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Abstract Sensitive payloads mounted on top of launchers
are subjected to many sources of disturbances during the
flight. The most severe dynamic loads arise from the igni-
tion of the motors, gusts, pressure fluctuations in the booster
and from the separation of the boosters. The transmission
of these dynamic forces can be reduced by mounting pay-
loads on passive isolators, which comes at the expense of
harmful amplifications of the motion at low frequency due
to suspension resonances. To bypass this shortcoming, this
paper presents a novel concept of active mount for aerospace
payloads, which is easy to install, and meets two objectives.
The first one is a high damping authority on both suspension
resonances and flexible resonances without compromising
the isolation and large stability margins of the closed loop
system due to the collocation of the actuator and the sensor.
The second one is a broadband reduction of the dynamic
force transmitted to the payload, which was achieved in
terms of 16 dB. The concept is presented in the first part of
the paper and studied numerically and experimentally on
a single degree of freedom isolator. A commercial isola-
tor has been chosen for the purpose of the demonstration.
The second part of the paper is dedicated to experimental
validations on multi-degree of freedom scaled test benches.
It is shown that the force feedback allows damping of both
suspension and flexible modes (first and second modes,
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respectively), and significantly reducing the force transmit-
ted in some broad frequency ranges.
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1 Introduction

Since the world’s first satellite has been launched nearly
60 years ago, the technology of launchers and satellites has
considerably improved. While in the early days, satellites
were mounted on rigid supports, modern and more sensitive
satellite equipments and instruments require a better isola-
tion from launcher disturbances [1]. To this purpose, passive
suspensions have been progressively introduced. Mounting
the satellites on passive suspensions produces a filtering of
high-frequency vibrations [2—4]. The softer the suspension,
the better the isolation.

However, this comes at the expense of large and harmful
amplifications of the lower frequency suspension modes [5],
and raises concerns of strength and clearance issues because
of the larger compliance. This is a first fundamental limita-
tion of passive isolation [6].

The amplification at resonance can be reduced by increas-
ing the damping in the isolator. However, this comes in turn
at the expense of a reduction of the isolation at high fre-
quency. This is a second fundamental limitation of passive
suspensions.

The only way to bypass the shortcoming above and simul-
taneously eliminate the resonance response of the suspension
mode while avoiding a degradation of the attenuation at high
frequencies is to use active vibration isolation systems. They
do not show such amplifications at low frequencies and are
capable of an overall damping performance. Considerable
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efforts on active [7-10] and semi-active vibration isolators
[11, 12] have been carried out. However, measurement noise
and stability concerns of the closed loop system have often
hindered performance, or the final design of the isolator
exhibited excessive mass.

An example of flight-proven vibration isolation system
is the CSA Softride [2, 3]. It consists of modules which can
be installed for example around a ring, Fig. 1, and provides
attenuations which can be up to 10 and 20 dB above the fre-
quency of a suspension mode which can be tuned to between
25 and 500 Hz. While very attractive on the grounds of its
modularity and performance, the isolation is obtained at
the cost of a large magnification of the launcher vibration
around its main resonance, where the payload is bouncing
on the stiffness of the suspension [2]. This feature is inherent
to passive systems.

This paper presents a novel concept of active mount for
aerospace payloads which uses an architecture similar to
the Uniflex Softride, and combines it with active control

Fig.1 Moog’s Softride technology. Photo courtesy Sierra Nevada
Corporation and Moog [3]
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Metallic
suspension ——

» Piezoelectric
Force transducer stack actuator
//Z:N

capability. This approach reduces the magnification due to
the first structural resonances of the suspension mode and
preserves the vibration attenuation at high frequencies. It
offers several advantages, including ease of mounting, high
damping authority on both suspension resonances and flex-
ible resonances without compromising the high-frequency
isolation and large stability margins of the closed loop
system.

The paper is organized as follows. Section 2 presents the
concept of active isolator, along with a number of claimed
advantages of this concept, Sect. 3 studies numerically and
experimentally the performance of the isolator using a sin-
gle d.o.f. system, Sect. 4 extends the concept to a flexible
payload mounted on three isolators. In Sect. 5, a flexibility
is introduced below the isolator.

2 Proposed concept of active isolator

The proposed concept of active isolator is composed of a
compliant metallic structure with an integrated sensor and
a piezoelectric actuator. An example of this configuration is
shown in Fig. 2. As for flight-proven isolator, it consists of
an elliptic metallic structure that plays the role of suspen-
sion. Additionally, a piezoelectric stack actuator has been
placed inside the structure, along the horizontal axis of the
ellipse. The stack is further divided into two parts, respec-
tively used as actuator and as force sensor, and both consti-
tute a perfectly collocated pair.

