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ABSTRACT

A Study on Micro-vibration Isolation of Two-axis Gimbal-type

Spaceborne X-band Antenna

Jeon SuHyeon
Advisor : Prof. Oh Hyun-Ung, Ph. D.
Department of Aerospace Engineering

Graduate School of Chosun University

Satellite on-board appendages that have mechanical moving parts such
as a fly-wheel, a control moment gyro, a cyrocooler and a gimbal-type
directional antenna produce an undesirable micro-vibration disturbances
which can cause deleterious effect on the image quality of the high
resolution observation satellite. Therefore, the micro-vibration
attenuation is an important technology because the acceptable
micro-vibration requirement is becoming much Ilower. To achieve a
jitter—free silent platform, many researches have been conducted for
enhancing image quality by using a micro-vibration isolation systems based
on passive, active and semi-active techniques.

Recently, the size of the image data transferred to ground station
from satellite is also greatly becoming increased according to the recent
tendency of satellite imagery markets which requires a much higher
resolution image. Therefore, the high resolution observation satellites
also require effective management of the handling and transmitting the
massive high resolution image data from satellite to ground station by
using an omni—directional or directional X-band antenna. The directional
X-band antenna can be more effectively used for the massive image data

transfer in a real time than the omni-directional antenna because it

- viii -
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offers higher gain by pointing the antenna to specified direction without
affection of attitude and orbital motion of the satellite. The pointing
capability of the directional antenna can be increased by mounting it on
multi-axis gimbal system and in general, a stepper motor combined with
harmonic drive gear is used for the activation of the rotational movements
of the multi-axis gimbal-type antenna. However, the stepper motor
activation is one of the main sources to induce the micro—jitter
disturbances, which can result in the image quality degradation of high
resolution observation satellite.

In order to mechanically attenuate the micro-vibration of the
gimbal—-type X-band antenna, mounting a whole antenna assembly on a soft
mount isolation system might be one of the solutions, which is generally
applied for the micro-vibration isolation systems for space applications.
In this approach, the micro-vibration isolation can be achieved by
frequency decoupling between the harmonic frequency of the antenna and the
eigen-frequency of the antenna assembly supported by isolation system with
low stiffness. However, the structural safety of the X-band antenna
supported by the low stiffness soft mount isolation system cannot be
guaranteed under the severe launch loads. This problem can be easily
solved by applying a launch locking mechanism, but it might induce
additional disadvantages such as the increase of total mass, system
complexity and decrease in reliability. In addition, if the launch locking
mechanism is not normally working on-orbit by unexpected problems, the
micro-vibration isolation cannot be expected anymore.

The ideal approach is to find out a more reliable and simply
applicable solution, which can effectively attenuate the micro-vibration
disturbances without employing the launch locking mechanism additionally
to guarantee the structural safety of the soft mount whole antenna

isolation system wunder launch environment. Therefore, Kozilek et al.

_iX_
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proposed to implement a low-torsional-stiffness on the existing external
spur gear wheel, which is mounted on the output shaft of the stepper motor
actuator for the purpose of the micro-vibration isolation in the azimuth
rotational direction of the antenna. The design provided a reliable
technical solution that can be easily implemented, even on existing X-band
antenna by just simple modification of the design. In addition, the
effectiveness of the design was verified under the test condition when the
antenna is activated by constant rotational velocity in azimuth direction.
However, this is quietly different operating condition of the antenna
based on the TPF (Tracking Parameter File) activation profile, which
simultaneously drives the rotational movements of antenna in azimuth and
elevation direction. In addition, the design method for implementing the
low—torsional-stiffness on the gear wheel was not also introduced in the
previous study.

In this study, we investigate the possibility of wusing a
low-torsional—-stiffness isolator to enhance a micro-vibration attenuation
capability for a stepper actuated X-band antenna mechanism. For this, we
proposed to mount the low-torsional-stiffness isolator on output shaft of
the stepper actuators for activating the rotational movements of antenna
in azimuth and elevation directions. In case of micro-vibration
attenuation in azimuth rotational direction of the antenna, the
low-torsional—-stiffness was directly implemented on the existing spur gear
wheel based on the approach proposed by Kozilek et al. This approach is
very effective in attenuating micro-vibration in the azimuth direction of
the antenna. However, there are some I|imitations to implementing a
low-torsional—-stiffness spring-blade design on the elevation gear wheel,
owing to the small, l|imited volume of the bevel gear that is directly
mounted on the output shaft of the stepper motor actuator. Therefore, in

this study, in order to achieve the micro-vibration attenuation in the
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elevation direction of the antenna, we proposed to implement the
low-torsional isolator between the shaft of the stepper actuator and the
bevel gear. These design approaches provide a reliable technical solution
that can be easily implemented, even on existing hardware, without making
major modifications to the conventional design of the antenna, by
effectively attenuating the micro—vibration in both the azimuth and
elevation direction of the X-band antenna.

