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ABSTRACT
A Study on Micro-vibration Isolation of Gimbal Type
Antenna Using by Pseudoelasticity SMA Mesh Washer

by Park, Yeon—hyeok
Advisor : Prof. Oh, Hyun-Ung, Ph. D.
Department of Aerospace Engineering

Graduate School of Chosun University

As recent satellite imagery markets require much higher resolution
images, the size of satellite image data transmitted to ground stations is
generally increasing. Therefore, high-resolution observation satellites
require an effective management strategy to transmit huge and
high-resolution image data to the desired ground station through
omnidirectional or directional X-band antennas. However, since the
directional X-band antenna can directly point the antenna in a specific
direction without being influenced by the attitude of the satellite or the
movement on the orbit, it can transmit the large-capacity image data more
effectively in the real-time mission than the omnidirectional antenna. The
effective pointing ability of the directional gimbal-type antenna can be
improved by attaching it to a multi-axis gimbals system operated by a
stepper motor. Such a X-band antenna with multi-axis gimbal system is
instal led outside the satellite and experiences a severe launch vibration
environment until it enters the target orbit. The above-mentioned severe
launch vibration environment include a dynamic disturbance such as a
quasi-static load, random vibration and shock. The various launch loads
affect the two rotational drives parts provided to direct the antennas of

the ground station irrespective of the orbital motion and attitude of the

_Xi_
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satellite in the operation of the 2-axis gimbal-type X-band antenna.
Therefore, a launch locking system is applied to enable successful
survival from the various launch loads in order to perform a successful
mission of the X-band antenna. In addition, a stepper motor is used to
operate the two rotation driving parts and a gear module having a constant
gear ratio is used to transmit the power of the motor to the two rotation
driving units. However, the micro—jitter disturbances caused by imperfect
intermeshed teeth of the harmonic drive gear configuration and dynamic
imbalance of the whole antenna system during the stepper motor activation
are one of the serious micro—jitter sources to degrade the image quality
of the high resolution observation satellite. Therefore, Kozilek et al.
proposed a titanium gear with a blade shape for the purpose about
attenuated micro-vibration generated during azimuth rotational driving of
a 2-axis gimbal-type X-band antenna. Because of the Ilow rotational
stiffness due to the blade shape, the desired micro vibration reduction
per formance is ensured by simple shape change of the gear without changing
the complex design of the antenna hardware through frequency separation.
However, when the above gear is applied, unexpecting over driving torque
is applied to the titanium blade gear due to the actual antenna assembly
process or alignment imbalance of gear axis caused by the severe launch
vibration loads or orbit-thermal environment. At this time, plastic
deformation occurs in the titanium blade, and there is a problem that it
is impossible to transmit accurate power for driving the antenna from the
motor shaft. In terms of the structural safety, above mentioned problem
can be easily solved by increasing the stiffness of the blade shape to
guarantee the structural safety of the titanium gear under the condition
that a much higher driving torque is induced. However, this approach might
result in degrading the micro—-jitter attenuation capability because the

function of attenuating the micro—jitter depends on the torsional

- xii —
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stiffness of the gear. In other words, the micro-jitter attenuation
capability cannot be expected anymore with the highly stiffened blade gear
design. Therefore, We focused on pseudoelasticity behavior of Shape Memory
Alloy (SMA) to overcome the problems of the titanium blade gear proposed
by Kozilek et al.. pseudoelasticity behavior is a characteristic that
significant deformations under excessive loading and recover its original
shape when the load is removed, without undergoing plastic deformation,
which is caused by a stress induced phase transformation. Therefore, In
order to attenuate the micro-vibration generated at the azimuth stage of
the 2-axis gimbal-type antenna, We proposed gears with SMA mesh washer.
This application makes it possible to achieve a lower torsional stiffness
and higher damping in the torsional direction of the gear. The lower
torsional stiffness and higher damping are main contributors to the
micro—jitter isolation capability of the gear when the stepper motor is
actuated. In addition, the pseudoelasticity of the SMA mesh washer
guaranteed the structural safety of the gear itself even under unexpected
circumstances such as over—driving torque induced into the gear.

