A broadband variable fluid damper with frequency
selective valves for spacecraft micro-vibration isolation

Wenlin Wang!, Yong Liu?, Ruxing Chen3, Yang Ding*, Haoyu Li®

1:3School of Mechanical Engineering, Dongguan University of Technology, Dongguan, 523808, China
2.4, 5Beijing Institute of Structure and Environment Engineering, Beijing, 100076, China
2Corresponding author

E-mail: 'pianowwl@163.com, 2ly02141@163.com, 3chenrx9826@163.com, *macoc@126.com,
SHoya@163.com

Received 13 May 2024, accepted 7 June 2024, published online 27 September 2024 W) Check for updates
DOI https://doi.org/10.21595/vp.2024.24190

69th International Conference on Vibroengineering in Lviv, Ukraine, September 26-29, 2024

Copyright © 2024 Wenlin Wang, et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. In order to improve the vibration isolation performance of current three-parameter
damper using bellow and fluid damping, a concept of fluid damper with variable damping and
secondary variable stiffness was proposed, a prototype has been designed with several frequency
selective valves to adjust the damping characteristics at specific frequency bands, especially that
in the low-frequency range. Followed mathematical modelling and simulation of the damper have
been carried out, the results show that the designed damper has obtained excellent damping
characteristics both in the high- and low-frequency ranges, the micro-vibration isolation efficiency
of the damper under realistic excitation of a Control Moment Gyroscope used in a manned
spacecraft reaches a significant 71.03 %.The proposed damper concept and designed prototype
have laid the foundation for further testing and optimization of high-end isolators for modern
spacecrafts.

Keywords: variable fluid damper, frequency selective valve, broadband, damping characteristics,
micro-vibration isolation, spacecraft.

1. Introduction

Fluid dampers are widely used in spacecrafts for impact and/or vibration mitigation during
launching and on orbit [1, 2] or landing [3]. Damper using bellow and fluid damping originated
from the two-parameter D-Strut developed by the early American Honeywell company for NASA,
subsequently, many studies have been carried out and technical progress has been made. For
example, various three-parameter dampers with secondary chambers [4-8] have been proposed.
Compared with that of two-parameter dampers, the vibration isolation performance of
three-parameter dampers has been significantly improved in the high-frequency range [1, 8], but
the vibration isolation performance in the low-frequency range, including the resonance peak area,
has not been improved.

A concept of a broadband fluid damper with variable hydraulic damping and secondary
variable stiffness was first proposed, and a prototype has been designed with several frequency
selective valves (FSVs) to adjust the damping characteristics at specific frequency bands,
especially that in the low-frequency range. Mathematical modelling and simulation of the damper
have been carried out, and the results show that the fabricated damper has obtained excellent
vibration reduction performance both in the high- and low-frequency ranges, the proposed damper
concept, designed prototype and research results in this study have laid the foundation for further
testing and product optimization for modern spacecraft.

2. Design of a broadband variable fluid damper

As shown in Fig. 1(a), a type of fluid damper with variable damping and secondary variable
stiffness was designed, the damper has four chambers filled with silicone oil, i.e., the upper and
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lower main chambers and the upper and lower secondary chambers. When the piston is actuated
by spacecraft vibrations, the silicone oil will be forced through the damping systems embedded in
the piston and produce damping forces. Fig. 1(b) illustrates that the damper has five parameters,
which has an obvious advantage over the current three-parameter damper by enabling the damping
element C4 to be variable.

Fig. 2 demonstrates the damping system embedded in the piston assembly. The fluid damping
system includes a constant orifice and three FSVs, the three FSVs are arranged in a circular pattern
around the constant orifice. The three FSVs are all low-frequency valves and designed to be
normally open, but their natural frequencies are different. If the outside excitation frequency
coincided with the natural frequency of a FSV, the valve ball of the FSV would resonant and close
the valve, so the total damping effect of the damper would be increased, thus, the three FSVs
would obviously improve the damping performance of the damper in the low-frequency band.
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Fig. 1. Prototype design and mechanical model of a broadband variable fluid damper
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Fig. 2. The damping system with constant orifice and FSVs in the piston assembly

3. Modelling the characteristics of the damper

Fig. 3 demonstrates the physical principle or model of a broadband variable fluid damper
designed in the last section for micro-vibration reduction of a Control Moment Gyroscope (CMG)
used in a manned spacecraft.

The stiftness of the two main bellows is given by:

K, = MC(Zﬂfnl)z: (1

where M is the CMG mass and f,; is the first-order natural frequency of the isolation system.
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Fig. 3. Physical model of a broadband variable fluid damper used for micro-vibration reduction
of a Control Moment Gyroscope (CMG) used in a manned spacecraft

The minimum vibration transmissibility [6] of a isolation system with basic three-parameter
damper can be expressed as:

. N +2 _N+2
min — 2 2 ’ 2)
2(IN+1) 1 2(N +1) N (
(1_ N T2 ) +N+1(N+1_ NT2 )

where N is the stiffness ratio of secondary bellow to main bellow, i.e., N = Kz/K},, the
recommendation value of N is 1-2. In addition, stiffness of the slotted spring [9, 10] in the damper
can be expressed by:

4Eah3/[ 1+1/(3 2 4)] 3)
TRz /27T y 2" ’

where E, v are respectively the elastic modulus and the Poisson’s ratio of the spring material, the
others are all geometric parameters of the spring.

