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Abstract

This paper describes a passive 6-axis vibration isolation system for space
applications. The system consists of a Stewart platform with cubic archi-
tecture; each leg is equipped with an electromagnetic transducer connected
to a RL circuit. The system behaves like a relaxation isolator and its trans-
missibility exhibits an asymptotic decay rate of —40 dB/decade. The per-
formances are very similar to that of an active isolator based on a sky-hook
controller.

1 Introduction

Space telescopes and precision payloads are subject to jitter due to the
unbalanced masses of the attitude control reaction wheels or gyros. The
performance of the instruments may be improved by inserting one or several
isolators in the transmission path between the disturbance source and the
payload [1,2]. If the isolator is designed in such a way that its transmissibility
exhibits a decay rate of —40 dB/decade, the jitter can be reduced by a factor
100 by selecting the isolator corner frequency, fg, one decade lower than the
first flexible mode of the payload, f, (Fig.1). Extremely sensitive payloads

may even involve several isolation layers. !

* Associate Fellow ATAA

!The future James Webb Space Telescope, JWST will involve two isolation layers, (i)
the wheel isolator supporting six reaction wheels, with corner frequencies at 7 Hz for
rocking and 12 Hz for translation and (%) a 1 Hz passive isolator at the interface between
the telescope deployment tower and the spacecraft bus [3].



1.1 Interaction isolator/attitude control

There are several possible locations for the isolator, depending on the
spacecraft architecture (Fig.2). If the attitude control wheels are packed in
a single assembly (RWA), the isolator may be placed between the RWA and
the spacecraft bus (Fig.2.b). Another option consists in placing the isolator
between the spacecraft bus and the instrument (Fig.2.c); in this alternative,
the rotating wheels are rigidly attached to the spacecraft bus. The additional
compliance introduced by the vibration isolator has a major impact on the
low frequency dynamics of the system and its interaction with the attitude
control system must be taken into account. The most favorable situation
is that where the attitude control actuators and the attitude sensors (star
trackers) are both rigidly attached to the spacecraft bus (collocated). For
non-collocated situations, the stability of the control system requires that
the corner frequency foy of the isolator be one decade above the attitude
control bandwidth, f.; altogether,

fe ~ 01fy ~ 0.01f, (1)

Resonance of the
instrument

A

Overshoot
of the isolator

20dB
Telescope v

tx
Isolator { k % é—‘ ¢ 0dB ’//
kil

Spacecraft Attenuation
bus -200dB
d -40dB |

ideal isolatdr
(-40 dB/decade)

fo fi logw

isolation corner first
frequency resonance

Figure 1: Effect of the isolator on the transmissibility between the spacecraft
bus and the telescope.

1.2 Gough-Stewart platform

To fully isolate two rigid bodies with respect to each other, six single-axis
isolators judiciously placed are needed. For a number of space applications,
generic multi-purpose isolators have been developed with a standard Gough-
Stewart platform architecture [4], in which every leg of the platform consists
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Figure 2: Spacecraft architecture. (a) Without isolator. (b) Isolator placed
between the Reaction Wheel Assembly (RWA) and and the spacecraft bus.
(c) Isolator between the spacecraft bus and the telescope.

of a single-axis active isolator, connected to the base plates by spherical
joints. In the cubic architecture [5], the legs are mutually orthogonal, which
minimizes the cross coupling between them. This configuration is particu-
larly attractive, because it also has uniform stiffness properties and uniform
control capability, and it has been adopted in most of the projects [6-16].

1.3 Passive vs. active isolation

The single-axis damped linear isolator has a high frequency attenuation
rate of -20 dB/decade [17]; the overshoot at the corner frequency can only
be reduced at the expense of reducing the high frequency isolation. This
would mean a frequency gap of two decades to achieve an attenuation of
100. This problem can be solved by active control; the sky-hook damper
[18,19] combines an undamped linear isolator with a feedback control based
on the absolute velocity of the payload (obtained from a geophone or an
accelerometer). This allows to control the overshoot of the isolator while
maintaining a high frequency decay rate of -40 dB/decade. The stability of
the sky-hook controller is guaranteed (infinite gain margin) when the isolator
connects two rigid bodies, but not any more if one of them is flexible [20].
However, the sky-hook controller may also be implemented with a force
feedback (Fig.3), and, in this case, the open-loop transfer function of the
control system has alternating poles and zeros [21]. This important property
is the key to robustness in active control of flexible structures. The control



architecture of Fig.3, with an Integral Force Feedback (IIF), F,, = —(g/s)F,
generalizes the sky-hook damper to flexible structures; it has been applied
in a decentralized manner in [16], with all loops having the same gain.

