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Abstract: The on-board tilting mirror calibration mechanism has a mechanical driving part that helps
to achieve the main functional modes of deployment and stow when calibrating a spaceborne imaging
sensor. In general, it is necessary to consider a holding and release device in the mechanism design, to
secure the structural safety of the mechanical driving part in severe launch environments. However,
in the present study, we proposed a novel design strategy based on mass balancing, to guarantee
mechanical safety on the driving part of the tilt mirror mechanism, although the implementation
of the holding and release mechanism was not considered in the design. The effectiveness of the
proposed design was experimentally verified via launch vibration and life cycle tests. The test
results demonstrated that the mechanism fulfills all the required functions, and the design approach
proposed in this study is effective for ensuring mechanical safety on the driving part of the tilting
mirror mechanism in severe launch vibration environments.

Keywords: on-board calibration; tilting mirror calibration mechanism; holding and release mecha-
nism; launch vibration environment

1. Introduction

To guarantee the long-term stability of spaceborne infrared (IR) imaging sensors, the
sensor’s non-uniform output characteristics should be periodically calibrated using an
on-board calibration device during its on-orbit operation [1-5]. The non-uniform charac-
teristics of the sensor arise from the time elapsed, and continuous on and off operation of
the sensor in an orbit. Therefore, several types of in-orbit calibration technologies, such
as lamps, solar radiation, and blackbody-based calibration, have been developed and
implemented in actual space programs [2-5]. Blackbody-based calibration has been widely
utilized to provide a uniform and precisely known radiance temperature to an imaging
sensor for on-board calibration [6,7]. Olschewski et al. [6] developed a GLORIA in-flight
calibration system comprising two high-precision blackbodies that are independently con-
trolled at cold and hot temperatures using thermo-electric coolers. Oh et al. [7] proposed
an on-board blackbody system that can provide a broad range of radiance temperatures
achieved by the thermal design of a blackbody using heat pipes, radiators, and heaters.

To reflect the referenced radiance temperature from the calibration target of an on-
board blackbody to the image sensor, a scanning or tilting calibration mirror mechanism
has been widely utilized for space applications [8]. The main function of the mechanism
is periodically deployed to view the blackbody during sensor calibration, and is stowed
again to avoid interference with the main optical path during image acquisition. Therefore,
the structural safety of the mechanical driving part of the mechanism should be ensured
by incorporating a holding and release mechanism (HRM) to guarantee its reliable on-
orbit operation. This is one of the most frequently utilized design approaches to avoid
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structural damage to the moving part, by satisfying the stiffness requirement during the
launch event. In a previous study, the out-of-plane directional constraint of the tilt mirror
mechanism developed by Oh et al. [8] was also implemented by HRM, in combination
with a ball-and-socket mechanism to achieve the in-plane directional constraint of the
mechanism. The feature of the mechanism was to implement its fail-safe function by
using a frangibolt-type shape memory alloy (SMA) actuator to release the mechanical
constraint between the mirror and motor shafts to avoid blocking of the main optical path
induced by unexpected failure of the geared step motor operation. Suchman et al. [9]
also proposed a MIRO calibration mechanism with a fail-safe function achieved using a
pin-puller actuator [10]. Schmid et al. [11] proposed a scan mirror mechanism with a launch
lock device to clamp the scan mirror when launching. Compostizo et al. [12] proposed a
launch locking device developed for a meteosat third generation (MTG) scan mirror, which
can rotate around two axes. The locking mechanism is based on a simple four-bar linkage
mechanism that is moved by a spindle nut system. The effectiveness of the design was
demonstrated via theoretical prediction analysis and locking/unlocking tests. Oh et al. [13]
considered an SMA spring actuator to achieve the dual function of the fail-safe function
and mechanical constraint on the tilting calibration mechanism, although the HRM was not
considered in this design. The effectiveness of the design was successfully validated via
launch environment tests such as a sine burst, random vibration, and pyroshock simulating
impulse shock tests.

