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Abstract

An efficient systematic design of a magneto-rheological fluid embedded pneumatic
vibration isolator (MrEPI) considering practical constraints is proposed. The design
is accomplished from three aspects including system level design for synthesizing
appropriate non-dimensional system parameters of pneumatic spring and MR
damping elements through performance sensitivity analysis considering compact
and efficient hardware utilization, component level design for synthesizing optimal
design of the MR valve through employing an objective function with preset index
for guaranteeing required worst-case performance, and dimensional realization
level design for determining actual plant parameters from aforementioned level
designs according to practical constraints. In addition, the vibration control
performance of the optimally designed MrEP! system under harmonic disturbances
is evaluated, which shows good isolation performance under different stiffness.
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1. Introduction

Vibration isolators have been widely used for vibration suppression and isolation [1,2].
Compare to passive vibration isolators, semi-active and active vibration isolators could
achieve prior isolation performance due to adjustable damping and/or stiffness and arbitrary
force control. Specially, it is noted that a vibration isolator with independent control of
stiffness and damping will have promising application in various vehicle suspension under
different road requirements, advanced landing gear system for soft and hard landing,
combined device of shock and vibration etc. [1-4].

Recently, a magneto-rheological fluid embedded pneumatic vibration isolator (MrEPI)
allowing independently adjustable stiffness, damping and height control with hybrid and
compact connection of pneumatic spring and MR damping elements was developed for
vibration isolation application, and the advantage dynamic performance of system has been
demonstrated through developing a nonlinear non-dimensional dynamic model with the full
considerations of nonlinear pneumatic spring element and MR damping element [3].
Thereafter, it is necessary to develop a systematic design procedure for further practical
usage of the MrEPI. However, the design of the MrEPI is very complex due to various and
coupling design parameters in pneumatic cylinder and MR valve inducing hard analysis of
achievable performance and relevant sensitivity. Moreover, the systematic and unified
design process with practical constraints for the MrEPI should be extensively considered,
which could possibly be accomplished through non-dimensional analysis regardless of
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concrete system configuration and subsequent dimensional realization according to different
application requirements.

It 1s noted that the optimal design of dual-chamber pneumatic isolator or air spring,
which 1s an important part of the MrEPI, mostly focus on the orifice or capillary tube
damping and volume ratio parameters of dual-chamber [5-7]. However, there are few
comments about the optimal design of nonlinearity degree and pressure ratio of a nonlinear
pneumatic vibrator, which seems to have obvious influence on the achievable performance
[3]- On the other hand, the optimal design of a MR valve especially the volume constrained
optimization of MR valve, which is an important damping component for the MrEPI, has
also developed to some extends recently [8-10]. However, it 1s noted that the conventional
multi-objective function utilized in the literature has unclear weight selections and has
seldom consideration of practical constraints directly from application requirements. In
addition, the minimum damping ratio for good isolation performance at high frequency is
rarely well guaranteed in optimization procedure [11]. Therefore, an improved optimal
design for the MR valve fulfilling practical constraints is necessarily developed.

2. Schematic Structure and Modeling of the MrEPI

The schematic structure of the MrEPI is shown in Fig.l. It consists of three low
chambers filled with air gas (CG1,CG2,CG3) and two upper chambers filled with MR fluids
(CM1, CM2). Chamber CG1 and CG2, functioning as a dual-working-chamber pneumatic
spring to provide adjustable stiffness and height control, are separated by a moving piston
with diaphragm seals and controlled by four pneumatic high speed on-off valves. An
auxiliary chamber CG3 is connected to Chamber CG2 with a flow restrictor that is designed
to operate on a laminar flow region for linear damping. A MR valve is connected to the two
sides of a double-rod cylinder ﬁ'lled with MR fluids to provide adjustable damping.
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Fig. | The schematic structure of the MrEPI

The non-dimensional analytical models have been presented [3]:
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Where, ¢, and ¢, are the absolute and relative displacement of table top respectively.
B B0, 0,9 8 and &, 5., are the non-dimensional adjustable variables related to
each pneumatic spring element or each MR damping element (including passive viscous

(M

damping). ®,, and ®, are the sinusoidal base and force excitation, respectively.
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3. Design of the MrEPI with Practical Constraints

An effect systematic design procedure for the MrEPI considering practical constraints
will be developed in the following, which consists of system level design for appropriately
specifying non-dimensional design parameters of pneumatic spring and MR damping
element, component level design for providing optimal non-dimensional parameters of the
MR valve, and dimensional realization level design for obtaining actual plant parameters
according to practical application requirements.

