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instrument payloads placed in the neighborhood can always be severely impacted by
residual vibration forces emitted by reaction wheel assemblies. The reduction of the
vibration level at sensitive payloads can be achieved by placing the RWA on appropriate
mountings. A low frequency flexible space platform consisting of folded continuous beams
has been designed to serve as a mount for isolating a disturbance source in precision
payloads equipped spacecrafts.

Analytical and experimental investigations have been carried out to test the usefulness
of the low frequency flexible platform as a vibration isolator for RWAs. Measurements and
tests have been conducted at varying wheel speeds, to quantify and characterize the
amount of isolation obtained from the reaction wheel generated vibration. These tests are
further extended to other variants of similar design in order to bring out the best isolation
for given disturbance loads. Both time and frequency domain analysis of test data show
that the flexible beam platform as a mount for reaction wheels is quite effective and can be
used in spacecrafts for passive vibration control.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

One of the vibrational disturbance sources onboard fine pointing spacecraft and space observatories is the reaction
wheel assembly (RWA). Reaction wheel, a spinning disk used for attitude control and pointing [1] at scientific targets [2],
are momentum exchange devices to control spacecraft orientation. Other applications of RWA include vibration
compensation and orientation control of solar arrays [3]. During the manufacturing process, RWAs are precisely balanced
in order to minimize the vibrations that occur during operation. However, it has been observed that the vibration forces
and moments emitted by the RWA can still degrade the performance of precision instruments in space [2,4-6,7].

The Space Interferometry Mission (SIM) [8] and the Next-Generation Space Telescope (NGST) employ new technologies
to achieve large improvements in angular resolution and image quality to meet the goals of high resolution and high
sensitivity imaging in astronomy [9]. SIM and NGST pose challenging problems in the areas of structural dynamics and
control since both instruments are large, flexible, deployed structures with precise stability requirements. The optical
elements on SIM must meet positional tolerance of the order of 1 nm across the entire 10 m baseline of the structure to
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achieve astronomy requirements [10], and those on NGST must be aligned within a fraction of a wavelength to meet
optimal observation requirement [11]. Vibration is of great concern for large, flexible spacecraft, and specifically for
spaceborne telescopes and interferometers that have extremely precise positional and vibratory tolerance requirements,
and therefore there is a need for vibration isolation [12-15].

The reduction of the vibration level at a sensitive location of a structure can be attempted by placing the equipment on
appropriate mountings [16,17]. The Hubble Space Telescope (HST) is probably the best known example of a spacecraft that
includes an isolator to achieve its science mission requirements [2]—it uses a passive isolation system to mitigate effects
from the reaction wheel assembly. Another example of an isolator used in several space missions is the Honeywell D-Strut
[18] that uses a bellows system with a viscous damped-fluid and is similar to the Hubble system. This isolator has been
reengineered in recent years to combine a passive and active system. Vibration isolation has been tested with an Ultra
Quite Platform (UQP)—a six axis Stewart active isolation system [19]. A high performance strut isolator has been
developed for multi-axis isolation for reaction wheel assembly [20]. In this case a three parameter system with spring
elements in series and parallel with the damper have been incorporated for each strut element. The shape memory alloy
(SMA) actuators using thermal control to effect changes have been used in [21], but have a high response time in the
10—50 Hz range. An experimental investigation of shape memory alloy springs for passive vibration isolation has
also been studied in [22]. All of the above passive isolation systems use a variety of implementation devices including
visco-elastic materials, springs, soft materials, hydraulic dampers and pneumatic isolator [23]. Vibration isolation of
disturbances onboard spacecraft can be achieved through a low frequency flexible space platform [24], which can be used
as a mounting device for payloads in spacecrafts for passive control of vibrations.

In this paper, experimental studies and verifications are undertaken to demonstrate the effectiveness of such a low
frequency space platform for passive mechanical isolation of the vibrations generated from a reaction wheel assembly.
Appropriately designed flexible beams have been tested as a mounting/isolation device for the reaction wheel assembly.
The details of the analysis and the configuration chosen for experimental study are presented in [24]. Experiments have
been carried out to analyze and test different configurations of flexible beam platform and the results are presented.

Passive vibration isolation has been studied experimentally by mounting the RWA on low frequency isolation system
and comparing the measured disturbances with the disturbances generated from the RWA without the isolator. For
different wheel speeds the power spectral densities (PSDs) of acceleration amplitude ‘g’, and PSDs of force and moment
values were plotted against frequencies and it was observed that the low frequency platform has been quite effective in
limiting the vibration excitation generated from the rotating reaction wheel.

This paper is organized as follows: In Section 2, we present a brief description of the space frame platform designed to
suppress micro-vibrations. Section 3 describes disturbances due to the reaction wheel assembly. Numerical simulation of
the response of the flexible platform is described in Section 4. Section 5 presents the description of the experimental setup,
tests and measurements followed by results and conclusion in Section 6.

2. Description of flexible platform

The study of isolator can be viewed as a system consisting of three parts—the source system in which the vibration is
generated, the receiver system in which vibration force or response is felt and the interconnecting isolation system, which
connects the source to the receiver. The requirements of any isolator are to support the objects with sufficient static
stiffness and strength and also to provide the smallest possible dynamic stiffness. Therefore, the isolator must support the
equipment under static loading and must also be compliant so that disturbances are not transmitted to the precision
equipments in spacecrafts. Design criteria [25] also require that the isolator must support a generic payload of 5.5-6.5 kg
with a low isolation plunge frequency less than 15 Hz. Simulations were performed using Matlab [26] to determine the
optimum geometry of the proposed low frequency platform, which is shown in Fig. 1. It comprises of four single folded
beams placed orthogonal to each other. The vertical beams are thinner than the horizontal beams, thus making them less
stiff. Each of these four folded beams is assembled on to the payload as shown in Fig. 1, which is considered to be a source
of micro-vibrations. The other end of these beams is connected to a base platform of high stiffness whose first fundamental
frequency is greater than 200 Hz. Table 1 shows the configuration selected after detailed analysis presented in [24].