In general, the optical system integrated with the tilt mirror mechanism positioned
inside the spacecraft is thermally decoupled by a multi-layer insulator (MLI) support
structure. Therefore, once the mechanism is integrated to the spacecraft, it is impossible
to perform the calibration test and validate the normal operation of the mechanism after
the environment test by activating the mechanism, because it is securely fixed by HRM
to guarantee structural safety on its driving part. This indicates that there is no chance
to check the functionality of the mechanism before the satellites lift-off, unless the HRM
is released. After activation, a rework for fastening the HRM should be implemented.
Regarding the HRM introduced in a previous study [8], it should be sent to a provider
for refurbishment of the mechanism. Above all, the current configuration where the
tilt mirror mechanism is integrated inside the satellite does not allow accessibility to
the mechanism before disassembling the satellite. To overcome the limitation above
mentioned, Liu et al. [14] proposed a repeatable launch locking /unlocking device (RLLD)
for magnetically suspended momentum flywheel using the motor-screw as locking actuator
and a carbon-fiber bracket as unlocking mechanism. Zhang et al. [15] also proposed
the repeatable locking/unlocking device based on shape memory alloy wire and coil-
spring for magnetic bearing reaction wheel. However, these systems should be applied
to the additional driving or trigger parts such as the motor and gear box and heating
mechanism for working the shape memory alloy. This led to increased system complexity
and lower reliability; additionally, the total mass/volume of the system increased as well.
Furthermore, it is no longer feasible to execute on-board calibration if the launch locking
mechanism fails to successfully remove the launch constraint.

If it is possible to achieve a tilting calibration mechanism that guarantees the mechan-
ical safety of the driving part in a launch vibration environment, although HRM is not
utilized, all the limitations described above can be easily addressed. In this study, this
strategy was achieved by affecting a mass balancing on the moving part, and actively con-
jugating the additional force and torque from the constant force spring and detent torque
of the geared step motor, to minimize the rotational movement of the driving mirror of the
mechanism during the launch phase. This study deals with the effectiveness of the design
verified by functional, launch vibration, and life cycle tests for the demonstration model
of the mechanism. The test results demonstrate that the on-board tilt mirror calibration
mechanism was successfully designed and validated to meet all the required functions of
the mechanism.
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2. Design Description of Tilt Mirror Calibration Mechanism
2.1. Operation Modes of Tilt Mirror Calibration Mechanism

A tilt mirror calibration mechanism (TMCM) for on-board calibration of the imaging
sensor has operation modes such as deploy mode in on-board calibration and stow mode
after calibration, which corresponds to the imaging mode of the main optical payload
and fail-safe mode in the emergency mode. Figure 1 shows a schematic view of the main
operation modes of the TMCM. In the deployment mode of TMCM, which corresponds to
the calibration mode, the imaging sensor is periodically calibrated by utilizing the source
of the on-board black body’s radiation temperature, reflected from the tilt mirror when
the mechanism maintains a deployed configuration to view the black body, as shown in
Figure la. After completing the sensor calibration, the tilt mirror should be stowed again
to avoid interference with the main optical path for the execution of the main mission of
image acquisition, as shown in Figure 1b. If the mechanism stops at a specific position on
the main optical path during its operation, this causes a critical mission failure because
of the interference between the tilt mirror and the main optical path. In this emergency
case, it is impossible to perform the main mission of image acquisition anymore. Therefore,
the fail-safe mode should be included in the functional modes of TMCM, such that the tilt
mirror is automatically stowed by the fail-safe action of the mechanism in the emergency
mode, as shown in Figure 1c.

Main optical path

Imaging
sensor

lwu

Imaging
sensor

YyvYyYY

(b)

Figure 1. Cont.
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Figure 1. Operation concept of the proposed tilting mirror mechanism. (a) Calibration mode,

(b) Imaging mode, and (c) Emergency mode.

2.2. Mechanical Design of TMCM

Figure 2 shows the mechanical configuration of the TMCM in stowed and deployed
positions. This was proposed to realize a structurally reliable calibration mechanism that
survived in severe launch vibration environments, even though the mechanical driving
part of a deployable mirror is not securely fixed by the holding and release mechanism.
The mechanism mainly comprises a driving and a fail-safe module. The driving module
mainly comprises a step motor that imposes a tilting action on the mirror during on-board
calibration and limit switches, to check the status of the deployed and stowed mirrors. The
upper and lower limit switches are located near the motor axis to minimize the operating
force and are utilized to verify the status of the mirrors from an on-orbit telemetry. The
upper limit switches are also utilized to judge the mode transition of the motor to the
holding torque mode, to maintain the deployed position of the mirror during on-board
calibration of the imaging sensor.