3.1 System Level Design

3.1.1 Natural frequency of the system
The output force of the MrEPI under harmonic piston motion is given according to Eq.(1)
A A
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Where  is the non-dimensional excitation frequency.

The linearized complex equivalent stiffness of the entire system with hybrid connection
of pneumatic spring elements could be given through utilizing linearization method to
Eq.(2), which is used to quantitatively characterize the viscoelastic behavior of the isolator.
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The linearized equivalent spring stiffness and loss stiffness is derived from Eq.(3)
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In the above analysis, the nonlinear degree ¢, is not concluded in the formulation of
complex stiffness due to linearization approximation. For more accurately evaluating the
complex stiffness incurred by nonlinear degree ¢, . Alternatively, the nonlinearized
complex stiffness K' and K" could be calculated through supposing the isolator system
being suffering harmonic displacement excitation x(#) and the linearized viscoelastic
force f(f) from F,(Q) being calculated through Fourier series [13]. The linearized
complex stiffness and nonlinearized complex stiffness will be employed for determining the
appropriate configuration of ¢, and &; later.

azo (@b

Subsequently, the non-dimensional angular natural frequency is
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As seen, the adjustable stiffness related to the natural frequency is dependent on several
non-dimensional parameters @, ,%p,%; and @,. Next, these parameters upon achievable
performance will be analyzed and appropriate parameters will be given.

3.1.2 Specification of ¢, and & for Pneumatic Spring

The required volume of pneumatic chamber is strongly dependent on the nonlinearity
degree #, since the total volume is calculated as V, =4, %,[3+d.o +80;] (£, is the
maximum excitation amplitude). Therefore, it is appreciable to employ small ¢, for
compact isolator design. However, when ¢ is small, there is more sever and
unsatisfactory nonlinear behavior bringing about deteriorated isolation performance [3].
Fortunately, the unsatisfactory behavior could be improved through introducing the viscous
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damping &; generated by air restrictor. As such, 4, and & should be designed first for
achieving small gas volume and good isolation performance as much as possible.

It is noted that the loss factor is useful for evaluating resonance attenuation [6]. Fig.2
shows the comparison of linearized and nonlinearized loss factor for the MrEPI under
different &, with same smallg, =3 and under different ¢, with the same &,. As seen
from Fig.2a, the loss factor is initially increased and then decreased when excitation
frequency is always increasing. It is noted that the linearized loss factor is almost equal to
the nonlinearized loss factor only if &; is moderately specified (&5 >0.25) while there is
great difference between two loss factor under too small &;, which will induce severe
unsatisfactory nonlinearity such as superharmonic, and too large &; will deteriorate the
isolation performance at high frequency. Therefore, the appropriate &; could be & =0.25
for effectively removing unsatisfactory nonlinear behaviors of pneumatic spring without
scarifying compact volume design purpose, as seen from Fig.2b. Fig 3 show the dynamic
isolation performance of the MrEPI under different ¢, with the same &,. As seen, the
transmissibility of the MrEPI is almost the same while the force-mobility shows slight
difference under different ¢, with the same &, indicating that ¢#, could be set
considerably small with a little large stiffness incurred and no significant deterioration of
resonance attenuation and high frequency mitigation as long as appropriate &, is specified.
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Fig 3 Isolation performance of the MrEPI under different @, and the same &,

3.1.3 Specification of ¢, for Pneumatic Spring

The additional volume ratio #,, is used to adjust the stiffness related to the natural
frequency. According to Eq.(5), the relationship of the non-dimensional natural frequency
o, and additional volume ratio 4, is shown in Fig.4. As seen, @, is decreased rapidly
when @,, is increased slightly. And @, is gradually growing when @, is increasing
greatly. Thus, it is favorably to choose @,=4~5 since ®, can be down to 0.4 in this
case and too large additional volume ratio has slightly influence on the natural frequency.
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Fig 4 Relationship of natural frequency and ¢,, Fig.5 Relationship of natural frequency and (/.