3. Reaction wheel disturbances

Spacecrafts generally require an external force, or torque, which is sometimes provided by thrusters, when
maneuvering on orbit. As an alternative, reaction wheel assembly (RWA) can counteract zero-mean torques on the
spacecraft without the consumption of precious fuel and can store momentum induced by low frequency or DC torques.
RWAs are often used for both spacecraft attitude maintenance and large angle slewing maneuvers. A typical RWA consists
of a rotating flywheel suspended on ball bearings encased in a housing and driven by an internal brushless DC motor.
During the manufacturing process, RWAs are well balanced to minimize the vibrations that occur in operation. However, it
has been found that the vibration forces and torques emitted by the reaction wheel is one of the largest sources of
disturbance despite the fact that it is well balanced and rotates on magnetic bearings. In general, a reaction wheel has
a flywheel with mass of 4-8 kg and rotates at speeds up to 3500 rev/min, and it is seen that minute flywheel/rotor
imbalances create disturbances of the order of milli-‘g’. As the wheel sweeps through its operational range, wheel
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Fig. 1. A rigid mass mounted on the flexible platform.

Table 1
Geometric, mass and physical properties of one fold beam.

Geometric properties
For elements 2, 3, 4, 5

Depth 0.003 m

Length 0.035m

For elements 6, 7, 8, 9, 22, 23, 24, 25

Depth 0.001/or 0.0008/or 0.0006 m
Length 0.024/or 0.036/or 0.048 m
For elements 10, 11, 12, 13, 18, 19, 20, 21

Depth 0.003 m

Length 0.008 m

For elements 14, 15, 16, 17

Depth 0.001/or 0.0008/or 0.0006 m
Length 0.048/or 0.060/or 0.072 m
For elements 26, 27, 28, 29

Depth 0.003 m

Length 0.030 m

Width of all elements 0.025m

Physical and mass properties

Modulus of elasticity, E 210 GPa

Modulus of rigidity, G 70 GPa

Density 7800 kg/m>

Mass of the wheel 5.5 kg

Mass moment of inertia, lyy 0.0465 kg m?

Mass moment of inertia, Ixx and 1zz 0.0270 kg m?

Static imbalance, Us <9.8e—5Nm

Dynamic imbalance, Uy <1.96e—6 N m?

vibrations are amplified by the resonant dynamics of the structure and cause jitter in the line of sight. The effect is
temporary, lasting only as long as the exciting frequency matches the resonant frequency in the structure, but the jitter
level may still be unacceptable.

Reaction wheel disturbances are generally sinusoidal and tonal in nature. They occur at a set of distinct frequencies.
Generally the most significant disturbance, known as the primary harmonic of the RWA, occurs at the same frequency
as the wheel’s spin rate, and is caused by imbalances of the flywheel due to manufacturing imperfections. Fly wheel
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imbalance is generally characterized by the sum of a static and dynamic imbalance. Static imbalance occurs when the
wheel’s center of gravity is misaligned with the spin axis. This is best visualized as a small lumped mass m attached to an
otherwise perfectly balanced, axially symmetric flywheel. The resulting disturbance is a radial force exerted on the wheel,
caused by the centripetal force due to spinning imbalance mass. The magnitude of this force f, is mrw?, where r is the
imbalance radius and o is the wheel’s spin rate. Because the imbalance is fixed to the rotating frame of the wheel, the force
appears sinusoidal in a fixed reference frame. If the orthogonal xyz coordinate system is fixed in the inertial frame, with the
x and y axes in the plane of the flywheel and the z-axis aligned with the flywheel’s spin axis, then the disturbance forces f,
and f, occurring along the x and y axes, respectively, are sinusoidal in time with frequency equal to the wheel’s spin rate ®
and are separated from each other in phase by 90°. The dynamic imbalance is caused by angular misalignment of the
wheel’s principal inertia axis with its spin axis. This can be visualized as two lumped masses placed opposite each other
radially and at an offset from each other axially by a distance d. The resulting disturbance occurs at the wheel’s spin rate
and induces a couple moment, M, on the wheel with magnitude, mrdw?. Just like the force caused by a static imbalance,
the moment caused by a dynamic imbalance appears sinusoidal from a fixed reference frame. The super-harmonics
and sub-harmonics of a RWA are tonal disturbances, which are integral multiples and fractions of wheel’s spin rate,
respectively.

A third contributor to reaction wheel induced disturbances is the flexibility of the wheel itself. The wheel can be
modeled as a one-degree-of-freedom (dof) system in the axial direction and a two dof system in the radial direction,
yielding three dominant flexible modes: the axial translational mode, the radial translational mode and the radial rocking
mode. When a wheel’s spin rate induces harmonics at the same frequency as a structural mode of the wheel, large
amplifications to the harmonic disturbances occur.

4. Finite element numerical simulation

Finite element model of the low frequency space platform has been developed. The four beams platform model is
depicted in Fig. 2. This model has been subjected to normal mode analysis, transient load analysis and frequency response
analysis in order to demonstrate the response of folded beam platform [24] for external disturbances and to arrive at a
preliminary design. Earlier a Matlab finite element model [24] was developed using frame elements and simulation studies
were carried out to justify the importance of such beams to serve as a low frequency platform for vibration isolation. To
further study how the flexible folded beams suppress the vibration for different load conditions and the order of
suppression across the fold, a FE model is developed. Different load cases were considered and responses were picked up at
the appropriate node locations indicated in Fig. 2. The idea of this model is to demonstrate the effect of folds on vibration
transmission and is used to fine tune the design of vibration isolator.

Finite element model of the flexible beam platform comprising of four beams with one fold was constructed using
MSC/PATRAN™. Geometric dimensions of the beam were taken as given in Table 1. Each folded beam is of 0.025 m width
and has a total length of 0.081 m. The vertical beams are of thickness 0.001 m and the thickness of horizontal beams is
0.003 m. The top and bottom flange beams are placed symmetrically with respect to neutral axis of the horizontal beam

Wheel mass
centre

% Node 1054
Node 763 Before fold
AY After fold

Fig. 2. Node details on finite element model of four beam platform.
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and these are at 0.024 m from the neutral axis. The material of the beam is SS304 with properties listed in Table 1. For
modeling, 3D solid Hex8 element was used for beams and RBE3 element was used to connect the beams to the mass
central node. Mass and inertia of the wheel is simulated at the mass central node. The dynamic model of the platform is
simulated using MSC/NASTRAN®solver. Analysis was carried out for both static and dynamic load cases.