Upper limit
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Angular-contact
bearing

Radial bearing

Step motor
Constant force
spring

Support frame
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Y
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Figure 2. Cont.
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Figure 2. Configuration of tilting mirror calibration mechanism (TMCM) (a) Isometric view, (b) Side view.

According to the European Cooperation for Space Standardization [16], the mecha-
nism should consider additional design improvements to eliminate a potentially critical
problem if the value of criticality is greater than six, even though the mechanism meets
the allocated reliability. The interference of the mirror with the main optical path because
of an unexpected problem during the on-orbit operation of the mechanism is regarded
as a critical item from the systems point of view. The fail-safe module to eliminate a
potentially critical problem mainly comprises a frangibolt-type shape memory alloy (SMA)
actuator [8] and a constant force spring. The operating principle of the mechanism in
an emergency case when the mirror stops at a specific position on the main optical path
during its operation is to release the mechanical constraint between the motor shaft and
the mirror frame structure, by actuating the frangibolt-type SMA actuator, as shown in
Figure 3. To recover the original shape of the actuator when the SMA actuator is heated
to approximately 100 °C, the notched bolt mechanically connecting the motor shaft and
the mirror frame structure is broken by the restoration force of the actuator. Subsequently,
the released mirror frame is automatically stowed back to its original position by the
restoration force of the constant-force springs. This approach is useful for the mechanism
driven by the geared step motor in the emergency condition, because its detent torque is
too high to re-stow the mirror automatically by using solely the restoration force of the
constant-force springs when the input power is cut off from the motor.

The strategy to secure structural safety on the driving part of the mechanism in a
launch vibration environment is to minimize the moment of the rotating frame of the
mirror, by applying a counter mass corresponding to the mass of the mirror. In addition,
the design actively conjugates the additional force and torque from the constant force
spring and detent torque of the step motor to implement a holding force on the rotational
mirror frame, instead of applying HRM.

For the design of the TMCM, we derived the torque budget using the ECSS standard
rule [17]. The required torque budget for the step motor should be larger than or equal to
the total of the external torque from the limit switches, ball bearings, and constant force
springs with some margin, as follows:

T > 2(1.1Tg + 1.2T; 4 1.2T; + 3Tp) 4 1.25Tuce, 1)

where Ty, is the required torque of the step motor, T; is the gravity torque, T; is the limit
switch torque, T is the constant-force spring torque, T}, is the ball bearing friction torque,
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and Ty, is the acceleration torque. To check the status of successful release for the fail-safe
mode, the constant-force spring torque of T, should be larger than

T, > 2(T; + Tp). 2)

Table 1 summarizes the torque budget of the tilting calibration mechanism, and the
specifications of the hardware utilized for the mechanism.

Motor shaft

Forced stow of tilt mirror Notched
by constant force spring bolt
Mirror

frame structure

Mechanical constraint
release by activation

Constant
of SMA actuator

force spring

Figure 3. Operation principle of fail-safe function.

Table 1. Torque budget estimation results for tilting mirror calibration mechanism.

Parameters Values (Nm) Remark
T, 0.137 Limit switches: 2 EA
T¢ 0.382

Angular contact bearing: 2 EA

To 0.042 Radial bearing: 1 EA

Tg 0.830

Tace 0.0004

Ty 0.253

Tm 3.325 Required torque on the motor

3. Structural Analysis of TMCM

To evaluate the effectiveness of the structural design of the TMCM, structural analysis
was performed using the 2019 Hypermesh/Optistruct software. Although mass balancing
was applied to the TMCM proposed in this study, it is impossible to perfectly coincide the
rotational axis of the mechanical driving part with the C.G of the TMCM, owing to the
inevitable machining and manufacturing tolerance [18]. Even a slight imbalance could
result in an excessive rotational movement of the mechanical driving part caused by the
centrifugal force under launch vibration excitation. Therefore, we performed structural
analyses of the TMCM under the condition that the C.G of the TMCM was shifted 1.2 mm
from the rational axis as the worst condition, considering the capability of the balancing
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machine. In addition, the effectiveness of the aforementioned pre-loads in minimizing the
rotational movement of the rotational mirror was evaluated in the analysis.