3.1.4 Specification of ¢,, for pneumatic spring
(1) Permissible pressure ratio for variable stiffness adjustment

The additional pressure ratio ¢, along with the same value of , is utilized to adjust
system stiffness related to the natural frequency of the system. According to Eq.(5), the
relationship of non-dimensional natural frequency @, and additional pressure ratio @y, is
shown in Fig.5. As seen, ®, is increased significantly at small increase of @, and then
exhibits an approximate linear increase with @,,. Theoretically, #,, could be arbitrarily
determined for adjustable stiffness of the system under the permissible source supply of the
system. In practice, it is preferred to employ @, <4 for achieving both fairly large
adjustable stiffness and remaining a moderate pressure variation for energy saving effect.
(2) Variable height adjustment

The additional pressure ratio #,, can also be utilized to adjust the isolator height when
@, and @y, are properly set [3]. The required ¢, for approaching height limitation
(0, <P =%,/ % <ag, (0<a<l-1/¢ )) is calculated according to the static
equilibrium for the non-dimensional static displacement from Eq.(1).
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Fig 6 Required additional pressure ratio for height limitation with different @y,

Fig. 6 shows the required @, for height limitation under different ¢, with ¢, =0and
P> >0 when specifying @=1-1/4,. As seen from Fig.6a, the required ¢, for height
limitation is significantly dependent on small ¢, and slightly dependent on large ¢, for
single-working-chamber pneumatic spring (#« =0). And the required ¢, for height
limitation is usually not large at any ¢, , which indicates that the variable height adjustment
with efficient utilization of air volume could be easily obtained in practical application. On
the other hand, the required &, for maximum height is greatly increased with @y, (red
line) while the required @y, for minimum height is slightly increased with @y, (blue line)
when @, >0, as seen from Fig 6b. This indicates that the maximum height for fully space
utilization of the dual-working-chamber with large initial volume is hard to be approached
due to the resistance effect of counter pressure in height control. Noticeably, &, and &,
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for variable height control is usually not larger than the permissible ¢, for variable
stiffness control in case of compact design with small &, .

3.1.5 Specification of &,and ¢,,,, for MR damping

According to the non-dimensional dynamic model for MR damper element, four
important  design parameters (e.g. passive damping ratio, dynamic range,
velocity-dependent and position-dependent factor) are used to characterize majority
performance capability of the MR valve [3]. The frequency range for justifying the effective
isolation range is set as @, ~10®, since the transmissibility at fairly high frequency is
naturally very small and has no significant meaning for isolation evaluation. On one hand,
small passive damping ratio &, is necessary for fast vibration mitigation using semi-active
control. It is noted that the decaying velocity of the transmissibility of the MrEPI at
frequency @, ~10@, is almost the same as the that of semi-active isolator using ideal
sky-hook (-40db) if &, <0.035. As such, &, is required to be less than 0.035 for
guaranteeing fast vibration mitigation at high frequency when using semi-active control for
the MrEPL. On the other hand, it is concluded from simulation that the dynamic range
#rum with certain small &, should be as large as possible for effective resonance
attenuation in vibration control process. In addition, large velocity-dependent and small
position-dependent factor should be used for less hysteresis behavior, which means that the
time constant of the MR valve should be designed as small as possible for favorable
dynamic control [3,8].

3.2 Component level design

The component level design is conducted for determining the optimal geometric and
material configuration of the MR valve based on the parameter requirements (e.g. required
small passive damping ratio, time constant and maximizing dynamic range) from system
level design of the MrEPL

3.2.1 Schematic structure and non-dimensional analytical model of MR valve

Different from [10], the schematic structure of the MR valve with annular resistance flow
channel used for the MrEPI is show in Fig 7. The electromagnetic coil wound around a
nonmagnetic coil bobbin is placed between the magnetic outer housing and the magnetic
core vale, which results in separate coil wire from the annular duct full of MR fluids for
easy wire protect. The detailed damping force could refer to [3]. The damper capacity,
which could be evaluated by several performance index such as dynamic range, passive
damping ratio, time constant etc., could be formulated in terms of deliberately defined input
non-dimensional variables (Table1) according to analytical models.
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Table 1 Definitions of input non-dimensional variables for MR valve