4.1. Normal mode analysis

The frequencies and mode shapes of the platform comprising of four single folded beams were obtained corresponding
to the wheel mass properties as given in Table 1. The first five modes and the corresponding frequencies were 15.12 Hz
(plunger mode); 25.35 Hz (bending in one plane), 25.35 Hz (bending in another plane); 57.81 Hz (torsion) and 69.08 Hz
(bending and twisting in two planes).

4.2. Transient response analysis

Dynamic analysis of the model was performed for three kinds of external forces to demonstrate that for any arbitrary
load applied at the wheel mass center, there is a vibration isolation across the fold. The load conditions were chosen to
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Table 2
Acceleration response variation across the fold for different loads.

Transient load (duration 0.008 s) Peak acceleration response Peak acceleration response
before the fold (m/s?) after the fold (m/s?)

0.04 N 3.9x107% 1.1x107°

036N 3.0x1073 75x107°

0.64 N 9.0x1073 22x107*

1.00N 1.5x1072 3.5x107%

144N 1.7x1072 3.8x107%

simulate the wheel’s disturbances. The loads were simulated for different wheel speeds considering the loads to be
proportional to the square of the wheel speed. The force and moment load equations are given as

Fi = C;sin(27f;t); Fi, = Cjcos(27tf;t); C; = 0.0004f7  where C; = 0.0004f? (1)

My = D;sin(27f;t); M, = D;cos(2nf;t) where D; = O.OOOOSfi2 (2)

where f; is the ith frequency and takes the values 10 Hz, 20 Hz, 30 Hz, 40 Hz, 50 Hz and 58 Hz. The x and z denote the two
orthogonal direction of the beam axis along which load is considered. For varying force and moment loads applied at the
wheel mass center (Fig. 2) along the x and z directions, the nodal responses were analyzed before and after the fold. The
responses were studied for three load cases: (i) when forces were applied both in the x and z directions successively,
(ii) when moments were applied both in the x and z directions successively and (iii) when both forces and moments were
applied simultaneously in the x-direction and then in the z direction. Fig. 3. shows the typical acceleration time response
for the beam when transient 30 Hz sinusoidal load is applied for a duration of 0.008 s at the wheel mass center, parallel to
wheel plane in the x-direction. The responses were taken at various places on the folded beam. The response observed in
the middle of the horizontal beam before and after the fold (Fig. 2) is depicted in Fig. 3. The transient response of the beam
measured before the fold is plotted in Fig. 3(a) and after the fold in Fig. 3(b). Table 2 shows the response variation across
the fold for varying loads applied with different frequencies. We can observe the following from the analysis (i) higher
accelerations are felt by the beam before the fold and acceleration is low after the fold (ii) there is less scatter of the
acceleration in post fold region of the beam and (iii) as load and applied load frequency increases, there is a corresponding
increase in the acceleration but suppression is higher for higher loads. The above observations indicate that when loads on
the isolator are higher, due to higher disturbance force arising from higher wheel speed, we may get better isolation.

4.3. Frequency response analysis

The folded beam platform was subjected to frequency response analysis in order to characterize the behavior of folds at
different frequencies. An input load of 1 N with frequency varying from 2 Hz to 200 Hz was applied at the wheel mass
center. In the first load case, the load was applied normal to the wheel plane along the y-direction and in the second case
the load was applied parallel to wheel plane along the x-direction. The responses were taken before and after the fold.
In the first case with load perpendicular to the plane of the wheel, the peak response occurs at the first mode of 15.12 Hz.
The response that was 1 m/s? before the fold as shown in Fig. 4(a) reduced to 1.9 x 10~2 m/s? after the fold as shown in
Fig. 4(b). In the second load case, there were two modes, which influence the response location, one at 25.35 Hz and
another at 69.08 Hz. These two responses were 1.6 m/s®> before the fold as shown in Fig. 4(c) and were reduced to
3.5 x 1072 m/s? and 3.3 x 10~2 m/s? after the fold as shown in Fig. 4(d). These results show that the platform is able to
reduce the response corresponding to all resonance states. It is also observed that the reduction in response for radial
forces arising out of radial wheel modes is more as compared to the response for forces due to axial modes.

5. Description of experimental setup

Numerical simulations discussed in [24] and in Section 4 suggest that vibration isolation of disturbances onboard
spacecraft could be achieved passively through the low frequency platform shown in Fig. 1. Therefore, this flexible
platform can be used to act as a mount for reaction wheels to achieve passive attenuation of vibrations. In order to validate
this experimentally, a folded beam isolator was manufactured and tests were conducted by running the RWA at different
speeds and measuring the disturbance at the base for the following two test cases: (i) without isolator and (ii) with
isolator. Figs. 5 and 6 show the two experimental arrangements. The measurements were done using Kistler [27]
transducer. In the first case the wheel base adapter is interfaced directly with the force-moment transducer, while in the
second case, the wheel base adapter along with folded beam isolator platform is interfaced between the force-moment
transducer and the wheel base. Several configurations of isolator comprising of the low frequency folded beams were
designed and tested. Different configurations and their details are listed in Table 3. The nomenclature BO6T243641 refers
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Fig. 4. (a, b) Frequency response for 1 N applied at the wheel mass center in the y-direction. (c, d) Frequency response for 1 N applied at the wheel mass
center in the x-direction ( — before the fold, - - - after the fold).

force/moment
transducer

Fig. 5. Reaction wheel assembly without isolator.

to an isolator with vertical beam of thickness 0.0006 m with top fold at a distance of 0.024 m and bottom fold at a distance
of 0.036 m from the neutral axis of the horizontal beam. The last two digits refer to the number of beams and the number
of folds, respectively, which in this case corresponds to four beams and one fold. Distances of the top and bottom fold from
the neutral axis being different, this beam is said to be unsymmetric. If the top and bottom folds are at equal distances
from the neutral axis then the beam is said to be symmetric.
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Fig. 6. Reaction wheel assembly with isolator.