In each mount, the actuator will be driven only using the
signal from the force sensor of the same mount. Both suspen-
sion resonances and payload resonances are actively damped
by applying viscous damping forces obtained by integrating
the signal from the force sensors [13]. Such control strategy,
known as integral force feedback (IFF), has been extensively
discussed in [14, 15]. In the proposed configuration, it can also
be noticed that the softening effect inherent to force control is
limited by the metallic suspension, which will also continue to

Fig. 2 From left to right: concept of active isolator; picture of an APA 100 M from Cedrat Technologies used for the experiments (one piezo-
electric stack is used as force sensor and the other one is used as actuator); simplified model of a one d.o.f. payload mounted on such isolator
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work as a passive isolator in case of failure of the piezoelectric
stack.
The advantages of this mount are:

1. Modularity: The number and position of mounts will
depend on the mass and inertia of the payload and the
specific mechanical environment.

2. The elliptical shape is working both as a suspension
spring and as a mechanical amplifier for increasing the
actuator range.

3. Each unit is stand-alone (does not require any additional
Sensor).

4. The control architecture use decentralized feedback
loops in each active mount, which offers excellent sta-
bility margins.

Although the full design of the suspension will require a
complete study, the objective of this preliminary work is to
test experimentally the concept using a commercial isolator.
To this purpose, several setups of increasing complexity have
been developed: one d.o.f payload mounted on one isolator,
flexible payload mounted on three isolators and the same struc-
ture mounted on a flexible launcher are presented, respectively,
in Sects. 3, 4 and 5.

3 Single degree-of-freedom isolator

Figure 2 shows a picture of the amplified piezoelectric stack
used for the experiments. It is an APA 100 M from Cedrat-
Technologies, where the piezoelectric actuator has been
divided into two parts: one is used as actuator, and the other
one is used as force sensor. A small mass has been mounted on
the actuator to represent a single d.o.f. payload. A simplified
sketch of the system is shown in Fig. 2 (right). In this model,
k, represents the stiffness of the metallic suspension when the
stack is removed; k, is the stiffness of the actuator; k, is a stiff-
ness used to adjust the pole of the isolator; w is the motion
imposed by launcher; F| is the force sensor; fis the actuator
force; F is the external force applied to m;; G(s) is the control-
ler; x; is the motion of the payload; ¢, is a viscous damper
used to match experimental results. The dynamic equation of
the system is
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The expression of the force measured by the force sensor is

kk k.k k,
Fvs — _ e"a xl + e "a w + e f, (2)
k, +k, k,+k, k,+k,

and the control force is given by

f=F;-G(s) 3)
where G(s) = g/s and g is the control gain.

Figure 3 shows the matrix of transfer function from
input (w, f, F) to output (F,, x,) in open loop (blue
curves) and closed loop (dashed red curves). The follow-
ing numerical values have been used for the simulation:
m=1kg; k,=4.8 MN/m; k; = 960 kN/m; k, = 65 MN/m;
¢; = 10 Ns/m. These values have been chosen to have
a matching between the theoretical and the experimen-
tal open loop transfer function F/f. The gain has been
arbitrarily chosen as g = 1000 rad/s for illustrating the
performance of the closed loop system.

Firstly, it can be noticed on the transmissibility that the
resonance peak is almost critically damped, without com-
promising the high-frequency passive isolation for frequen-
cies higher than the resonance of the suspension. Secondly,
the degradation of the compliance induced by the feedback
operation is limited at //k; as anticipated. Thirdly, the frac-
tion of the force transmitted to the payload that is measured
by the force sensor is reduced not only at the resonance, but
also in a broad frequency range at low frequencies.

Figure 4 compares the theoretical (solid curves) and
experimental (dashed curves) closed loop transfer functions
between the sensor and the actuator obtained for various
values of the control gain. It clearly shows a high efficiency
of the isolator and a good match between the model and
the experiment. The experimental data are further compared
with the model in Fig. 5, which shows the trajectory of the
closed loop poles in the complex plane. The experimental
points have been obtained by fitting the measured closed
loop transfer function.

The little mismatch between the theory and the experi-
ment is attributed to the fit algorithm which has been used to
calculate the value of the closed loop poles, because highly
damped poles are difficult to fit precisely.

4 Flexible payload mounted on three isolators

The second setup considered consists of a heavier payload,
mounted on a set of three isolators. The payload consists of
two masses, connected through three flexible blades with
a tunable length. The setup is shown in Fig. 6, along with
a simplified sketch showing only the vertical d.o.f. of the
payload, mounted on one isolator.