Non-dimensional variables Definitions
Geometry Normal geometry g —le 4 _R. p b 4 _R 4 _L
relevant variable A
! I .
variables g, == &, —."
3 r s
Tubing geometry L
- ¢, =——
variable ror
Addilional geomelry | ;o _ln o _fnog e
variable 1y’ Ly I
¢ _ sal ¢ _ H MRsat
1 1 ML T ? M2 T 3
Material relevant variable UotyoH o rl1(24.)
Exciting relevant variable 4 = nr,
£1 ma)”

Note: B, is the saturation of magnetic material used for MR valve including valve core, magnetic pole, and
outer housing ete. H 5 ., 4. are the saturated magnetic intensity and relative permeability of MR fluids,
respectively. A, is the cross sectional areal copper coil. A, is the cross-sectional area of the annular gap given
by A, =wt,, 47: is the average diameter of the coil, ¥, is the reference cylinder radius of MR damper. [ is
the applied current, i, =47x107, v, =%, Jk,/m and @, =Jk/m.

Fig 7 The schematic structure of MR valve used in the MrEPI

3.2.2 Analytical method for optimal design of MR valves
In view of large amount of design parameters with coupling effect for characterizing the

conflict performance index, parameter optimization is necessary in design of the MR valve.
Generally, a multi-objective function is employed in literature [9]. However, the weight
factor in multi-objective function is usually empirically specified and has no clear
regulation. As a result, different weight factors will cause significant different damper
capacity and consequently greatly influence the achievable performance in semi-active
vibration control. Therefore, a new analytical method- optimization method with preset
index- for the MR valve is proposed, which maximizes achievable active drop pressure or
damping force while fulfills worst-case requirements of preset index such as passive
damping ratio and time constant for obtaining optimal internal design parameters.

Refer to the structure of the MR valve in Fig.7, The magnetic flux conservation rule of
the circuit in some critical section area is given as follows according to Gauss’s Law [10]

©= B4, = B4, =B,A, = B Ay (8)

Where, 4, =27R. L, A =#x[R*—(R-1,)’], A,=xR’, A, =27R|L,.

The active length ratio ¢,, would be tentatively synthesized in terms of specified
variables considering practical constraints such as saturation constraint of magnetic material
and MR fluid, preset index, and high efficient usage of geometric volume etc.. And then the

optimal ¢,, and other internal design variables could be specified for maximizing pressure
drop of the MR valve.
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Step 1: Specify the reference radius of MR damper cylinder 7, required reference passive
damping ratio &, and non-dimensional time constant 7. according to the system level
design and select a type of MR fluid. Specify external design parameters including
geometry relevant variablesd,,, ¢,,,k;,k; ,k;,,4, material relevant parameters @, and
exciting relevant variable @, as shown in Table 1.

Step 2: Select initial values for internal non-dimensional design parameters ¢, and 4.
Step 3: Calculate the valve core ratio through assuming that B, = B, > B,, in Eq. (8)

¢rl = v (2¢r4 - ¢r3 )¢!3 al'ld ¢La 2 O - 5 ¢r| (9)

Step 4: Derive the permissible value of ¢,, according to practical constraints
On one hand, ¢,, is constrained by magnetic saturation of the magnetic material used in
the MR valve, such that,
B, = Bua27RL, _ Moty I

ZJFR,La ¢'1 ZA‘_ Am _A.!fz¢.'.a)+ Hmu] .t Bm.- (103)
B,z27R,L, 2 Ir
B, = m}rR = ﬂO;M:¢'"d [2A By~ 8y8 )+ Hogolo, < B, (10b)
(4 rl w
B, 2::1_?dLa _ 28 pa Ir

9 = AR —(R-1,)] = 200, Poﬂm[z_Aw(A.‘n =B )+ Hygo b, < B, (10c)

In addition, the applied magnetic field intensify should not be too large for preventing the
MR fluids from operating in a saturated yield stress resulting in less sensitivity in control.

]
0<H,q =5£:(AH.—AH=¢M)5H,W (10d)

On the other hand, the preset index (e.g., small passive damping ratio and time constant)
are added into the optimization process for non-deteriorated performance in vibration
control due to unsophisticated weight selection. The constraints for non-dimensional
variables &, and &, is given by

g) = 12;m{AP,¢M +AP}}¢;;_‘:J¢£|¢? = én!}' » (1 13)
b = 2= A (B + B W~ DM S By, (11b)
o iy

Combining Eq(10) and Eq(11), the available range of ¢,, could be specified and the
achievable damper performance is calculated according to Eq(7) with a minimum ¢,, in
view of minimum active length of magnetic pole.