Table 3
Geometrical description of isolators.

Sl. no. [solator type Thickness of Distance of top fold from Distance of bottom fold Number of Number of
vertical beam (m) neutral axis of horizontal from neutral axis of beams folds
beam (m) horizontal beam (m)
I B08T243641 0.0008 0.024 0.036 4 1
Il B08T244841 0.0008 0.024 0.048 4 1
il B06T243641 0.0006 0.024 0.036 4 1
v B06T244841 0.0006 0.024 0.048 4 1
\Y B06T244881 0.0006 0.024 0.048 8 1
VI B06T242441 0.0006 0.024 0.024 4 1
VII B08T242441 0.0008 0.024 0.024 4 1
VIII B1T242442 0.0010 0.024 0.024 4 2

Different configurations were designed by varying the thickness of the vertical beam members and by varying the
distance of the folds from the neutral axis. All types of isolators were tested experimentally and a case with two folds was
also tested. Finally in order to test how the numbers of beams used in the mount affects the vibration isolation, an eight
beam configuration case was taken up and tested.

5.1. RWA on rigid base

The first test was the hard-mounted test on RWA as described in Section 5. In this setup, as shown in Fig. 5, the RWA
was first integrated to a rigid cylindrical test fixture and hard mounted to the Kistler transducer. Appropriate axes were
defined and used to be consistent with the coordinate axes used for numerical simulation. The wheel was started at zero
rev/min and full torque voltage was applied to the motor in steps, until the wheel attained the chosen discrete speeds
of 600, 1200, 1800, 2400, 3000 and 3500 rev/min. At each of these speeds, the resulting disturbance forces, moments and
‘g’-base responses were measured at the rigid RWA interface.

5.1.1. Measurement of disturbance forces and moments

The Kistler force/moment transducer was used to measure the disturbances. It comprises of a steel plate containing four
3-axis load cells. The output signals of the load cells were combined to derive the six disturbance forces and moments at
the mounting interface between wheel and the table. Time domain data at a sampling rate of 10 kHz were recorded after
the wheel attained the desired steady-state speed. These data were processed using Matlab to obtain PSD and amplitude
spectra of the time histories for the wheel disturbances corresponding to each wheel speed. The PSD of three forces Fy F),
and F, measured without the isolator are shown in Fig. 7(a), (c) and (e). Similarly, the PSD of three moments My,M, and M,
measured without the isolator are shown in Fig. 8(a), (c) and (e), respectively.
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5.1.2. Measurement of acceleration response at the base

In order to measure the acceleration response along the three axes, the above setup was instrumented with accelerometers
at three locations on the top of Kistler table (see Fig. 5). Each one of these accelerometers were placed along the x, y and z axes
to capture the responses. Once the steady state was reached, the ‘g’ response samples were recorded at a sampling rate of
10 kHz. The PSD acceleration plots g, g, and g, measured without the isolators are shown in Fig. 9(a), (c) and (e), respectively.

5.2. RWA on flexible isolator mount

Here, the folded beam isolator platform along with its interface adapter is interfaced between the transducer and the
wheel base. Once again the wheel was started at zero rev/min and full torque voltage was applied to the motor in steps,
until the wheel attained the chosen discrete speeds of 600, 1200, 1800, 2400, 3000 and 3500 rev/min. At each of these
speeds, the resulting disturbance forces and moment responses were recorded. The ‘g’ base responses were measured at
the rigid RWA interface as well as on flexible beam faces at chosen locations as described in Section 6.2.
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5.2.1. Measurement of disturbance forces and moments

In order to estimate the isolation achieved by the flexible beam platform, the reaction wheel was connected to the
force-moment transducer via the flexible isolator as shown in Fig. 6. The required adapter plate to connect the isolator to
the Kistler table was introduced. The reaction wheel was connected to a zero ‘g’ system consisting of tripod cord support
system connected to long bungee cord (see Fig. 6) so as to relieve completely the isolator from ‘g’ effects to the extent
possible. There is always some minor effects of this zero ‘g’ system in overall dynamic response behavior and outcome of
the results, but since long bungee cord was used, we assume that effect of zero ‘g’ on test results was quite minimal.
Once again, the reaction wheel was spun at speeds of 600, 1200, 1800, 2400, 3000 and 3500 rev/min and the resulting
disturbance forces and moments were measured at the rigid RWA interface. The time domain data were acquired
at a sampling rate of 10 kHz. The PSD of three forces FxF, and F, measured with the isolator of type IIl are shown in
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Fig. 9. PSD of ‘g’ response at the base g, g, and g: (a), (c) and (e) without isolator; (b), (d) and (f) with isolator.

Fig. 7(b), (d) and (f), respectively. Similarly, the PSD of three moments M,M, and M, measured with the isolator of type III
are shown in Fig. 8(b), (d) and (f). Although similar data were captured for all other isolators and frequency domain
analysis were carried at different wheel speeds, as a representative case results are given only for isolator III.

5.2.2. Measurement of acceleration response at the base and other locations

In order to measure the acceleration response along the three axes, the accelerometers were instrumented at the same
locations on the top of Kistler table as in the hard mount case. Additional accelerometers were instrumented on
the flexible beams. For the x-folded beam, there were four accelerometers—three to read z responses and one to read
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Fig. 10. A typical acceleration time response on isolator B08T242441 at 1800 rev/min (a) before and after the fold on x-beam and (b) before and after the
fold on y-beam.

the x-response. Similarly, for y-folded beam there were four accelerometers—three to read z responses and one to read the
y-response. Time responses are measured at the rate of 10 kHz. The PSD acceleration plots of g, g, and g, measured with
the isolator of type III are shown in Fig. 9(b), (d) and (f) to compare with (a), (c) and (e), which represent PSD of
acceleration response at the base without the isolator. A typical z-acceleration response measured on the x-beam and
the y-beam at 1800 rev/min on isolator surface just before and after the fold has been given in Fig. 10. Similarly,
z-acceleration time responses measured at the base for both with and without isolator are plotted in Fig. 11.