The flexible resonance of the payload in the vertical
direction has been tuned around 65 Hz. It corresponds
to the resonance of m, while m, is blocked. The first six
mode shapes and corresponding resonance frequencies are
shown in Fig. 7. The setup has been mounted on a passive
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Fig. 3 Matrix of transfer functions from input (w, f, F) to output (¥, x,) in open loop (blue curves) and closed loop (dashed red curves)
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Fig. 4 Open loop and closed loop transfer function between the actuator and the force sensor. Comparison between the model (solid curve) and
the experiment (dashed curve)

optical table. A shaker has been mounted on the table top ~ when the shaker excites the table in the horizontal direction.
besides the setup in order to excite it from the base as for ~ For each case, a random voltage is applied to the shaker
the launcher. during 1 min. For both campaigns, decentralized control

Two test campaigns have been conducted: one when the  loops have been used, as explained in Sects. 1 and 2. Typical
shaker excites the table in the vertical direction, and one  experimental results are shown, respectively, in Figs. 8§ and
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Fig. 5 Single d.o.f. system. Comparison between the theoretical (solid curve) and the experimental (crosses) root-locus

Fig. 6 Right: picture of the
experimental setup. It consists
of a flexible payload mounted
on a set of three isolators. Left:
simplified sketch of the setup,
showing only the vertical direc-

tion
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payload 2
/2 = 65Hz
I
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Active |k1 3
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L————————
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9. For both figures, the same quantities are shown: Top left:
Transfer function between the shaker noise and one force
sensor; Bottom left: integrated (downwards) RMS value
of the transfer function between the shaker noise and one
force sensor; Top right: transmissibility between the table
top w and m,; bottom right: Transmissibility between the
table top w and m,. For both campaigns, one sees that both

the suspension modes and the flexible modes of the payload
can be critically damped. Furthermore, the fraction of the
force transmitted to the payload that is measured by the force
sensor is also significantly reduced by up to two orders of
magnitude around the resonances, and the RMS value is
reduced by a factor 5.
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Fig. 7 Mode shapes and corre-
sponding resonance frequencies
of the first six modes
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Fig. 8 Vertical excitation. Top left: transfer function between the
shaker noise and one force sensor; bottom left: integrated (down-
wards) RMS value of the transfer function between the shaker noise

It has to be noticed that a degradation of the response is
visible, mainly when excitation is horizontal. The origin of
this behavior has not been investigated in detail, but may be
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and one force sensor; top right: transmissibility between the table top
w and m,; bottom right: transmissibility between the table top w and
nmy

due to an interaction of the tilt mode with the high pass filter
used in the controller to cut the integration at low frequency
in order to avoid saturations in the control signal.
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Fig. 9 Horizontal excitation. Top left: transfer function between the
shaker noise and one force sensor; bottom left: integrated (down-
wards) RMS value of the transfer function between the shaker noise
and one force sensor; top right: transmissibility between the horizon-

Fig. 10 Flexible payload

Frequency (Hz)

tal motion of the table top (#) and horizontal motion of m, (y,); bot-
tom right: transmissibility between the horizontal motion of the table
top (1) and horizontal motion of m, (y,)

mounted on a set of three isola-
tors, including a flexible struc-
ture below the isolator: picture

and simplified sketch showing Flexible k >
only the vertical direction payload 2
Active kl §E
suspension <
Flexible g
support T

wy

5 Mounting on flexible structure

The third setup considered in this study is shown in Fig. 10.
It is the same as in the previous section, except that a flexible

ko%'l'co Tw

Base excitation

support has been introduced between the isolator and the
table top. The flexible support consists of a steel plate (m,
in Fig. 10) mounted on four commercial rubber mounts. The
objective of this experiment is to test the performance of
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Fig. 11 Transmissibilities x,/x, and x,/x, between the flexible support and the payload for various values of the control gain, when the structure

is excited in the vertical direction

the controller in the presence of flexibilities on both sides
of the isolator.

The same experimental campaign has been conducted:
base excitation in both the vertical and horizontal direction
with a shaker mounted on the table top, as shown in Fig. 10.
As an illustration, Fig. 11 shows the transmissibility between
the flexible support and the payload for various values of
the control gain, when the structure is excited in the verti-
cal direction. This figure has to be compared with the right
part of Fig. 8. Although the modal density is larger, one
can still clearly identify the first and the second resonances,
respectively, around 60 and 190 Hz. The authority on these
modes remains unchanged, and no stability issue has been
encountered.

Similar results have been obtained for the excitation in the
horizontal direction, and the reduction of the force transmis-
sion is also similar to those shown in Figs. 8 and 9.

6 Conclusion

A concept of active isolator for space payloads exposed to
launch vibration has been proposed in this paper. The isola-
tor comprises a metallic suspension and a pair of actuator
and sensors collocated. The advantages of this concept are
that the number and position can be adjusted easily and that
it combines a high authority and a good robustness.

The concept has been tested experimentally using a com-
mercial actuator on three setups of increasing complexity,
ranging from a single d.o.f. payload to a flexible payload,
isolated by three active mounts installed on flexible struc-
tures. For each setup, the controller has shown a high per-
formance in reducing the peak responses of both suspension
resonances and payload resonances, along with a broadband
reduction of the force transmitted to the payload. Although
the same controller has been used for the three setups, no
stability issue has been encountered.

@ Springer

Future work in this activity will cover a design opti-
mization of the flexures and refinement of the controller,
e.g., including dedicated algorithms [16], and combin-
ing the active control with passive damping obtained by
a resistive/inductive shunt in order to reduce the power
consumption [17].
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