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KEYWORDS Abstract There exists an increasing need for Milli-Arc-Seconds (MAS) accuracy pointing measure-
Image motion; ment for current and future space systems. To meet the 0.1” space pointing measurement accuracy
Micro-vibration; requirements of spacecraft in future, the influence of spacecraft micro-vibration ona 0.1” Space Point-
Milli-arc-seconds; ing Measuring Instrument (SPMI) is studied. A Quasi-Zero Stiffness Device (QZSD) with adaptive
Quasi-zero stiffness device; adjustment and variable stroke was proposed. Then, a series of micro-vibration experiments of the
Space pointing measuring SPMI were carried out. The influence of the micro-vibration generated by Guidance Navigation Con-
instrument trol (GNC) attitude control components under different attitudes on the SPMI was analyzed. Point

spread function of image motion in micro-vibration was also derived. Further, the changes of image
motion under the micro-vibration environment were evaluated by extracting the gray centroid of the
images, and the experiment processes and results are deeply discussed. The results show that the first-
order frequency of the QZSD system is 0.114 Hz, and it is induced by a double pendulum system; the
image motion of single flywheel spinning reached 0.015 pixels; whilst the image motion reached 0.03

* Corresponding author at: Space Optoelectronic Measurement and Perception Lab., Beijing Institute of Control Engineering, Beijing 100190,
China.
E-mail address: cast_lilin@163.com (L. LI).

Peer review under responsibility of Editorial Committee of CJA.

ELSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.cja.2022.02.003
1000-9361 © 2022 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cja.2022.02.003&domain=pdf
mailto:cast_lilin@163.com
https://doi.org/10.1016/j.cja.2022.02.003
http://www.sciencedirect.com/science/journal/10009361
https://doi.org/10.1016/j.cja.2022.02.003
http://creativecommons.org/licenses/by-nc-nd/4.0/

192

L. LI et al.

pixels when three flywheels are combined spinning. These latest findings provide a beneficial theoret-
ical and technical support for the development of spacecraft with 0.1” pointing accuracy.

© 2022 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Space pointing measurement is a technology to measure the
attitude or Line of Sight (LOS) of spacecraft or pay-load in
reference coordinate system.'” The measurement instruments
include star sensor, star camera and target tracking camera,
which generally referenced by celestial body.! With their help,
the pointing parameters can be calculated by image processing
of the image of the obtained space target images.

It will be a big benefit® to space optical communication,
gravitational wave detection, inter-satellites measurement,
accurately landing for celestial bodies if spacecraft pointing
accuracy reached 0.1” or higher. However, this is a challenge
because MAS-SPMI systems are very sensitive to disturbances,
such as micro-vibrations that generated by the components of
spacecraft GNC system.” 7 Most spacecraft will be affected by
micro-vibration, low-level mechanical vibration or disturbance
in the microgravity environment, typically occurring at fre-
quencies of less than 1 Hz up to a few kHz.” For the low ampli-
tude of the micro-vibration dynamic environment, it has no
obvious impact on most components of the spacecraft, so it
is usually negligible.” However, for MAS-SPMI, the micro-
vibration environment seriously affects the pointing accuracy,
and sharply produces unwanted image motion,® thus affecting
pointing measurement accuracy. Therefore, the impact of
micro-vibration must be considered in the development of
0.1” spacecraft. Modeling analysis and experimental studies
are effective methods for micro-vibration research.” Due to
the complexity of multi excitation coupling and structural res-
onance in the process of micro-vibration transmission in space-
craft structure, modeling analysis method produce significant
error, which may reach about 50%.° ' The experimental
study method is much more accurate, and the error is usually
less than 10%.%>""" Yet, the low stiffness for micro-vibration
experiment in laboratory has provided this much needed foun-
dation, especially how to ensure quasi-zero stiffness environ-
ment is seriously important, which will be one of the key
factors to determine the reliability of the experiment.'* '

Pasting acceleration sensor at the sensitive position of
spacecraft structure to measure the magnitude of disturbance
is suitable for micro-vibration test, and multiple sensors could
be pasted to collect disturbance data from differential loca-
tions.'”'® However, this method has a high location accuracy
requirement for the acceleration sensors, and the mass of sen-
sors will have a certain impact on the optical structure, in addi-
tion, the micro-vibration response measured by the sensor
cannot directly establish the decrement of the image. Using
laser to measure micro-vibration is a relatively mature non-
contact testing method, which is usually tested by using Dop-
pler frequency shift or laser interference technology.'” '’ This
method may not have an adverse impact on the tested system
in the measurement process. Nevertheless, for well-equipped
instruments, it is not possible to measure the disturbance of
its internal structure and image motion. Direct imaging

method evaluates the influence of micro-vibration by analyzing
image parameters, such as image motion, through imaging
experiments. This method requires the test system to have
quasi-zero stiffness condition. Flexible rope was mostly used
to realize the low stiffness in the process of micro-vibration
test.”” > Even so, the stiffness of flexible-rope methods is still
larger and do not have the ability of displacement adjustment
and direction adjustment.