6. Results and analysis

The typical test results of the reaction wheel include data for six disturbances: x-axis force Fy, y-axis force F, z-axis
force F,, x-axis torque, My, y-axis torque M, and z-axis torque M,. Assuming, the z-axis to be the spin axis of the wheel, the
Fy and Fydata are radial force disturbances and were processed separately. The quantities My and M, represent the radial
torque data, F, the axial force data and M, the disturbance torque about the spin axis. The results of experimental tests are
analyzed both in frequency domain as well as in time domain.
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Fig. 11. A typical base acceleration time response plots at 1800 rev/min without and with the isolator B0O8T242441.c.

Table 4
PSD of force response Fy.
PSD (N?/Hz) Wheel speed (rev/min) Frequency (Hz) Response (N?/Hz)
Without isolator With isolator
Fx 600 6 6.44x107° -
10 5.19x10°7 3.21x10°¢
19 1.72x 1078 -
24 391x10°8 2.88x10°7
30 6.84x 1078 -
49 211x107° -
1200 12 9.12x 1078 2.54x 1078
20 1.28 x 1075 1.89x10°°
40 4.60x10°8 4.61x10°°
60 5.40x 108 =
132 749 x10°8 -
1800 18 1.42x1077 -
30 1.73x10°4 8.13x10°°
60 212x1077 -
72 512x107° -
90 430x10°8 -
138 2.81x10°8
2400 24 1.15x10°° 3.85x1078
40 3.86x10°° 1.62x10°°
80 2.69x1077 -
129 3.10x 1078 -
136 9.19x10°8 -
3000 25 429x10°8 -
30 3.61x10°° 537x10°8
50 5.73x10°° 117 x10°°
100 3.16x10°7 -
120 299 %1078 -
150 6.09x 1078
3500 35 8.00x 107° 1.06 x 1077
58 3.18x10°° 1.74x10°°
81 5.07 x 1078 -
117 2.08x 1076 -
175 7.60 x 1078 -

6.1. Frequency domain results

The frequency content of the wheel disturbances can be best visualized by transforming the time histories to power spectral
densities (PSDs) and creating a three-dimensional plot known as the waterfall plot Figs. 7-9. The average wheel speeds of the
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time histories are plotted along the x-axis. The frequency of the signals and the magnitude of the PSDs are plotted along the
y-axis and z-axis, respectively. Taking a slice of the y-z plane of a waterfall plot results in the PSD of the RWA disturbances at a
single wheel speed. Plotting the data in this form allows the identification of disturbance trends across both frequency and
wheel speed. The frequency domain results of reaction wheel without the isolator and the reaction wheel with different types
of isolators is compared. As a representative case, the results are discussed in detail for the isolator Il (BO6T243641).

The waterfall plots of PSDs corresponding to forces Fy, Fy, and F,are shown in Fig. 7. Fig. 7(a), (c) and (e) depict the PSDs
of forces Fy, Fy and F, respectively, without the isolator, while Fig. 7(b), (d) and 7(f) represent the plots for the forces when
the wheel is mounted on the isolator. It may be noted that the plots of wheel without isolators in Fig. 7(a), (c) and (e) are
plotted in the scale 10~8(N?/Hz). Each waterfall plot looks quite densely populated with several peaks of low, medium and
high magnitudes below the frequencies of 175 Hz. Using the same scale when the output of disturbance forces is plotted
for wheel with isolator there is a considerable reduction in the magnitude of response corresponding to different
frequencies and wheel speeds as shown in Fig. 7(b), (d) and (f). To know what each of these medium and high peaks have
in terms of their magnitude, frequencies and wheel speeds, we made several plots in different suitable scales to suit
to these peaks for both cases (wheel without isolator and wheel with isolator). A simplified case of PSD of ‘g’ response
is depicted in Fig. 9 where the response peaks have been gathered and compared. The magnitude and frequencies
corresponding to varying wheel speeds in Fig. 7 are assimilated and are listed in Tables 4-6. Similarly, PSD of moments
My,M, and M, with and without isolator are given in Fig. 8. Once again, the magnitude and frequency contents of peaks in
Fig. 8 are noted and presented in Tables 7-9. The analysis of the disturbance peaks indicate that the frequencies of these
dominant peak disturbances are directly dependent on the wheel speed—as the speed of the wheel increases the
disturbances slide along the frequency axis. These disturbances are the primary wheel harmonics occurring at the same
frequency as the wheel’s spin rate, and are caused by imbalances of the flywheel due to manufacturing imperfections.

In the Fy disturbances listed in Table 4, the third column shows the frequencies while the fourth and fifth columns list
the disturbance values for ‘RWA without isolator’ and ‘RWA with isolator’, respectively. The disturbance values without
isolator obtained against 10, 20, 30, 40, 50 and 58 Hz are the peak values in the respective wheel speeds of 600, 1200, 1800,

Table 5
PSD of force response Fy.
PSD (N?/Hz) Wheel speed Frequency (Hz) Response (N?/Hz)
(rev/min)
Without isolator With isolator
Fy 600 10 443x10°7 3.72x10°°
30 2.72x 1078 3.33x10°8
36 7.50x10° -
49 413 x10°8 1.39x10°8
72 3.73x107° -
83 1.14x10°° -
126 241 x10°8 -
1200 12 6.65x 1078 2.84x10°7
20 9.39 x 10~ ¢ 464 x10°°
40 111 x 1077 -
48 946 x 108 -
132 1.36x 1077 -
1800 18 1.39x1077 1.60 x 107
30 1.17x10°4 -
49 470x 1078 -
60 2.09x 1077 -
83 1.09x10°8 -
90 7.14x10°8 -
2400 24 6.14x 1077 2.89x10°8
40 578 x10~% 1.58x10°°
80 4.09%x 1077 -
120 2.67x10°8 -
128 1.47 x 1077 -
176 1.45x1078 -
3000 30 291 x10°°
50 1.73x 104 230x107°
68 2.05x10°8 -
100 1.77 x10°° -
3500 35 2.50x10°° 7.30x 108
58 5.74x 1075 1.62x10°°
84 416 x10°8 -
117 9.07 x 10~ -

175 343 x10°8 -
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Table 6
PSD of force response F,.