Figure 4 shows the calculated 1st eigenfrequency of the mechanism and the rotational
angle (My) of the tilt mirror under various preload conditions induced by Ty, T;, and T;.
Here, T, is the detent torque of the step motor and the parameter values adopted in the
simulation are listed in Table 1. The value of My was calculated when a design load of
50 g was applied along the x-axis, which is the most critical axis in terms of the rotational
movement of the mechanism. The 1st eigenfrequency value for the rigid rotational mode
of the mechanism without any pre-loads is 4.8 Hz and My is 2.8°. This is a condition
where only rotational gear stiffness and T, were applied. However, if T; is added to the
mechanism, the frequency increases to 17.6 Hz and Mj is 0.8°. In addition, the frequency
value is increased to 17.8 Hz, and My is decreased to 0.5° when T, is considered. These
results indicate that T; is the main parameter that increases the eigenfrequency of the
mechanism, and ensures the structural safety of the driving part of the mirror frame by
minimizing the angle of My. However, the value of T; cannot be increased excessively
because the tilt mirror is not automatically stowed by a fail-safe action in emergency cases.
The final configuration of the mechanism, considering T; torque in the opposite direction
is also plotted in the figure, and the variation in the characteristics of the mechanism is
negligible. The modal analysis results of the mechanism under all pre-load conditions are
summarized in Figure 5. The results of the first mode have been aforementioned, and the
torsion mode of the mirror frame for the y-axis was indicated in the second mode at 92.4 Hz.
The third and fourth modes at 158.7 and 241.7 Hz, respectively, mainly represent the elastic
mode of the mirror frame. These results were utilized to investigate the launch-vibration
test results.

@ 1% cigenfrequency ® M,
20 T T T T 13
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[ o ° :
< 15 __ E
=4 - 712
> 4
< - 4
5 i
S ok S
g 10 ; >
& Ot ] G
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% - ° ® ]1
51 [ ] 4
L ® ]
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Figure 4. Variation of the 1st eigenfrequency and rotational angle according to the preloaded conditions.
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(b)

(d)

Figure 5. Mode shape of modal analysis results (a) 1st mode (17.3 Hz), (b) 2nd mode (92.4 Hz), (c) 3rd mode (158.6 Hz),

(d) 4th mode (240.8 Hz).

4. Experimental Validation of Test Results

To confirm the effectiveness of the proposed TMCM design, we performed an opera-
tional function test to validate the deployment and stow functions of the mechanism. The
results of the test, obtained prior to launch environment tests to guarantee the structural
safety of the TMCM, and life cycle test to ensure on-orbit lifetime of the mechanism, were
compared with those conducted after completion of the validation tests.

Figure 6 shows the function test setup for TMCM. The TMCM was installed vertically
to minimize the effect of the gravitational force during mirror deployment. A 3-dimensional
coordinate measuring machine and laser aligner were used to measure the angle between the
stowed and deployed positions of the mirror. The required angle for judging the successful
deployment of the mirror, measured from its stowed position, was 47.4° &£ 0.35°. The function
tests were repeated 10 times at a temperature of 20 °C in an ambient environment, to ensure
the functionality of the mechanism after the environment test campaign. In this study, a
fail-safe function test was not performed because this function has already been validated
in a previous study [8] on a tilt mirror unit with a same frangibolt-type SMA actuator
utilized in this study.
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3-dimensional coordinate
measuring machine

Laser aligner

Figure 6. Operational function test set-up of TMCM.