The low-torsional-stiffness isolators must guarantee both the
micro—vibration attenuation capability and structural safety of the
blades. Therefore, in this study, we performed the structure design of the
isolators such that they are satisfied with the margin of safety rule when
the required torque budgets for azimuth and elevation activation are
applied to the low-torsional-stiffness isolators. The structure safety of
the blades were also experimentally verified through the torqgue
measurement test.

To demonstrate the effectiveness of the low-torsional-stiffness
isolator, we performed a micro-vibration measurement test of the X-band
antenna using a floating-type micro-vibration measurement device proposed
in this study. The micro-vibration measurement test was performed under
constant rotational wvelocity condition. |In addition, TPF activation
profile, that drives the rotational movement of the antenna with various
rotational velocity in both azimuth and elevation directions, was adopted
to simulate an actual on-orbit operation of X-band antenna. The test
results indicate that the low-torsional-stiffness isolators proposed in
this study are effective in attenuating the micro-vibration induced by
stepper actuators for activation of rotational movements of the antenna in
azimuth and elevation directions.

Key Word : X-band Antenna, Micro-vibration, Micro-vibration Isolation,

Low-torsional-stiffness Isolator
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[High-quality Image without Micro-jitter Affection]

Fig. 2 Image Quality Degradation due to Micro-vibration Disturbance Sources
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Blade (4EA)

Shaft

Blade (GEA)

Fig. 3 Low-torsional-stiffness Isolator [(a): for Azimuth, (b): for Elevation]

_12_

(“)Collection @ chosun



Low-torsional-stiffness
Isolator for Azimuth

Hold-down
Bracket

Yoke

Azimuth
Stepping Motor

Fig. 4 Configuration of a X-band Antenna combined with a Low-torsional-stiffness
Isolator for Azimuth
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Bevel Gear Module

Support
Bracket

Low-torsional-stiffness
Isolator for Elevation

Elevation
Stepping Motor

Fig. 5 Configuration of a X-band Antenna combined with a Low-torsional-stiffness
Isolator for Elevation
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2% Bearing1

1x Bearing2

Yoke

Antenna Bracket

Launch Lock

Base Bracket

Connector Bracket

Fig. 6 Finite Element Model of a X-band Antenna
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Fig. 7 FE Model of a Bearing
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Fig. 8 FE Model of a Launch Lock Mechanism
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Table 1 Stiffness of Azimuth and Elevation Bearings

Stiffness Component

Stiffness Value [N/m]

Bearing 1 Bearing 2 Bearing 3
Axial Stiffness 63E6 0 113E6
Radial Stiffness 156E6 80E6 208E6
—_ 19 —_
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Table 2 Information of Finite Element Model

Node or Element Number
Node 79399
CHEXA 30362
CQUAD4 32899

CTRIA3 495

CPENTA 33

Element CBAR 35

CBUSH 7

CONM2 14

RBE2 140

RBE3 6

Collection @ chosun
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Table 3 Material Properties applied to

Structural Parts

) Young’ s Modulus Poisson’ s Density
Parts Material .
(GPa) Ratio (kg/m*)
Gear Module Titanium 150 0.3 7900
Fasteners SUS 304 201 0.3 4500
Antenna Bracket Al6061-T4 68.9 0.33 2700
All Other Parts Al7075-T7 72 0.33 2800
_21_
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[Mode 4 : 185Hz] [Mode 10 : 459Hz]

Fig. 9 Mode Shape of a X-band Antenna in Launch
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Table 4 Modal Effective Mass Fraction of a X-band Antenna in Launch