Under micro vibrations of the CMG, the dynamics of the isolation system with the fluid
damper can be expressed as:

FC(t) - KC['XI - Sgn(xl)Gp]l |x1| > Gp;

Fe(®), |x] < Gy, @

M3y + Aesgn(i,)(py — p2) + Kaxq = {

where x; is the displacement of the CMG, 4, is the equivalent area of the bellow which is actuated
by fluid, p; and p, are the pressures of the upper and lower main chambers, F.(t) is the
disturbance force function of the CMG, Gp is the gap for the slotted spring to function.

In addition, by referring to Fig. 3, the fluid continuity equation in the damper under vibrations
can be formulated by:

Agsgn(x,)x; = q1 + qz + q3, Q)

where q;, q, and q5 are respectively the flow rates passing through the constant orifice, passing
through the FSV system and forced into the upper or lower secondary chambers, q;, g, and g3
can be formulated by:
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( o2 3 2
q1 = Cq1 (_ d, ) —sgn(x)(p1 —p2), 42 = Z CazAxi |—sgn(x,)(p1 — p2),
4 p =1 p (6)
md;63 ) nd;63
43 = : (p1 —P3u), sgn(x) =1, q3= 12311L

(p2 —p3a), sgn(xy) = -1,

where C,;; and C4, are the discharge coefficients of the constant orifice and the FSVs, A,;
(i = 1~3) are flow areas of the FSVs, p3, and p3; are the pressures of the upper and lower
secondary chambers, p is the dynamic viscosity of the silicone oil, the others are geometric
parameters of the annular passage between the main chamber and the secondary chamber.

4. Simulation and analysis

With the mathematical model developed, MATLAB/Simulink models for the fluid damper and
the above vibration isolation system have been established for simulation. In the simulation
process, some of the main parameters and values include M, =34 kg,
K, = Kg = K, =1.3745%x10° N/m, A,=7.49x10* m? d; =2.5x10° m, C4 =0.80,
C42 = 0.60, natural frequencies of the three FSVs are respectively 25 Hz, 32 Hz and 40 Hz, and
some of the results obtained are shown by Figs. 4-6.
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b) Damping force profile of the fluid damper
Fig. 4. Response characteristics of the fluid damper (simulation condition: sinusoidal chirp excitation
with displacement amplitude +0.1 mm, frequency range 0.1-500 Hz in 3 seconds)

Figs. 4(a) and (b) obviously demonstrate the response nature of the FSVs and the damper under
sinusoidal chirp excitation condition. The three FSVs will close when the excitation frequencies
coincide with their natural frequencies and thus improve damping force of the damper at these
frequencies, because the three FSVs are all designed in the low-frequency range, so Fig. 4(b)
shows that the damping forces in low-frequency range are obviously larger, and that in the middle
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to high frequency range are obviously smaller, in other words, the fluid damper has obtained larger
damping coefficient at the low-frequency range and smaller coefficient at the middle- to high-
frequency range, thus, the fluid damper has obtained excellent damping characteristics in a
broadband.

Fig. 5 shows the damping characteristics of the fluid damper when subject to a sinusoidal
excitation of displacement amplitude £0.1 mm and frequency 32 Hz which coincides with the
natural frequency of the No. 2 FSV. Fig. 5(a) and 5(b) demonstrate that the fluid damper has
obtained stable and idea damping characteristics.
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Fig. 5. Damping characteristics of the fluid damper (simulation condition: sinusoidal excitation
with displacement amplitude £0.1 mm and frequency 32 Hz)

Fig. 6 shows the micro-vibration isolation performance of the fluid damper under realistic
excitation of a CMG [11, 12] used in a manned spacecraft. It demonstrated that the micro-vibration
of the CMG has been obviously mitigated, the Root Mean Square (RMS) value of CMG
disturbance force 548.1 N has been reduced to 158.8 N after isolation, thus the vibration efficiency
of the isolation system with the broadband variable fluid damper reaches a significant 71.03 %.
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Fig. 6. Micro-vibration isolation performance of the fluid damper (simulation condition: experimental
disturbance force profile of a CMG’s macro-vibration)

5. Conclusions

1) A concept of a broadband fluid damper with variable hydraulic damping and secondary
variable stiffness was proposed, and a prototype has been designed with several frequency
selective valves to adjust the damping characteristics at specific frequency bands, especially that
in the low-frequency range.

2) Mathematical modelling and simulation of the damper have been carried out, the results
show that the designed damper has obtained excellent damping characteristics both in the high-
and low-frequency ranges, the micro-vibration isolation efficiency of the fluid damper under
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realistic excitation of a CMG used in a manned spacecraft reaches a significant 71.03 %.
3) The damper concept and designed prototype have laid the foundation for further testing and
optimization of high-end isolators for modern spacecrafts.
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