Step 5: Chose new values of non-dimensional values ¢ and ¢, with certain incensement,
repeat Step 2-4 until finding the maximum pressure drop.

3.2.3 Optimization results

Fig.8 shows the achievable performance under different external design parameters ¢,,
and ¢, using the proposed optimization method with preset index. As seen, the achievable
passive damping ratio and time constant are always below reference values as expected
whenever different design parameters. That is, the small passive damping ratio and time
constant could be guaranteed for achieving satisfactory isolation performance at high
frequency and good dynamic response, and at the same time the active damping force is
maximized for effectively reducing the resonance peak. Furthermore, it is noted from Fig.8
that there is no solution for some design parameters (e.g.#,, <1) due to constraint of preset
index and other geometric and material constraints in optimization. It is obviously
noticeable that the appropriate total length of MR valve for compact volume design could
be obtained at ¢,,=15~2.5 and ¢,=15~2 since dramatically improved performance
could be obtained in this zone. The other external design parameters upon achievable
performance can be extensively analyzed in similar way. In a word, the proposed
optimization method with preset index based on non-dimensional analytical formulations
for component level design of MR valve in the MrEPI removes the dilemma of empirically
selecting appropriate weight in conventional optimization method and facilitate for
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sensitivity analysis in synthesizing appropriate design param
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Fig8 The achievable performance of and optimized geometry parameters of the MR valve

3.3 Dimensional realization

Next, the optimal non-dimensional parameters synthesized above could be dimensioned
according to practical application requirements for the actual plant system. To illustrate
clearly, the input data from practical application requirements, the appropriate
non-dimensional design parameters (DVs) from system level design and component level
design, and the calculation for dimensional realization are shown in Table 2.

Table 2 Dimensional realization for actual plant system

Input data for Calculation for dimensional realization

practical system

Appropriate DVs

Xpg, @y, M, , P, Lo=Lyy=L, =¢Xy,

$, >3 £ =025

0<¢p, <4 = _____.._._...P:’ + P“"” ! A mg-s,b,.A,
0<4g,, £4~,5 v Ap(@,) Pror s d_ L ,
Se-leCtion of coil | 4,=15~25, r=¢,n, R=rg, L=rd,, m=rn/(@,y),
e and MR | 4 _15~25 1. =24Hg., !/ (nd) . r= (L 1 6)"

B.fﬂf = ¢MUUO#MR HMR.WJ' ’

Note: L,,, L,, and L, are the effective initial length of the upper, lower and auxiliary pneumatic
P

K

chamber, respectively, and P, are relative pressure of source supply and the initial pressure of lower

chamber, respectively. Ap(#,) is the maximum pressure variation dependenton @, seen from Fig 5.

4 Achievable Isolation Performance for the optimally designed MrEPI

Fig 9 shows the isolation performance (acceleration transmissibility and relative
displacement) of the MrEPI with independently adjustable stiffness and damping under
different stiffness level dependent on @, or @, (0<4,, <3,0<d,, <4) using sky-hook
controller as in [12] with & =0.033, 4,,,, =78.5. The theoretical stiffness adjustment
could be calculated from k, =1/6 (@, =4) tok, =5 (¢, =3) according to Eq.(5), and
could be verified from natural frequency seen from Fig.9. As seen, good isolation
performance with effective resonance attenuation and fast mitigation at high-frequency
under both low and high stiffness can be achieved owning to fairly small passive damping
ratio being guaranteed and large active damping force being optimized for the MrEPL
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Fig.9 The isolation performance of the MrEPI with different stiffness level dependent on @, or ¢,
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5. Conclusions

An effective non-dimensional analytical method for optimal design of a MrEPI is
developed with the consideration of practical constraints. The design problem is to find the
appropriate geometry dimensions and material configuration of the MrEPI for maximizing
stiffness and damping adjustment as well as beneficial vibration control of the isolator
through analyzing the significant influence of design parameters upon the achievable
performance. The design is accomplished through three levels: system level design of
pneumatic spring and MR damping element, component level optimal design of MR valve
with non-dimensional internal design parameters, and dimensional realization level design
for actual plant system according to practical application requirements. In addition, the
simulation results demonstrated good acceleration and relative displacement transmissibility
for the optimally designed MrEPI using semi-active sky-hook controller.
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