Mode | Freaq. Tx Ty Tz
No. (Hz) | Fraction Sum Fraction Sum Fraction Sum
1 119 | 2.80E-02 | 2.80E-02 | 1.60E-01 | 1.60E-01 | 9.69E-04 | 9.69E-04
2 133 1.29-01 | 1.576-01 | 1.586-02 | 1.76E-01 | 1.50E-04 | 1.12E-03
3 159 | 2.56E-03 | 1.60E-01 | 1.66E-01 | 3.42E-01 | 2.53E-03 | 3.65E-03
4 185 1.80E-01 | 3.406-01 | 2.04E-02 | 3.626-01 | 4.576-02 | 4.94E-02
5 283 | 5.09E-02 | 3.916-01 | 1.13e-02 | 3.73E-01 | 1.07E-05 | 4.94E-02
6 351 2.78E-03 | 3.93t-01 | 5.30e-03 | 3.796-01 | 7.51E-03 | 5.69e-02
7 369 1.056-01 | 4.986-01 | 1.44E-06 | 3.796-01 | 2.65E-07 | 5.696-02
8 381 5.36E-06 | 4.986-01 | 1.736-01 | 5.51E-01 | 2.97E-04 | 5.72E-02
9 448 1.556-02 | 5.14E-01 | 8.66E-06 | 5.52E-01 | 4.04E-04 | 5.76E-02
10 459 1.97€-05 | 5.14E-01 | 5.32E-02 | 6.056-01 | 1.76E-04 | 5.78E-02
" 543 | 4.43E-03 | 5.186-01 | 2.276-02 | 6.27E-01 | 4.75E-03 | 6.256-02
12 562 | 5.326-05 | 5.186-01 | 1.34E-06 | 6.27E-01 | 2.86E-05 | 6.25E-02
13 617 1.336-03 | 5.196-01 | 7.58E-03 | 6.35E-01 | 2.69E-01 | 3.32E-01
14 649 | 8.256-02 | 6.026-01 | 1.18E-03 | 6.36E-01 | 3.726-02 | 3.69E-01
15 665 | 6.23E-03 | 6.086-01 | 6.54E-03 | 6.43E-01 | 1.03E-01 | 4.72E-01
Mode | Freq. Rx Ry Rz
No. (Hz) | Fraction Sum Fraction Sum Fraction Sum
1 119 1.41E-02 | 1.416-02 | 1.276-03 | 1.276-03 | 4.20E-02 | 4.20E-02
2 183 | 2.946-03 | 1.71E-02 | 5.16E-03 | 6.43E-03 | 2.43E-01 | 2.85E-01
3 159 | 4.956-01 | 5.126-01 | 2.20E-02 | 2.85E-02 | 4.52E-02 | 3.30E-01
4 185 | 6.11E-02 | 5.73E-01 | 3.476-01 | 3.76E-01 | 6.71E-03 | 3.36E-01
5 283 1.166-02 | 5.856-01 | 7.48E-02 | 4.50E-01 | 6.16E-02 | 3.98E-01
6 351 8.33E-03 | 5.936-01 | 1.40e-02 | 4.64E-01 | 1.996-01 | 5.97E-01
7 369 1.34E-05 | 5.93E-01 | 2.28E-01 | 6.92E-01 | 2.79€-04 | 5.98E-01
8 381 2.476-01 | 8.40E-01 | 1.56E-04 | 6.92E-01 | 9.67E-02 | 6.94E-01
9 448 | 4.06E-06 | 8.40E-01 | 3.66E-02 | 7.296-01 | 2.87E-06 | 6.94E-01
10 459 | 7.86E-02 | 9.19e-01 | 2.65E-05 | 7.29E-01 | 1.01E-02 | 7.04E-01
11 543 | 2.79E-03 | 9.226-01 | 7.62E-04 | 7.29e-01 | 1.06E-01 | 8.10E-01
12 562 | 4.25E-06 | 9.226-01 | 2.266-05 | 7.30E-01 | 1.956-03 | 8.12E-01
13 617 | 6.456-04 | 9.226-01 | 9.63E-02 | 8.266-01 | 8.50E-03 | 8.21E-01
14 649 1.626-04 | 9.236-01 | 6.776-02 | 8.94E-01 | 9.36E-04 | 8.22E-01
15 665 1.946-04 | 9.236-01 | 2.41E-03 | 8.96E-01 | 1.06E-02 | 8.32E-01

Collection @ chosun
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[Mode 8 : 379Hz] [Mode 10 : 447Hz]

Fig. 10 Mode Shape of a X-band Antenna in On-orbit
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Table 5 Modal Effective Mass Fraction of a X-band Antenna in On-orbit