Robust active isolation [with respect to changes of structural parame-
ters] is possible, and produces an attenuation rate of -40 dB/decade, but
it is complicated, because it requires 6 actuators, 6 sensors and the control
electronics. The following section discusses the relazation isolator which is
a passive isolator with an attenuation rate of -40 dB/decade.

disturbance
source
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Figure 3: Two arbitrary flexible structures connected by a single-axis soft
isolator with force feedback. The open-loop transfer function F'/F, exhibits
alternating poles and zeros.

2 Relaxation isolator

The relazation isolator (Fig.4.a) consists of a spring k in parallel with
a Maxwell unit (damper ¢ and spring k; in series) [22]. The governing

equations are
M+ k(x —xzp) + (& —31) =0 (2)

c(g'v — 1"1) = k‘l(l'l — 330) (3)

or, in matrix form using the Laplace variable s,
T k

T (k1 + cs)k + kics (k1 + cs)k + kics

20 (Ms®+cs+k)(ki+cs)— 22 (Ms® + k) (k1 + cs) + kics (5)

Ms®+es+k —cs
—cs ki1 +cs

It follows that the transmissibility reads

For large s, it behaves as ~ s72; this means that the asymptotic decay
rate for large frequencies is -40 dB/decade. Physically, this corresponds to
the fact that, at high frequencies, the viscous damper tends to be blocked,
and the system behaves like a undamped isolator with two springs acting
in parallel. Figure 5 compares the transmissibility curves for fixed values
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Figure 4: (a) Relaxation isolator consisting of a spring in parallel with a
Maxwell unit. (b) Electromagnetic realization with a voice-coil and a R — L
circuit.

of k and ki and various values of ¢. For ¢ = 0, the relaxation isolator
behaves like an undamped isolator of natural frequency w, = (k/M)"/2.
Likewise, for ¢ — oo, it behaves like an undamped isolator of frequency
Q, = [(k + k1)/M]"2. In between, the poles of the system are solution of
the characteristic equation

(Ms® + k) (k1 + cs) + kies = (Ms? + k)ky 4+ cs(Ms?> + k+ k1) =0

which can be rewritten in root-locus form

kT s24w?
1+ — ——2-=0 (6)
c s(s2+Q2)
For fixed values of w, and €,, when the parameter k;/c is changed?, the
poles of the system move along the root locus of Fig.6. The optimum value
(producing the system poles with maximum damping ratio) is achieved for?

ki 3/
2 (7)

and the corresponding damper constant is

_ ki wnyipe R ki 14 K k1| _3/4
Copt_Qn(Qn) _Qn(1+ ]C) _Wn(1+ k;) (8)

The transmissibility corresponding to c,p; is also represented in Fig.5; it is
nearly maximum at A.

2k1/ ¢ is the inverse of the relaxation constant; it has the dimension of a frequency.
3see [21], p.106, where this root locus is analyzed in detail.
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Figure 5: Transmissibility of the relaxation oscillator for fixed values of k
and k1 and various values of ¢. The first peak corresponds to w = wy,; the
second one corresponds to w = §2,,. All the curves cross each other at A and
have an asymptotic decay rate of -40 dB/decade. The curve corresponding
to Copt is nearly maximum at A.
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Figure 6: Root-locus of the solutions of Equ.(6) as ¢ goes from zero to
infinity. The maximum damping is achieved for ki /c = Q32 / wi!?.



The relaxation isolator can be realized with viscoelastic materials. How-
ever, the viscoelastic properties tend to vary widely with the large temper-
ature variations typical of space environnement. A space qualified isolator
using a fluid damper is presented in [23]; this ”D-strut” was apparently used
to isolate the reaction wheels of the Hubble space telescope. In [24], the D-
strut has been combined in parallel with a voice coil actuator to produce an
active strut for isolation and vibration suppression of precision payloads.

In this study, we propose a very simple way to realize a relaxation isolator
with electrical components. The Maxwell unit is obtained with a moving
coil transducer (voice coil) connected to a R — L circuit.

2.1 Electromagnetic realization

Consider the electromechanical system of Fig.4.b, consisting of a spring
k in parallel with a moving coil transducer? connected to an inductor L and
a resistor R. If we adopt the electric charge g as electrical variable, the
governing equations of the system are

Mi+k(x—29)—T¢=0 9)
L+ T(d — o) + Rg =0 (10)

or, in matrix form using the Laplace variable,

Ljtage o

It follows that the transmissibility reads

T (Ls + R)k + T?s (12)
ro (Ms?2+k)(Ls+ R)+T?s

Ms?+k —Ts
Ts Ls® + Rs

Comparing with Equ.(5), one sees that the electromechanical isolator be-
haves exactly like a relaxation isolator provided that

Ls+ R cs+k

13
T2 klc ( )
or ) )
T T
k1 = — = — 14
1 I ¢ R (14)
Thus, under these conditions, the two systems of Fig.4 have the same trans-
missibility.