PSD (N?/Hz) Wheel speed (rev/min) Frequency (Hz) Response (N?/Hz)
Without isolator With isolator
F, 600 12 5.87 x107° 8.02x 108
20 2.00x 1077 7.08 x 1078
49 7.81x 1078 5.88x10°°
83 6.37 x10°8 1.56x 108
132 2.70 x 1077 -
1200 16 - 142 %1077
20 7.05x10°8 -
40 1.04x10°6 2.57x10°8
48 1.13x1077 -
60 5.19x 108 -
84 8.67 x10~8 -
88 9.16x 1078 -
132 3.83x1077 -
1800 16 - 2.41x1077
20 7.87 x10°8 -
49 1.06 x 1077 -
60 2.29 x 10~ 8.33x107°
90 4.00x 1077 -
2400 19 - 4.66 x10~8
40 1.45x10°° 2.75x 1077
72 3.11x10°8 -
80 7.84x10°° 2.89x1078
136 3.51x1077 -
176 2.36x1077 -
3000 50 7.94 x10~° 3.59x 1077
100 118 x10°° 4.79x10°°
3500 16 - 228 x1077
35 2.50x 107> -
58 1.02x 104 9.30x 1077
84 2.86x1077 -
117 7.05x107° -

2400, 3000 and 3500 rev/min, respectively, and are shown in boldface in the fourth column. The largest PSD value is
1.73 x 10~ in Fyand is seen at 1800 rev/min indicating that this could be a radial translational mode. Similarly, if we
observe the fifth column of Table 4, we see that there is a reduction in amplification for all wheel speeds. The only
exception is the responses corresponding to a wheel speed of 600 rev/min with frequencies 10 Hz and 24 Hz where an
amplification is observed. These amplifications are due to resonant behavior of the isolator. Similarly, for the F,
disturbances listed in Table 5, the radial translational mode in y occurs at 2400 rev/min at 40 Hz with a peak PSD value
of 5.78 x 10~“. Here too, the fifth column shows that there is a reduction in amplification for all frequencies except those
corresponding to 10 Hz and 12 Hz attributed to the resonant behavior of the isolator.

There are other small amplitude peaks seen in Figs. 7 and 8, which can be attributed to the super-harmonics, sub-harmonics
and tonal disturbances and are integral multiples and fractions of wheel’s spin rate, respectively. In addition, there is
another set of disturbances reflected (Tables 4-9) in frequencies 6, 12, 18, 24, 30 and 35 Hz caused by bearing imperfections
and other disturbances sources within the RWA. It is to be noted that all such disturbance peaks are reduced with the help of
the isolator.

It is observed that F, and F, response PSDs data are not exactly the same but have minor differences. Since, the responses
have been monitored on folded beam faces of the platform, which has its own structural modes and RWA too has its own
structural flexibility, therefore the coupled mode play a vital role in determining the response. Due to this each of the
orthogonal folded beam of the platform will give rise to different responses. Also, another reason can be attributed to the
rotational axis not being perfectly normal with respect to base leading to a different response in the x and y directions.

Analysis of F, data listed in Table 6 shows that axial mode of RWA without isolator is in vicinity of wheel harmonic at
58 Hz. The disturbance peak is found to be 1.02 x 10~* at this mode and this is reduced to a very low value of 9.30 x 107,
All other wheel harmonics due to dynamic imbalance of the wheel can be seen to be significantly reduced or eliminated.
The analysis of PSD data of ‘g’ response for all wheel speeds, show that there is an attenuation of vibration amplitude at all
frequencies and wheel harmonics. The maximum PSD responses without the isolator reported are 1.30 x 10~ along the
x-axis and 2.74 x 10~ along the y-axis at 50 Hz. These values have been found to be reduced significantly to 1.90 x 10~
and 2.83 x 10~7 with the use of isolator.
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Table 7
PSD of moment response M.
PSD (N? m?/Hz) Wheel speed (rev/min) Frequency (Hz) Response (N? m?/Hz)
Without isolator With isolator
My 600 10 1.61x 108 1.44x 107
1200 12 249 x107° 5.64 x 10~°
20 298 x 1077 3.49x10°8
40 3.12x10°° -
1800 30 2.78 x10°¢ 2.51x1078
90 1.61x10°8 -
2400 40 1.01x10°° 416x10°8
3000 50 3.20x10°° 4.87x10°8
3500 35 543 x1077 -~
58 3.98x107° 3.96x 1078
117 2.62x1077 -
Table 8
PSD of moment response M.
PSD (N2 m?/Hz) Wheel speed (rev/min) Frequency (Hz) Response (N? m?/Hz)
Without isolator With isolator
M, 600 10 1.77 x 1078 1.05x 1077
1200 20 3.65x10°7 1.98x10°8
1800 30 3.05x10°° 2.79x 1078
2400 40 7.90 x 107 420%x 1078
3000 50 322x10°6 4.01x10°8
3500 35 8.63x10°8 -
58 2.37x10°6 4.82x1078
117 3.11x1077 -
Table 9
PSD of moment response M.
PSD (N? m?/Hz) Wheel speed (rev/min) Frequency (Hz) Response (N? m?/Hz)
Without isolator With isolator
M, 600 10 - -
1200 20 - -
1800 30 - -
2400 40 7.72x1071° 1.03 x10°2
3000 50 6.83x107° 2.84x107°
3500 36 1.46 x10~°
58 1.01x10°8 2.83x107°
117 2.76 x1071° -