To verify the structural safety of the proposed TMCM under a severe launch vibration
environment, random, sine vibration, and shock tests were performed at the qualification
level. Low-level sine sweep (LLSS) tests were performed before and after each vibration
test to check the variations in the dynamic characteristics of the mechanism. The criterion
for the LLSS test is that the variation in the 1st eigenfrequency is less than 5%. Figure 7
shows an example of launch environment test setups for the TMCM. An accelerometer
sensor was mounted on the test fixture to monitor input test loads. The output response of
the mechanism was measured at the support frame of the closest position, with respect
to the center of gravity of the mechanism. The qualification level test specifications are
summarized in Table 2a—c. In the test, notched input profiles were applied to the mechanism
to prevent the risk of exceeding the mechanism’s design load of 50 g.

: 'ﬁi}io' (C.Gat TMCM)
5 Bl A N |

Figure 7. Launch environment test set-up of TMCM.
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Table 2. Qualification level of launch environmental test specifications.

(a) Random Vibration

Item Specification
Axis XY,z
RMS acceleration 14.1 grms
Duration 2 min
Frequency (Hz) PSD acceleration (g2 /Hz)
Acceleration profile 20-50 0.0226
50-800 0.1413
800-2000 0.0424
(b) Sine Vibration
Item Specification
Axis X, Y,z
Sweep rate 2 oct/min
x and y-Axis z-Axis
Acceleration profile Frequency (Hz) Acceleration (g) Frequency (Hz) Acceleration (g)
5-12 +8 mm 5-12 +9.2 mm
12-30 6.5 12-30 9
30-100 3 30-100 6.5
(c) Shock
Item Specification
Axis X, Y,z
Frequency (Hz) SRS (g)
SRS profile 100 8
1515 270
10,000 270

Figure 8a—c show the normalized ratio () of the output response to the input test
load for each axis of the TMCM, which were calculated from the random test results. To
compare the effectiveness of the proposed TMCM with the mass balancing strategy, the
results of the conventional TMCM with HRM presented in ref. [8] are also plotted in the
figures. The proposed TMCM in this study uses the same step motor model as ref. [8]. The
total mass of the proposed TMCM is 3.4 kg, which is 2.4 kg less than that of the previous.
Although the mechanical moving part of the proposed TMCM is not constrained by HRM,
it exhibits response trends similar to those of the mechanism applying HRM. The responses
of the proposed mechanism follow the test inputs until approximately 200 Hz or more,
and peaks are observed in the higher frequency range, owing to the elastic modes of the
mechanism. Here, the amplitudes of the peaks for the proposed mechanism are relatively
lower than those of the conventional mechanism. This is because the friction between the
bearing part and rotational shaft results from the rotational movement of the proposed
mechanism, in contrast to the conventional mechanism. These test results indicate that the
mass balancing strategy of the proposed TMCM indicates a similar or better performance
in terms of structural safety, compared with the conventional TMCM with HRM in a launch
vibration environment. Based on these results, the structural safety of the proposed TMCM
for each launch vibration condition was evaluated.
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Figure 8. Comparison results of random vibration tests for TMCM with HRM [8] and the TMCM
without the HRM proposed in this study (a) in x-, (b) y-, and (c) in z-axis.

Figure 9 shows the representative sine vibration test results for the TMCM along
the x-axis excitation. The test results indicate that the responses of the mechanism along
the directions that correspond to the excitation axis follow the test input, without any
amplification in the overall frequency range. Only the slight peaks were observed from the
responses for the other two axes in the 10~20 Hz region, which were caused by the rigid
rotational mode of the driving part, as observed from the modal analysis results in Section 3.
This result indicates that the mass balancing strategy combined with the additional force
and torque effectively minimizes the rotational movement of the driving part.

Figure 10a—c show the results of the random vibration tests of the TMCM along each
axis. All these test results indicate that the rigid rotational mode, 17.8 Hz, of the TMCM
predicted from the structural analysis was not observed in the random vibration tests
because the excitation frequency was higher than 20 Hz. Regarding Figure 10a, the x-axis
response was first amplified at more than 800 Hz, which is the elastic mode of the TMCM.
This means that the mass balancing strategy and actively conjugating the additional pre-
loads are effective for minimizing the behavior of the TMCM. Figure 10b,c show almost
similar tendencies. In particular, the first peak of the x-axis response was observed at
140 Hz, which was predicted to be the third mode of the TMCM. The measured output
grms Values in the directions corresponding to the excitation axes were 21.0, 21.6, and 19.1
for each axis. The 3-sigma values of these g.ms responses indicated that the mechanism was
properly tested with respect to the design load of 50 g, although the values were exceeded
to some extent.