In this study, we describe the structural design of a two-axis
gimbal-type X-band antenna and analyze the dynamic response characteristic
of the antenna under different constraint conditions depending on whether
or not the launch lock device is constrained under launch and on-orbit
environment. In addition, the quasi—static analysis was performed to
confirm the structural safety of antenna structure and bolt [/Fs between
antenna base and satellite. The suitable range of constraint force on
launch lock device was also determined to ensure the structural safety and
mechanical gapping of ball & socket Interfaces, which provides
multi-constraints on the azimuth and elevation stage of antenna. and, This
paper describes the introduction and structural design of the proposed SMA

mesh washer gears for micro-vibration isolation that occurs when the

— xiil —
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mission of the X-band antenna is performed in orbit. In order to verify
the design validity of the gears, basic characteristics tests for gears,
static load tests under various temperature conditions, and accelerated
life tests were carried out. The effectiveness of the micro-jitter
attenuation capability of the SMA mesh washer gear was demonstrated by the
miro-jitter measurement tests by using a 2-axis gimbal-type stepper

actuated x-band antenna.

Key Word : 2-axis Gimbal-type X-band Antenna, Launch Vibration,

Micro—jitter, SMA Mesh Washer Gear
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[High-quality Image with Isolation]

Fig. 1 Image Quality Degradation due to Micro-vibration Disturbance Source
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Elevation
Stage

Azimuth
Stage

Azimuth Rotation
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1’ Elevation Rotation
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Antenna Horn

Yoke

Hold-down
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Fig. 2 Configuration of a Two-axis Gimbal-type X-band Antenna
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Azimuth Rotation

(U nHTited)

1 Elevation Rotation
o _;\ (15° - 145°)

1XBearing 2

2XBearing 1

Antenna
Horn

Antenna

ELEVATION Bracket
STAGE 4xBall & Socket
I'F Yoke

Hold-Down

HDRM Bracket
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2xTorque Spring
2XBearing 3
AZIMUTH
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Connector
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Fig. 3 Finite Element Model of a 2-axis Gimbal-type X-band Antenna

Collection @ chosun



RBE 3 Element CBUSH Element

Fig. 4 FEM of a Ball Bearing
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RBE 2 Elemenit

RBE 2 Element

CBUSH Element

Fig. 5 FEM of Launch lock Mechanism

Collection @ chosun



Table 1 Information of Finite Element Model

Node or Element Number Total
Node 307474 307474
Sol id CHEXA8 68072
CPENTAG 251253
CTRIA3 747
CQUAD4 24123
Element CBAR 32 344392
Shell CBUSH 11
CONM2 13
RBE2 125
RBE3 16
— 15 —
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Table 2 Stiffness of Azimuth and Elevation Bearings

Collection @ chosun

Stiffness Value[N/m]
Dir. El. Stage Az. Stage
Bearing 1 Bearing 2 Bearing 3
Axial 63 x 10° 0 113 % 10°
Radial 156 x 10° 80x 10° 208 x 10°
— 16 -




Table 3 Material Properties for Structural Analysis

Young' s . , .
. Poisson s Density
Parts Material Modulus Ratio (ka/ii)
(GPa) o
Gear Titanium 150 0.3 7900
Fastener SUS 304 201 0.3 4500
Antenna A16061
68.9 0.33 2700
Bracket -T4
All Other Al7075
72 0.33 2800
Parts =17
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T0-001

[Mode 2: 50.53Hz]

[Mode 3: 79.27Hz] [Mode 8: 390.29Hz]

Fig. 6 Mode Shape of a 2-axis Gimbal-type X-band Antenna in On-orbit
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Table 4 Modal Analysis Results in On-orbit Condition
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Mode Frequency (Hz) Remark

1 40.35 York Assy.

2 50.53 York Assy.

3 79.27 Antenna Bracket
4 175.83 York Assy.

5 228.12 York Assy.