Mode | Freq. Tx Ty
No. (Hz) | Fraction Sum Fraction Sum Fraction Sum
1 42 5.216-02 | 5.21E-02 | 1.40E-01 | 1.40E-01 | 1.126-03 | 1.12E-03
2 56 1.176-01 | 1.696-01 | 3.51E-02 | 1.756-01 | 6.43E-05 | 1.18E-03
3 107 | 4.40E-03 | 1.74E-01 | 1.566-01 | 3.31E-01 | 1.27E-03 | 2.46E-03
4 123 1.656-01 | 3.396-01 | 2.93E-02 | 3.60E-01 | 4.476-02 | 4.72E-02
5 273 | 4.84E-02 | 3.876-01 | 1.37E-02 | 3.74E-01 | 6.75E-05 | 4.72E-02
6 368 | 3.66E-03 | 3.91E-01 | 6.82E-04 | 3.75E-01 | 5.20E-03 | 5.24E-02
7 374 1.036-01 | 4.946-01 | 5.71E-05 | 3.756-01 | 2.14E-05 | 5.256-02
8 379 | 3.95E-05 | 4.946-01 | 1.76E-01 | 5.51E-01 | 6.61E-05 | 5.256-02
9 402 1.43E-02 | 5.08E-01 | 1.00E-05 | 5.51E-01 | 3.34E-04 | 5.29E-02
10 447 1.126-04 | 5.08E-01 | 5.13E-02 | 6.026-01 | 3.68E-05 | 5.296-02
" 457 | 8.90E-03 | 5.176-01 | 1.85E-02 | 6.21E-01 | 1.37E-02 | 6.66E-02
12 465 | 3.52E-05 | 5.176-01 | 3.42E-05 | 6.21E-01 | 2.71E-05 | 6.66E-02
13 561 3.276-04 | 5.18E-01 | 1.026-02 | 6.31E-01 | 2.62E-01 | 3.29E-01
14 562 1.20E-03 | 5.19E-01 | 6.68E-03 | 6.38E-01 | 5.09E-02 | 3.80E-01
15 634 | 8.796-02 | 6.076-01 | 2.21E-03 | 6.40E-01 | 3.156-02 | 4.11E-01
Mode | Freq. Rx R
No. (Hz) | Fraction Sum Fraction Sum Fraction Sum
1 42 1.656-02 | 1.656-02 | 3.25E-03 | 3.256-03 | 7.176-02 | 7.176-02
2 56 1.51E-03 | 1.80E-02 | 7.90E-03 | 1.11E-02 | 1.86E-01 | 2.58E-01
3 107 | 4.63E-01 | 4.81E-01 | 3.386-02 | 4.49e-02 | 6.00E-02 | 3.18E-01
4 123 | 8.626-02 | 5.686-01 | 3.34E-01 | 3.79E-01 | 9.89E-03 | 3.28E-01
5 273 1.396-02 | 5.82E-01 | 6.30E-02 | 4.42E-01 | 1.08E-01 | 4.36E-01
6 368 | 5.01E-03 | 5.876-01 | 1.076-02 | 4.53e-01 | 1.276-01 | 5.63E-01
7 374 1.476-05 | 5.876-01 | 2.32E-01 | 6.84E-01 | 1.24E-05 | 5.63E-01
8 379 | 2.54E-01 | 8.40E-01 | 6.756-05 | 6.85E-01 | 1.20E-01 | 6.83E-01
9 402 | 9.63E-06 | 8.40e-01 | 3.86E-02 | 7.23E-01 | 2.06E-05 | 6.83E-01
10 447 | 7.776-02 | 9.18E-01 | 8.96E-06 | 7.23E-01 | 7.37E-03 | 6.90E-01
" 457 | 4.18E-03 | 9.22E-01 | 3.00E-03 | 7.26E-01 | 1.09e-01 | 7.99E-01
12 465 | 5.43E-07 | 9.22E-01 | 2.34E-05 | 7.26E-01 | 2.84E-03 | 8.02E-01
13 561 7.02E-04 | 9.23E-01 | 7.00E-02 | 7.96E-01 | 1.06E-02 | 8.13E-01
14 562 1.896-04 | 9.236-01 | 9.38E-04 | 7.97E-01 | 6.86E-03 | 8.19E-01
15 634 1.586-04 | 9.23E-01 | 9.78E-02 | 8.956-01 | 1.82E-03 | 8.21E-01
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[X Direction] [Y Direction]

[Z Direction]

Fig. 11 Stress Contour Map of a X-band Antenna
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Table 6 Quasi-static Analysis Result of a X-band Antenna

Ult. | Yie. | pax. Stress (Mpa) Margin of Safety

Material | Stress | Stress S.F
X Y z X Y YA
(Mpa) | (Mpa) | pir | pir. | pir. Dir. | Dir. | Dir.

