satellite, the rotational speed of the flywheel needs to be constantly

hanged during working condition. Since the characteristics of flywheel

isturbance are closely related to the rotational speed, the frequency and

mplitude of the disturbance will change at different operating speeds.

o, it is important to consider the uncertainties inherent to the exter-

al loading as well as the structural parameters in dealing with struc-

ural vibration control problem. In the low frequency band, the pertur-

ation of the flywheel is dominated by the fundamental harmonic distur-

ance. The amplitude of the fundamental harmonic increases with the

ncreasing rotational speed of flywheel. Therefore, the first-order natu-

al frequency of the dual vibration isolation system should be reduced

s long as the frequency requirement of the launch process is satisfied,

o as to input a relatively small perturbation at the system resonance

requency. Vibration isolators developed for on-orbit observational ap-

lication need to isolate micro-vibration when in orbit, and also with-

tand severe launch vibration environment [23] . The mass of flywheel is

.9 kg and the mass of intermediate layer is 9 kg. It means that the mass

f the dual isolation system has reached 10 kg, accounting for more than

5% of the total satellite weight. Therefore, the cut-off frequency of the

ual isolation system will have a great impact on the first-order natu-

al frequency of the satellite. Here, 𝜔 1 is designed as 659.4 Hz and 𝜔 2 

s designed as 188.4 Hz. The first-order natural frequency of the satel-

ite is calculated by the finite element simulation (Patran & Nastran) as

6.4 Hz, which satisfies the requirement of the CZ-11 rocket that the

rst-order natural frequency of the satellite higher than 25 Hz. 

The pixel size of focal plane is 4.5 𝜇m and the limits of pixel offset

s optical design indicator for high-resolution camera in this article is

hown in Fig. 12 , showing that the limit of pixel offset is frequency

ependent. The higher the frequency, the lower the amplitude of the

ixel offset limited. 

The comparison between the transmissibility of 𝛽 = 3.5 (dual isola-

ion) and 𝛽 = 0 (single isolation) is shown in Fig. 13 ( Eq. (20) ), where

is set as 0.1. Fig. 13 shows the reduction efficiency of dual isolation
1 
s much higher than single isolation. The vibration reduction effect can

e generated when 𝜆1 is more than 1.4 for single isolation while 0.4 for

ual isolation. Although the resonance peak of dual isolation is higher

han single isolation, it can still meet the requirement by reasonable

esign. 

The natural frequency of the first layer is much higher than the sec-

nd layer of the dual isolation system. The isolator of the flywheel with

he electronic box can be considered as part of the ‘‘shell’’ of flywheel.

he first-order torsional natural frequency and damping ratio of the dual

solation system are analyzed as 43 Hz and 0.04 by simulation. The lat-

ral inertia of system 𝐼 𝑥 
𝑠𝑦𝑠𝑡𝑒𝑚 

is 0.05 kgm 

2 , then 𝜔 n , 𝜉 and 𝜂 can be calcu-

ated by Eq. (32) –(35) respectively. The maximum rotational speed of

he flywheel is 2000 rpm, the maximum decay time of precession can be

erived as 0.003 s from Eq. (40) , which is far less than the requirement

f satellite maneuver stability time 60 s. 

. Experiment 

.1. Experimental apparatus 

In this paper, the effect of micro-vibration on image motion is ob-

ained by imaging test. The test platform is built to simulate the on-orbit

maging conditions. The satellite is suspended to a horizontal state using

 low-frequency suspension system for the purpose of offsetting the ef-
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Fig. 14. On-ground imaging test platform. 

Fig. 15. Image of narrow line target. 
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ect of gravity on the test results. The on-ground test platform is shown

n Fig. 14 . Given that the first natural frequency of the satellite on orbit

s 13 Hz (the solar array), the suspension system is tuned to give a 1 Hz

xial isolation frequency, which is an order of magnitude softer. The

arrow line target is illuminated by the light source through the paral-
Fig. 16. Pixel offset without isolat
el light tube to simulate the infinite distant object [18] . In the vicinity

f the zero value of the flywheel angular velocity, its perturbations are

ost evident on the image quality, indicating a sharp change in the

orque of dry friction forces effects. Therefore, it is necessary to ensure

he flywheel working on-orbit in a stable speed range and the speed is

imited to no passing through 0 rpm. The on-ground image is taken by

he camera when the single working flywheel is under steady rotational

peed from 100 rpm to 2000 rpm. The steady 0 rpm is tested to char-

cterize the impact of environmental background noise disturbance on

mage quality. The images of narrow line target under dual isolation in

ome typical rotational speeds are shown in Fig. 15 . 