Figure 11 shows the shock test results of the TMCM along each axis. Shock test loads
were implemented using a vibration shaker. The input profiles of the shock response
spectrum (SRS) were measured at the base of the mechanism. This graph indicates that a
maximum of 980 g of SRS was applied to the mechanism in each axis.
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Figure 10. Random vibration test results of TMCM in (a) x-, (b) y-, and (c) z-axes.

Figure 12 shows the representative results of the low-level sine sweep (LLSS) test on
the x-axis of the TMCM before and after the launch environment tests. Table 3 summarizes
the 1st eigenfrequencies of the mechanism obtained from the LLSS tests on each axis.
The maximum variation of the 1st eigenfrequency of the mechanism in the vibration
tests was only 0.69%, which is within 5% of the test requirement. These test results
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indicate that the structural safety of the proposed TMCM in a launch environment was
successfully validated.

1000 T e T T oe o T oo

;

100

10

Shock response spectrum (SRS, g)

Input profile

Response at C.G ( x-axis)
Response at C.G ( y-axis)
Response at C.G ( z-axis)

1 i 1 I TR T N | 1 1 I T

100 1000 10,000

Frequency (Hz)

Figure 11. Shock test results of TMCM in each axis.

Table 3. Summary of low-level Sine sweep test results for TMCM.

Test Axis 1st Eigenfrequency (Hz) Variation (%)
Bef: 10.2
X efore 310.25 0.01
After 310.28
Before 392.50
Sine vibration y 0.69
After 389.79
. Before 704.02 0.34
After 701.59
Bef: 10.2
X efore 310.28 0.06
After 310.10
Before 392.50
Random vibration y 0.34
After 391.14
Bef 701.
. efore 01.59 0.68
After 696.75

To ensure the lifetime of the TMCM during the on-orbit operation, a life cycle test was
performed using the same test setup as shown in Figure 6. A total of 23,154 cycles of repeti-
tive deploy-stow actions of the tilt mirror were performed. The number of cycles applied
in the test was estimated by the summation of cycles accumulated during on-ground tests
and on-orbit operations in accordance with the ECSS rule [15]. The test results indicated
that the TMCM functioned well without any malfunction or failure during the test. After
completion of the life cycle test, the measured deployment angle of the mirror was com-
pared with that before the tests to check any performance degradation of the mechanism,
because of the accumulated stress on it. Figure 13 shows the deployment angle measured
after completing the launch environment and life cycle tests. The results obtained before
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these tests are also plotted in the figure. The maximum variation in deployment angles
among the measured conditions was £0.12°, which is within the angular tolerance range
of £0.35°, which indicates that there was no performance degradation in the mechanism
after each test. Consequently, all the test results indicate that the proposed TMCM with
mass balance strategy guarantees structural safety under the launch environment and
functionality on-orbit.

pce -J/‘

Acceleration (g)

Before environment test
After environment test

0.1 ] 1 R
10 100 1000
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Figure 12. Low level Sine Sweep results.
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Figure 13. Measured deployed angles before and after each test.
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5. Conclusions

In this study, a tilting mirror calibration mechanism with a mass balancing strategy
was proposed and investigated to ensure the structural safety of the mechanism in a launch
environment, although the launch lock mechanism was not applied to the tilt mirror. The
main functions of the TMCM are to deploy a mirror in calibration mode, and to stow it after
calibration or emergency situations, to avoid blocking the main optical path for imagery. To
validate the functionality of the mechanism, an operational function test was performed. In
addition, qualification level launch environment tests were performed to validate whether
the proposed design based on the mass balancing strategy was effective in ensuring the
structural safety of the mechanism during launch. The on-orbit lifetime of the mechanism
was also validated by a life cycle test. The overall test results indicated that the design
strategy proposed in this study is effective in achieving the design goals of the mechanism.
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