Figure 7 compares the passive relaxation isolator with the active isolator.
The force sensor has been removed and the control electronics eliminated.

4the constitutive equations of the moving coil transducer are e = T, f = —T'%, where e
is the voltage drop in the coil (in the same direction as the current), v the relative velocity
of the two parts, f is the external force required to balance the electromagnetic force, i is
the current and T is the transducer constant, expressed in N/Amp or in Volt.sec/m.
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Figure 7: Comparison of the active isolator (left) with the passive isolator

(right); if a RL electrical circuit is used, the passive isolator is a relaxation
isolator; a purely resistive circuit produces a linear viscous isolator.

3 Six-axis isolator

Payload 40,

Figure 8: Six-axis isolator.

Let us consider a payload isolated by six identical isolators (Fig.8); if the
isolators consist of simple springs of stiffness k, the six suspension modes
are solution of an eigenvalue problem

(Ms®> + K)x =0 (15)

where x is a vector of 6 coordinates describing the position of the payload,
e.g. X = (2,9, 2,0,,0,,0,)7. The mass matrix M can be obtained by writing
the kinetic energy in terms of x. Similarly, the stiffness matrix is obtained
by writing the strain energy in terms of x. The strain energy in the system is
V= %k q’'q, where q = (q1,...,q6)" is the vector of the spring extensions in
the isolator and k is the stiffness common to all springs. If J is the Jacobian
matrix connecting the spring extensions q to the coordinates x (J depends



on the topology of the isolator),
q=Jx (16)
one gets that
V= %k qlq= %k xTJT Jx (17)
which means that the stiffness matrix is
K=*kJ'J (18)

If the linear spring is replaced by a relaxation isolator, the common stiffness
k must be replaced by the appropriate relationship between the spring force
F and the spring extension x — xg. From the constitutive equations of the
isolator, (2) and (3), one finds easily that

F kics

T —x0 hs) = K1+ k(k1 + cs)]

(19)

Thus, the (frequency-dependent) stiffness matrix of the six-axis relaxation
isolator reads

kics kics
Ks)=J'Jkl+ ———| =K1+ ——— 20
() 1+ k(ki + cs)] 1+ k(k1 + cs)] (20)
and the eigenvalue problem (15) becomes
kics
Ms?+ K1+ -—"" = 21
(132 4+ KL+ s lhx =0 (21)

If w; and ® = (¢1,...,¢s) are the solution of the eigenvalue problem (15),
normalized according to ®TM® = I, one can transform (21) into modal
coordinates, x = ®z; using the orthogonality conditions, one finds a set of
decoupled equations

kics

2 2
21 = 22
57+ wj | +k(k1+cs)] 0 (22)
Upon introducing
02 = w2(1 + %) (23)

the previous equation may be rewritten

k
(st w]) +s(s 08 =0
or ,
ki s+ w;
1 "t =0 24
L s(s? 4+ Q2) (24)

which is identical to (6).



3.1 Modal spread

Thus, according to the foregoing equation, the six suspension modes
follow independent root-loci connecting w; and €; (Fig.9). However, ki/c
being a single scalar parameter, the optimal damping cannot be reached
simultaneously in the six modes, because of the modal spread. A similar
behavior was observed in the active isolator with decentralized control [6,16].
The best performance is achieved when the modal spread wg/wy is low [6]. In
the test structure described below, the six suspension modes are respectively
3.02 Hz, 3.02 Hz, 3.26 Hz, 6.66 Hz, 7.27 Hz, and 7.27 Hz, which limits the
value of the modal spread to 2.4. The poles of the suspension modes are
indicated by bullets in Fig.9.
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Figure 9: Root-locus of the six-axis relaxation isolator (there are only four
different curves because of the symmetry of the system). The bullets corre-
spond to the design values.

4 Hardware description

A six-axis passive isolator has been designed and built with a cubic
Stewart platform architecture (Fig.10); the leg design is very similar to
that of the active isolator described in [16], except that a force sensor is
no longer necessary (which makes it lighter) and the voice coil transducer

10



Figure 10: View of the isolator.

is significantly improved as explained below. The design of the new leg is
shown in more detail in Fig.11.

4.1 Transducer

The transducer constant 7" and the electrical parameters R and L should
be chosen according to (8) and (14), to achieve optimal performance. How-
ever, there is a difficulty associated with the intrinsic resistance of the voice-
coil, R., and of the inductor, Ry. Indeed, if R.+ Ry, is larger than the optimal
circuit resistance, optimal damping of the structure cannot be achieved. We
could not find any commercial transducer meeting the design requirements;
a custom device was thus designed and built, based on magnetic FE simu-
lations® to ensure that, for the required value of the transducer constant T,
the coil resistance R. is minimal. Keeping T as constant as possible over
the stroke of the isolator is another challenge in the design. At the end
of the process, R, was reduced by a factor 6 with respect to the previous
prototype (see [25] for details). The transduction constant 7" was measured
to be 3.8 N/A, and the coil resistance R. = 1.652, which are very close to
the predicted values of 3.94 N/A and 1.51 Q. Fig.12 shows the variation of

Swith the freeware “FEMM?”, http://femm.foster-miller.net.
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Figure 11: The leg of the passive isolator.