Yie. | 1.251 0.13 | 0.15 | 1.22

Al7075-T7 | 505 435 308 | 302 157
ult. | 1.5 1 0.09 | 0.12 | 1.14
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Table 7 Required Torque Budget for Azimuth and Elevation Activation of a
Two—axis Gimbal-type X-band Antenna
Torque Value Torque Value
Remarks Remarks
(Nm) (Nm)

Te 0.477 T, 0.49

Tis 0.108 Tis 0.108
Az|mu’[h TBea 0028 2 EA Elevat|0n TBea 0042 3 EA
Stage | 7y, 0.014 1 EA Stage | 7y,, -

T e 0.00395 Thee 0.0021

Ty 1.57 Ty 1.59
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Table 8 Titanium Material Property

Young’ s ) ) ) _ )
Poisson” s | Density Yield Stress Ultimate tress
Vodulus 1t (ka/m?) (WPa) (WPa)
atio m a a
(GPa) °
Titanium 105 0.3 4500 1000 1070
—_ 33 —_
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[Unit: Pa]

1.59 Nm

(b)
Fig. 12 Finite Element Model of a Low-torsional-stiffness Isolator [(a): for
Azimuth, (b): for Elevation]
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[Azimuth Isolator] [Elevation Isolator]

Fig. 13 Low-torsional-stiffness Isolator used for Test
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Low-torsional-stiffness
Isolator for Azimuth

Coupling

Encoder / :

Low-torsional-stiffness
Isolator for Azimuth

(b)
Fig. 14 Torque Measurement Test Set-up Schematic [(a): Iso View, (b): Front
View]
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Fig. 15 Torque Measurement Test Set-up
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Table 9 Basic Characteristic Measurement Test Results

Torsional Stiffness

Max. Al lowable

(Nm/rad) Torque (Nm)
Low-torsional-stiffness
132.6 < 3.15
Isolator for Azimuth
Low-torsional-stiffness
115.74 <525
Isolator for Elevation
_41_
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Table 10 Parameter Values of X-band Antenna, with and without Isolation System

Parameter Value

Tis Jon [kg -] 0.012, 0.004
¢ 0.0233
k, (for w/o Azimuth Isolator) [Nm/rad] 308.60
k, (for with Azimuth Isolator) [Nm/rad] 104.14
k, (for w/o Elevation Isolator) [Nm/rad] 560.45
k, (for with Elevation Isolator) [Nm/rad] 111.50
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w/o Azi. Isolation System
with Azi. Isolation System
w/o EL Isolation System
with El. Isclation System

100 ¢
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Frequency (Hz)

Fig. 17 Comparison of the Transmissibility Curve, with and without Azimuth and

Elevation Isolation System
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Micro-vibration Measurement System

X-band Antenna : "
—" - ‘-_#_-

-

Fig. 18 Micro-vibration Measurement Test Set-up
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Fig. 39 X-band Antenna Pointing Maneuver Profiles wused for verifying
Micro-vibration Attenuation Capability of Azimuth Isolation System
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Table 11 Disturbance Reduction Ratio of Azimuth Isolation System with respect
to without Azimuth Isolation System

Peak Reduction (%) STD Deviation
Max Mean Reduction (%)
Fx 80.30 82.56 80.39
Region
| Fy 77.03 69.69 77.03
Fz 72.75 80.13 78.73
Fx 63.63 19.75 29.33
Region
| Fy 58.01 30.12 33.23
Fz 26.30 10.14 11.40
Fx 53.12 53.05 48.45
Region
¥ Fy 60.75 52.06 56.24
Fz 38.46 39.48 29.34
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Fig. 42 Comparison of Force-time Profile in TPF Activation for with and without
Azimuth and Elevation Isolation System
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Table 12 Disturbance Reduction Ratio of Azimuth Isolation System with respect
to without Azimuth and Elevation Isolation System

Peak Reduction (%) STD Deviation
Max Mean Reduction (%)
Fx 58.44 40.16 46.53
Fy 40.81 42.42 50.13
Fz 38.24 26.02 27.87
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Table 13 Disturbance Reduction Ratio of Azimuth and Elevation Isolation System
with respect to without Azimuth Isolation System

Peak Reduction (%) STD Deviation
Max Mean Reduction (%)
Fx 48.48 54.91 53.86
Fy 35.62 42.62 41.82
Fz 22.90 40.88 32.90
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