Fig. 8 depicts the comparison of the PSD of moment responses plotted against frequency for varying wheel speeds, both
with and without isolator. Tables 7, 8 and 9 show the maximum responses for the three moments My M, and M,and
their corresponding frequencies for different wheel speeds, respectively. A comparison of the responses obtained with
and without isolator here, indicate that the flexible beam isolator isolates the disturbances generated from the rotating reaction
wheel assembly. In this case, amplifications are noticed in the 10 and 12 Hz regions for My and M, and at 40 Hz for M,.
All these peaks get moderated to a low level of 10~7 and 102,

Fig. 9 compares the PSD of acceleration response at the base plotted against frequency for varying wheel speeds
(i) when the wheel is spun without the isolator and (ii) when the wheel is spun mounted on isolator IIl. The responses observed
in all three direction are listed in Table 10. Once again the responses clearly show that the vibration isolator is effective in all
three axes as there is a significant drop in the PSD of the output response. Though the response analysis results were obtained
for all the eight types of isolators mentioned in Table 3, in this paper we have presented only the results for isolator IIL It is
observed that all isolators are able to attenuate the amplitudes at most of the frequencies, specially at the higher harmonics, the
disturbances felt at the base of the isolators is of very low order and is almost negligible [28].
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Table 10
PSD of ‘g’ response.

PSD (g2 /Hz) Wheel speed (rev/min) Frequency (Hz) Without isolator (g2 /Hz) With isolator
type: B06T243641 (g2 /Hz)
x-Response 1200 20 496 x10~° -
1800 30 4.01x1077 1.61x10°8
2400 40 6.32x1077 2.27x1077
80 2.51x10°° _
3000 30 5.02x10°° -
50 130 x 10~ 1.90x 1077
3500 35 3.81x10°8 -
58 1.19x10°° 136x1077
y-Response 1800 30 1.18x 1077 3.18x107°
2400 40 217x10°6 447 x10°8
80 3.06 x107° -
3000 30 1.56x10°° -
50 2.74x10°8 2.83x1077
3500 35 2.66x 108 -
58 2.11x10°° 2.75x 1077
z-Response 1800 60 3.02x107° -
90 1.75x1078 -
2400 40 1.31x1078 2.14x10°°
80 2.15x10°8 -
3000 50 1.37x1077 7.97 x107°
3500 58 3.12x10°7 1.67x1078
Table 11

Acceleration response at the base of the wheel with no isolator.

Accelerometer channel Wheel speed (rev/min)

600 1200 1800 2400 3000 3500
Average RMS value (‘g’)

X 0.0159 0.0378 0.0451 0.0406 0.0419 0.0435
y 0.0177 0.0343 0.0345 0.0337 0.0784 0.0373
z 0.0142 0.0343 0.0363 0.0498 0.0512 0.0439

6.2. Time domain results

As shown in Figs. 5 and 6, the acceleration responses were measured at six discrete wheel speeds at the base of the reaction
wheel assembly with and without the isolator. In case of wheel without the isolator, the responses were measured directly at the
base in three orthogonal direction by accelerometers placed at three different locations for x, y and z responses. In case of wheel
with isolator, in addition to the base response measurement, additional accelerometers were placed on two orthogonal folded
beams placed in the x-axis and the y-axis. In each of these folded beams, responses were measured at four locations—(i) on the
horizontal beam after the fold, (ii) at the center of the vertical beam, (iii) at the center of the horizontal beam at the top of the fold
and (iv) on the horizontal beam after the fold. Total of eleven responses were recorded for each wheel speed. In order to envisage
the reduction in response brought about by the fold, the acceleration time responses were studied for the x-beam and y-beam,
respectively, at all six discrete speeds of 600, 1200, 1800, 2400, 3000 and 3500 rev/min. Fig. 10(a) shows the acceleration time
response plots before and after the fold for the x-beam at 1800 rev/min. Similarly Fig. 10(b) shows the acceleration time response
plots before and after the fold for the y-beam at 1800 rev/min. Fig. 11 shows the time response measured at the base with and
without isolator corresponding to same wheel speed of 1800 rev/min. Plots for other speeds are available in [28] and are not
presented here due to space restrictions. It has been observed that there is an appreciable reduction of response amplitude across
the fold for all wheel speeds, which in turn leads to the reduction in response amplitude at the base. The average rms value of the
response for the case without isolator, is calculated and listed in Table 11. Similarly, Table 12 lists the average rms values of the
acceleration response at the base calculated by mounting the wheel on different isolators.

6.3. Isolation with different isolator configurations
In order to compare the isolation obtained for varying configurations of the flexible beam platform, experiments were

conducted by mounting the reaction wheel on different isolators listed in Table 3, and measuring the acceleration response
at the base in each case. These acceleration responses were used to calculate the base isolation values in dB along the x, y
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Table 12
Acceleration response at the base of the wheel with different isolators at different wheel speeds.

Wheel Accelerometer Isolator type
speed response

I 1l il v \Y VI VIl VIII
Average RMS value (‘g’)

600 X 0.0076 0.0053 0.0105 0.0046 0.0054 0.0119 0.0101 0.0077
y 0.0146 0.0144 0.0165 0.0144 0.0128 0.0136 0.0165 0.0145
z 0.0080 0.0050 0.0076 0.0043 0.0066 0.0072 0.0063 0.0067
1200 X 0.0187 0.0111 0.0219 0.0103 0.0152 0.0319 0.0202 0.0115
y 0.0177 0.0175 0.0203 0.0175 0.0221 0.0160 0.0181 0.0214
z 0.0153 0.0100 0.0148 0.0074 0.0108 0.0252 0.0128 0.0132
1800 b4 0.0190 0.0133 0.0259 0.0109 0.0134 0.0244 0.0221 0.0139
y 0.0144 0.0190 0.0238 0.0209 0.0236 0.0165 0.0174 0.0191
z 0.0161 0.0121 0.0145 0.0093 0.0112 0.0169 0.0127 0.0142
2400 X 0.0216 0.0111 0.0183 0.0129 0.0106 0.0281 0.0183 0.0130
y 0.0200 0.0165 0.0218 0.0186 0.0201 0.0275 0.0194 0.0206
z 0.0217 0.0113 0.0172 0.0080 0.0095 0.0242 0.0123 0.0135
3000 X 0.0247 0.0094 0.0166 0.0088 0.0092 0.0246 0.0138 0.0171
y 0.0196 0.0169 0.0211 0.0178 0.0223 0.0175 0.0184 0.0247
z 0.0251 0.0111 0.0178 0.0077 0.0140 0.0204 0.0104 0.0205
3500 X 0.0273 0.0116 0.0270 0.0123 0.0168 0.0364 0.0357 0.0287
y 0.0207 0.0184 0.0252 0.0336 0.0235 0.0207 0.0191 0.0327
z 0.0168 0.0126 0.0180 0.0128 0.0241 0.0171 0.0154 0.0248
Table 13

Base isolation values for eight different isolators at different wheel speeds.