T with the axial displacement of the coil.

4.2 Inductor

The frequency ratio €, /w, was selected to be approximately 1.5, which
means that the ratio k1 /k is about 1.25. From (14), with the value of T" given
above, this corresponds to L ~ 29 mH. Cheap inductors with such values
are commercially available, e.g. by Epcos; the ones that we used have an
inductance of about 27 mH and a very small series resistance Ry, of about
0.25 Q. Switches were placed such that the coils could be left open, shorted,
or connected to the inductors. Note that, because of saturation and losses
in the ferrite core, the inductors have a non-linear behavior with respect to
the amplitude of the current that flows into them; this phenomenon is not
fully understood but, for this application, the amplitude of the current was
small and the non-linearity did not impact the results.

12
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Figure 12: Evolution of the transducer constant 7" with the axial displace-
ment of the coil (FE simulations).

5 Numerical simulations

A Finite Element model of the isolator was built in a way similar to [16].
In this study, however, the local modes of the membranes (300-500 Hz) are
included in the model, in such a way that the model is accurate up to about
1 kHz. The model was used extensively to choose the characteristics of the
transducers and of the inductors. Fig.13 to 16 show numerical predictions
of the transmissibility. Two sets of curves are presented: the vertical trans-
missibility (Fig.13-14) and the the Frobenius norm of the transmissibility
matrix (Fig.15-16), which measures the global isolation capability of the
isolator for every frequency [6,16].

Fig.13 compares the performances of the passive relaxation isolator (RL
shunts) with that of the same isolator controlled with an Integral Force
Feedback control law (decentralized sky-hook)[16]. The open-loop trans-
missibility (when the coil is open) is also shown for comparison. The IFF
has less overshoot at the suspension modes, and it does not increase the
corner frequencies of the system, but the weight of the force sensors in the
legs decreases the frequency of the first local mode of the legs to about 400
Hz, and thus limits the high-frequency isolation. The relaxation isolator
is effective between 5 Hz and 770 Hz and it achieves an impressive -50 dB
isolation between 100 Hz and 500 Hz. Note the peaks at 300 Hz and 500
Hz, which are caused by internal resonances of the membranes: these peaks
were not identified in [16], because in that study, the natural frequencies of
the local modes of the legs were in the same frequency band.

Fig.14 and 16 compare the performance of the relaxation isolator with
that when the coil is shorted (L ~ 0). The R shunt has a lower decay rate
than the RL shunt.
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(RL shunt) and linear viscous (R shunt).

15



6 Experimental results

The isolator was tested in micro-gravity during the 48" ESA parabolic
flight campaign at Bordeaux-Mérignac (France). The identification proce-
dure is exactly that described in [16]; there were about 90 parabolas pro-
viding 20 seconds of weightlessness each. Each measurement was repeated
several times; next, the results were averaged in order to reduce the mea-
surement noise. Fig.17.a shows the experimental vertical transmissibility
when the coil is left open (open-loop), when it connected to the inductor
(RL shunt) and when it is shorted (R shunt). Fig.17.b shows the coherence
function which indicates the quality of the measurements. The numerical
predictions of Fig.14 are also shown in dotted lines. The drop of coherence
above 100 Hz is due to a low signal-to-noise ratio, mainly due to the isolator
itself. Overall, the agreement is good.

40r

Vertical Transmissibility (dB)

Coherence

1 10 100 1000
Hz

Figure 17: Experimental results. Vertical Transmissibility and coherence
function(zero-g parabolic flight). The numerical predictions are in dotted
lines.
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7 Conclusions

A six-axis passive isolator has been designed and tested. The system is
intended for the isolation of highly accurate payloads for space applications.
The isolator consists of six identical legs mounted in a Stewart platform with
cubic architecture; each leg is equipped with an electromagnetic transducer
connected to a RL circuit. The system behaves like a relaxation isolator and
its transmissibility exhibits an asymptotic decay rate of —40 dB/decade.
The isolation performances have been found slightly better than that of
an active isolator designed previously, based on a decentralized sky-hook
controller. The isolator is efficient between 10 Hz and 750 Hz, with an
attenuation exceeding 40 dB between 100 Hz and 500 Hz. However, the
overshoot of the passive isolator is slightly larger than that of its active
counterpart.
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