6 361.35 Connector Bracket
7 376.34 Antenna Bracket
8 390.29 Connector Bracket
9 405.43 Connector Bracket
10 474 .38 Connector Bracket

— 920 —




[Mode 1: 103.39Hz] [Mode 2: 115.32Hz]

[Mode 3: 164.25Hz] [Mode 8: 378.87Hz]

Fig. 7 Mode Shape of a 2-axis Gimbal-type X-band Antenna in Launch
Environment
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Table 5 Modal Analysis Results in Launch Condition
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Mode Frequency (Hz) Remark

1 103.39 York Assy.

2 115.32 York Assy.

3 164.25 York Assy.

4 189.09 York Assy.

5 214.96 York Assy.

6 357.81 Antenna Bracket
7 359.27 York Assy.

8 378.87 Connector Bracket
9 417.68 Connector Bracket
10 479.00 Connector Bracket

— 99 —




OHRILE =& XIOll CH

2.

oA =

EE 9

, Ot

™~

9]

ol
]!
(@)

K0

)
o
ol

o0
0

el X,

=

i

2F
=

eHHEILES

off & Al

B3
s}
i
<

—_

w

I+
0l

<
i

KJ

=

1

o O gllowable
SFXo, .

MoS

010

K]

ol
i
<

—_

I+

0
xr

=
1o

KA

Ju

’ Um ax

1)

0

[—

O allowable

OO0 A,

KJ
JI
W

fir

-

10
KT

jild

ol
or
0l0

)
JJ

o)

01 2

X

=

t&S 50.59g5 QIJF Al QHHILE

= e)

oft

Ol CH

Sk
S

MoS2| H|

010

Table 6

LEEHHCE.

-

Al

-

Al

]I
I

o

ol
s

!
K

ES=pr(psl

OrHILY
U =22 E Hold-down Bracket2l

OF

)
=

SAHSHSO0
ULH.

et A

tCt.

110
Jo

=N

=
=
=

Fig. 82 Y

B

A
T

oF
=

ol
w0
H
o

Ok

0l
nS

KJ

2

=
1o

oI

i0J

et S=01 Edge

ol ol

eteILte

EHOF AtMIE Ol et EdgeEEHZ

=4
(=}

Fillet

Lo
=

H BlwWH

0|
3% Fillet

=
=
=

Rr

et X, Z

ot X1 Al Xl

Xel

1 Rt SEEIRULCH.

Ot &
—

0.09, 0.052

)

<0

H

0
£l

0l
s

oI

=il

(o)a]

19)
20
ol

Al
010

ol
KE)
<+

o
il
U

T

<0
xr

=
1o

=
1o

ol

—_

El

o

CHHILE ZE X2

e 422 2H

= Ct.

Collection @ chosun



Fig. 8 Stress Contour of a 2-axis Gimbal-type Antenna
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Table 6 Quasi-static Analysis Results of a 2-axis Gimbal-type Antenna
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O max [MPa] MoS
Callon_ | OCallow
Material yie. ult. X Y z S.F X Y z
[MPa] | [MPa] | Dir. | Dir. | Dir. Dir. | Dir. | Dir.
Yie. | 1.25]10.50 | 0.09 | 3.05
Aluminum
435 505 232 | 318 | 85.8
7075-T7
Ult. | 1.5 10.45/0.05|2.92
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Fig. 9 Mounting Interfaces on Base Bracket of X-band Antenna
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Table 7 Quasi-static Analysis Results of Antenna's Mounting |/F
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X Dir. Y Dir. Z Dir.