I Il 111 v \% VI VII VIII

Isolation in (dB) for eight isolators at 600 rev/min

X —6.41 —9.54 —3.60 —-10.77 —-9.38 —2.51 —-3.94 —6.29
y —1.67 -1.79 —0.60 —-1.79 —2.81 —2.28 —0.60 —-1.73
z —4.98 —9.06 —5.42 —10.37 —6.65 —5.89 —7.05 —6.52
Isolation in (dB) for eight isolators at 1200 rev/min

X —6.11 —10.64 —4.74 —-11.29 —-7.91 —1.47 —5.44 —10.33
y —5.74 —-5.84 —4.55 —5.84 —3.81 —6.62 —5.55 —4.09
z -7.01 —-10.70 -7.30 —13.32 —10.03 —2.67 —8.56 -8.29
Isolation in (dB) for eight isolators at 1800 rev/min

X —7.50 —10.60 —4.81 —12.33 —10.54 —-5.33 —6.19 —10.22
y —7.58 —5.18 —3.22 —4.35 —-3.29 —6.40 —-5.94 -5.13
z —7.06 -9.54 —-7.97 —11.82 —10.21 —6.64 -9.12 —8.15
Isolation in (dB) for eight isolators at 2400 rev/min

X —5.48 —-11.26 —6.92 —9.95 —11.66 -3.19 —6.92 —9.89
y —4.53 —6.20 —3.78 —5.16 —4.48 —-1.76 —-4.79 —4.27
z —-7.21 —12.88 —9.23 —15.88 —14.39 —6.26 —-12.14 —11.33
Isolation in (dB) for eight isolators at 3000 rev/min

X —4.59 —12.98 —8.04 —13.55 —13.16 —4.62 —-9.64 -7.78
y —12.04 —13.32 —11.40 —12.87 —10.92 —13.02 —12.58 —10.03
z —6.19 —13.27 —-9.17 —16.45 —-11.26 —7.99 —13.84 —7.95
Isolation in (dB) for eight isolators at 3500 rev/min

X —4.04 —11.48 —4.14 —10.97 —8.26 —1.54 -1.71 —3.61
y -5.11 —6.13 —3.40 —-0.90 —4.01 -5.11 —5.81 -1.14
z —-8.34 —10.84 —7.74 —10.70 -5.20 -8.18 -9.09 —4.96

and z axes. RWA rms acceleration response at base without isolator is listed in Table 11 and the rms acceleration response
at the base of RWA mounted on different isolators is listed in Table 12.
Isolation values in dB for each isolator type are listed in Table 13. We can make the following observations:

(i) There is an isolation in all the three x, y and z directions for all types of isolators.
(ii) Isolation obtained along the x, y and z directions with the isolators B06T242441, BO6T243641 and B06T244841 is
presented in Fig. 12. In these isolators the top fold is at a distance of 0.024 m from the neutral axis, but the bottom
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Fig. 12. Comparison of isolation obtained with unsymmetric isolators: B06242441(x), B06243641 (+) and B06244841 (o).
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Fig.13. Comparison of isolation obtained by varying the number of beams in the platform B06244841(:) and B06244881 (o).

folds are at a distance of 0.024 m, 0.036 m and 0.048 m, respectively. Thus, the unsymmetry increases in these
platforms, which leads to increasing isolation as shown in Fig. 12. This is due to lower overall stiffness of the platform
as length of the flexible beam increases in each case.

Isolators BO6T244841 and B06T244881 consist of four and eight flexible beams, respectively. Data indicate that a four
beam isolator provides more isolation than a eight beam isolator as eight beams make platform more stiffer. This is
shown in Fig.13.

Fig. 14(a), (b) and (c) shows the isolation in dB achieved in the x, y and z directions for all types of isolators listed in
Table 3. All isolators are found to suppress vibrations along all the three axes. There is a maximum in-plane isolation
along the y-axis at 3000 rev/min for most of the isolator, which can be seen as a dip in Fig. 14(b). It can be noted that
RWA has a radial mode at 50 Hz, which has been observed and recorded by sensors in case of ‘wheel without isolator’
at 3000 rev/min as given in column 4—Table 5, and also in acceleration response measurements at 3000 rev/min in
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Fig. 14. Isolation in all three axes obtained with different isolators, BO8T243641 —e—, B08T244841 —%—, B06T243641 —©—, B06T244841 —x—,
B06244881 —</—, B06T242441 —>—, B08T242441 —}—, B1T242442 —5—.

Table 11. Since isolator is effectively able to offer maximum isolation at this speed, we see an isolation of the order of
approximately —13 dB.

(v) Among eight isolators realized, we find the best isolator to be BO6T244841 based on its performance in all three axes.
This isolator is the one, which has least stiffness because of the lowest vertical beam thickness and longest vertical
beam length.

7. Conclusion

In this paper, an experimental validation and verification has been done to test the usefulness of the low frequency
flexible platform as a vibration isolator for RWAs. Passive vibration isolation were studied by mounting the RWA on
several configurations of the flexible platform and the force response, moment response and acceleration response at the
base were measured. These measured disturbances were compared with the disturbances generated from the RWA
without the isolator. Results suggest that this type of platform is capable of mitigating the disturbance vibration and can
serve as an isolation mount, not only for RWAs but also for other disturbance sources in spacecrafts.
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