.2. Data processing and results 

Data processing for the imaging test is undertaken in a MATLAB en-

ironment [17] . To analyze the vibration characteristics from the image,

 grayscale threshold set at 90% of the maximum digital number is used

o remove random noise. After removing the strip noise by a smoothing

lter, the narrow line is then extracted from the image. The centroid

f each row is calculated using arithmetic method [28] . The pixel off-

et in the time domain could be obtained. Thus, the pixel offset in the

requency domain could be calculated by Fast Fourier Transform (FFT).

or the single working Z-direction flywheel, the pixel offset of camera
ion in the frequency domain. 
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Fig. 17. Pixel offset under dual isolation in the frequency domain. 

Fig. 18. Comparison of pixel offset with and without isolation. 



S. Chen, M. Xuan and J. Xin et al. International Journal of Mechanical Sciences 179 (2020) 105592 

Table 1 

Pixel offset RMS data with and without isolation. 

Flywheel rotational speed (rpm) Without isolation (Pixel) Dual isolation (Pixel) Decay rate 

100 0.0135 0.0109 19.3% 

200 0.0153 0.0101 34.0% 

300 0.0151 0.0096 36.4% 

400 0.0158 0.0086 45.6% 

500 0.0197 0.0084 57.4% 

600 0.0150 0.0084 44.0% 

700 0.0160 0.0067 58.1% 

800 0.0140 0.0082 41.4% 

900 0.0157 0.0073 53.5% 

1000 0.0175 0.0073 58.3% 

1100 0.0151 0.0067 55.6% 

1200 0.0214 0.0074 65.4% 

1300 0.0178 0.0068 61.8% 

1400 0.0135 0.0081 40.0% 

1500 0.0252 0.0078 69.0% 

1600 0.0168 0.0070 58.3% 

1700 0.0186 0.0067 64.0% 

1800 0.0175 0.0079 54.9% 

1900 0.0191 0.0085 55.5% 

2000 0.0154 0.0077 50.0% 
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ithout isolation at different rotational speeds is shown in Fig. 16 . As

 comparison, the pixel offset under dual isolation is shown in Fig. 17 .

he pixel offset of some typical rotational speeds is compared in Fig. 18 .

As shown in Fig. 16 , the influence of micro-vibration of flywheel on

his satellite is mainly focused on 200–400 Hz and 450–500 Hz with-

ut isolation. The flywheel micro-vibration has a great impact on the

maging of the high-resolution camera. The maximum resonance peak

eaches 0.357 pixels in 276.6 Hz at 1500 rpm, which is far beyond the

esign indicator. It can be seen from Figs. 17 and 18 that the pixel offset

ttenuates obviously in high frequency band under dual isolation. In the

ow frequency band from 6 Hz to 15 Hz, the pixel offset is amplified,

nd the maximum resonance peak reaches 0.093 pixels in 13.4 Hz at

00 rpm, which is far less than the design indicator of 0.7 pixels from

ig. 12 . 

To further illustrate the reduction effect, the pixel offset root mean

quare (RMS) of each rotational speed with and without isolation along

ith the decay rate are listed in Table 1 . The decay rate can be calculated

s: 

= 

𝑃 𝑤 − 𝑃 𝑑 

𝑃 𝑑 
(41) 

here P w represents the pixel offset RMS value without isolation and P d 
epresents the pixel offset RMS value under dual isolation. The attenu-

tion rate is above 19%, minimum is 19.3% at 100 rpm and maximum

p to 69.0% at 1500 rpm. 

. Conclusions 

1) The reduction effect of dual vibration isolation is affected by many

factors. The increasing 𝛽 can reduce the resonance peak of trans-

missibility and the frequency range of the amplification region. The

design of 𝛼 and 𝜉1 depends on the requirements of the attenuation

rate or the amplitude of the resonance peak. 

2) The decay time of precession decreases with the increased natural

frequency of isolation system and increases with the increased rota-

tional speed of rotor. 

3) The modulus and damping of silicone rubber vary greatly with tem-

perature. By adopting reasonable temperature control, the appropri-

ate material properties can be selected to meet the requirements of

the isolation system. 

4) The pixel offset of camera with and without isolation is compared

by the on-ground optical imaging test, and the maximum attenuation

rate of pixel offset RMS reaches 69.0% at 1500 rpm. 
5) The pixel offset value under dual isolation is less than 0.1 pixels,

indicating the feasibility of dual micro-vibration isolation system for

flywheel. 
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