Bolt

Fx [N] | Fy IN] | F2 [N] | Fx IN] | Fy [N] | F.IN] | Fx IN] | Fy IN] | F, [N]
1 404.96 | 385.04 | 940.76 | 470.64 | 703.52 | 1391.8 | 140.80 | 319.39 | 887.23
2 919.63 | 702.16 | 390.66 | 371.95 | 627.41 | 65.56 86.23 | 364.07 | 786.66
3 787.77 | 556.91 | 548.65 | 167.41 | 583.56 | 76.90 61.76 | 619.85 | 588.62
4 130.50 | 614.87 | 1043.0 | 477.85 | 685.42 | 1391.0 | 87.25 | 267.56 | 296.95
5 756.25 | 689.17 | 613.40 | 171.83 | 571.51 | 77.58 41.12 | 584.48 | 549.17
6 802.06 | 167.78 | 431.09 | 374.75 | 629.74 | 55.14 53.31 | 451.24 | 692.84
Max

2 2 _

Shear \ F; +Fy =1157.04N
Force
Max
Axial 1391.80N
Force




Table 8 Margin of Safety for Mounting |/F (Axial and Shear Direction)
o o
Load ' al low al low O rax S.F MoS
- Material _yie _ult [Moa]
' Pal | [wPa] | "2 | Yield | UIt. | Yield | UIt.
. A-286
Axial 950 1100 69.2 1.25 2.0 9.98 7.06
Steel
A-286
Shear 548 655 57.5 1.25 2.0 6.62 4.69
Steel
Table 9 Margin of Safety for Mounting I/F (Combined Force w.r.t Axial
and Shear Direction)
Raxial Rshear Reonb. MoS
Load .
. Material
Dir. Yie. | Ult. | Yie. | Ult. | Yie. | Ult. | Yie. | Ult.
. A-286
Combined Steel 0.091 | 0.124 | 0.151 | 0.175 | 0.176 | 0.214 | 4.68 | 3.629
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Fig. 10 Composition of Launch Lock Mechanism
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B1_a

B2_a

B1 b

B2 b

Fig. 11 Definition Number of Ball & Socket Mechanism
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19.5 Nm (2EA)

5~11kN

Fig. 12 Holding Force and Torque of Torque Spring for Launch Lock

Mechanism
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Table 10 Reaction Force of Ball & Socket in Case 1

NO Fx Fy Fz Fax fal Fshear
' [N] [N] [N] [N] [N]
Bi_a 247 .3 263.9 556.6 247 .3 616.0
B1_b 319.8 362.4 609.7 319.8 709.3
B2_a 477 A 648 .1 1240 .1 477 1 1399. 1
B2_b 302.4 223.0 940.8 302.4 966.9
Table 11 Reaction Force of Ball & Socket in Case 2
Fx Fy Fz Fshear
No. = N
[N] [N] [N] s (1) N]
Bi_a 512.3 480.4 1146.0 512.3 1242 .6
B1_b 563.8 383.5 1350.6 563.8 1404 .0
B2_a 1263.9 1666.5 4111.1 1263.9 4436.0
B2_b 1946 .5 1364.0 4334 .1 1946 .5 4543.6
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Table 12 Margin of Safety for Ball & Socket Gapping

No. Margin of Safety
Bi_a 0.73
Bi_b 0.61
B2_a 1.31
B2_b 4.35
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Table 13 Margin of Safety for Ball & Socket Mechanism's Bolt (Axial and
Shear Direction)

S.F MoS
Load . Oallowyie | Oallowult O max
. Material
Dir. [MPa] [MPa] [MPa] Yield | UIt. Yield | Ult.
Axial | CDA 172 620 750 96.74 1.25 2.0 4.12 2.88
Shear | CDA 172 310 375 225.83 | 1.25 2.0 0.09 | -0.17

Table 14 Margin of Safety for Ball & Socket Mechanism's Bolt (Combined
Force w.r.t Axial and Shear Direction)

Raxial Rshear Reonb. MoS

Load .
. Material . . . .
Dir. Yield | Ult. | Yield | Ult. | Yield| Ult. | Yield | Ult.

Combined | COA 172 | 0.19 | 0.26 | 0.91 | 1.20 | 1.10 | 1.06 | -0.08 | -0.19
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Fig. 13 Relation of MoS for Ball & Socket Mechanism’ s Gapping and Bolt
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Table 15 Parameter Value for Torque Budget

Collection @ chosun

Factor Torque (Nm) Number of Set (EA)
T, 0.477 -
T, 0.108 1
T, 0.028 2
TS‘/R O . O 1 4 -
T'A(r, O . 003995 —
T, 1.57 -




= Titanium Gear

Margin of Safety

P SN N SN S S SN N NN [ Y T TH N TN T S S S |

0.5 1 1.5 e 2
Torque (Nm)

Fig. 14 Margin of Safety for Titanium Blade Gear
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(a) (b)

Fig. 15 Titanium Blade Gear Configuration before and after Induced

Over—driving Torque [(a): Before, (b): After]
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(a) (b)

Fig. 16 SMA Material Close-up View w.r.t Phase Transformations [(a):

Austenite Phase, (b): Martensite Phasel
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Fig. 17 Configuration of SMA Washer
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Table 16 characteristic value of SMA [27]

Characteristic Value

Martensite Finish Temperature () -21C
Martensite Start Temperature (az) -12C
Austenite Start Temperature (4,) -5C
Austenite Finish Temperature (4;) 15T

, Martensite 75GPa

Young™ s Modulus

Austenite 80GPa

Specific Heat 0.46kJ/ (kg - K)

Thermal Conductivity 10W/(m - K)
Tensile Strength 1300MPa
Elongation at Break 45%
Coefficient of Thermal Expansion 10.4um/K
Density 6.459/cm’
0.33

Poisson’ s Ratio (p)
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Fig. 21 Free-vibration Test Set-up
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Fig. 23 Rotational Characteristic Test Set-up for SMA Mesh Washer Gear
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— SMA Mesh Washer Gear (Case 1)
— SMA Mesh Washer Gear (Case 2)
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Fig. 24 Comparison of Hard and Soft SMA Mesh Washer Gear Rotational

Characteristics (£1° )
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Fig. 25 Comparison of Hard and Soft SMA Mesh Washer Gear Rotational
Characteristics (£2° )
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—— SMA Mesh Washer Gear
—Titanium Gear
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Fig. 26 Titanium and SMA Mesh Washer Gear Rotational Characteristics (+1° )
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Fig. 27 Titanium and SMA Mesh Washer Gear Rotational Characteristics (+2°

Collection @ chosun

Angle (degree)

1 05 0 05 1

1.5

2

)



Torque (Nm)

. N IR S B S SI RS S B
=15 =10 -5 0 5 10 15

Angle (degree)

Fig. 28 Rotational Characteristic Test Results for SMA Mesh Washer Gear
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Fig. 29 SMA Mesh Washer Gear Configuration before and after Rotational

Characteristic Test
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Fig. 31 Transmissibility Curves According to Rotational Angle of SMA Mesh
Washer Gear
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Table 17 Parameter Values of X-band Antenna

Parameter Value

J 0.012

Csara 0.62

K, (with SMA Mesh Washer Gear) 10.47
K, (with Conventional Gear) 309.89
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Fig. 33 Comparison of Rotational Stiffness w.r.t Accelerated Life Test between
SMA Mesh Washer and Titanium Blade Gear
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Fig. 34 Titanium Gear for Accelerated Life Test [(a): Before, (b): After]
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(a)

(b)

Fig. 35 SMA Mesh Washer Gear for Accelerated Life Test [(a): Before,
(b):After]
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Fig. 36 Rotational Characteristics of SMA Mesh Washer Gear at Variable
Temperature Conditions
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Fig. 39 Micro—jitter Measurement Test Set-up
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Fig. 40 Comparison of Time Profiles for Force between Conventional Gear
and SMA Mesh Washer Gear
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Fig. 41 Waterfall Plots of Disturbance Forces for Azimuthal Rotating

Movements of the Antenna applying the Conventional Gear
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Fig. 42 Waterfall Plots of Disturbance Forces for Azimuthal Rotating

Movements of the Antenna applying the SMA Mesh Washer Gear
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Table 18 Total Disturbance Reduction Ratio Between the Conventional
Gear and SMA Mesh Washer Gear

Peak Reduction (%)
STD Deviation Reduction (%)
Max . Mean.
F, 68.9 62.8 65.2
F, 67.1 63.9 67.5
F, 56.7 49 .5 52.1
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