Based on the suspension method, a Quasi-Zero Stiffness
Device (QZSD), with adaptive adjustment and variable stroke
is proposed, it can be simplified as a double pendulum system,
and effectively realize the low stiffness environment required
for the micro-vibration test of MAS-SPMI systems. Further-
more, the changes of image motion under the micro-
vibration environment of different spacecraft attitudes were
evaluated by extracting the gray centroid of the images, and
the experiment process and results are discussed in-depth.
Contents of this paper are divided in to five parts. Section 1
is the introduction. Section 2 introduces the compositions of
the experiment systems in-detail. Section 3 mainly focuses on
the principles. Section 4 studies experimental process and dis-
cuss the results. The last section concludes the research work of
this paper. This work provides an effective technical support
for the development of spacecraft with milli-arc-seconds point-
ing requirements.

2. Experiment systems

2.1. System components

The micro-vibration experiment system mainly includes inte-
grating sphere, aperture target, collimator, pointing measuring
instrument of 0.1, quasi-zero stiffness device, flywheels, equiv-
alent platform about inertia moment, optical vibration isola-
tion platform and controllers. The micro-vibration imaging
experiment system is shown schematically in Fig. 1. The inte-
grating sphere, aperture target and collimator are installed
on the optical vibration isolation platform. The pointing mea-
suring instrument is the measured object, and MAS-SPMI is
fixedly connected with the equivalent platform; three flywheels
are orthogonally installed on the equivalent platform to pro-
vide low mechanical disturbance for the pointing measuring
instrument; the QZSD is providing low stiffness, which is
one of the core condition; and the quasi-zero stiffness suspen-
sion adjusting device, pointing measuring instrument, distur-
bance source and inertia equivalent platform form a set of
two pendulum system. Note that, D is the diameter of the col-
limator, and f'is the focal length of collimator.

2.2. Quasi-zero stiffness device components

The QZSD consists of suspension crown block, high stiffness
sling, slings for lifting loads, spring with high strength and high


http://creativecommons.org/licenses/by-nc-nd/4.0/

Image motion and experimental study of a 0.1” space pointing measuring instrument formicro-vibration conditions

193

x flywheel

y flywheel

QzSD

‘ 50 um Collimator
Integrating  gperture D=400 mm
sphere target J=ldm

| SPMI

Y 3
A<E

z flywheel

1§r’/Equivalcnt

Optical vibration isolation platform

A A

7 o0

Fig. 1

strength, bidirectional bolts, as shown in Fig. 2. The slings for
lifting loads are placed horizontally, four second lifting points
are set at the four corners of the upper end face, and four third
lifting points are set at the four corners of the lower end face.
Four second lifting points are respectively connected to the
suspension crown block through the high stiffness sling, and
the four third lifting points are respectively connected to the
upper end of the corresponding spring under the slings for lift-
ing loads through the high stiffness slings; The lower ends of
the four springs are respectively connected to the first lifting
point through a bidirectional bolt. The top of the equivalent
platform about inertia moment is provided with four hooks,
which are respectively connected with the four first lifting
points at the lower end of QZSD; The bidirectional bolts con-
sist of a two-sided nut frame and two M 16 high-strength bolts.
After the equivalent platform suspended, adjust the direction
of six degrees of freedom (x, y, z, u, v, w) through QZSD, so
that the pointing measuring instrument is facing the collima-
tor, where the coordinate system is defined in Fig. 3.

2.3. Coordinates

The coordinate system of experiment system is defined, as
shown in Fig. 3. The coordinate origin point of the experiment
coordinate system is located at the center of mass pointed to
the SPMI, the moment of inertia equivalent platform and
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Schematic diagram of experiment system.

the flywheel assembly. It is defined that the optical axis direc-
tion is the positive axis in z axis, x axis and y axis are parallel
to the image plane; the pitch direction of the test system is
around the x axis, the yaw direction is around the y axis,
and the roll direction is around the z axis.

The origin coordinate O is located at the center of the focal
plane pointed to SPMI. The normal direction of the focal
plane is defined as the positive axis of z¢, which coincides with
the optical axis z. The x; axis and y; axis are parallel to
the x axis and y axis of the experiment system coordinate sys-
tem respectively. The distance between the origin point O of
the experiment system coordinate system and the origin point
Or of the focal plane coordinate system is 208.3 mm. Point
p(0, L) represents the real position of the aperture target on
the focal plane under the micro-vibration environment, 6 rep-
resents the image motion direction, and L represents the image
motion value.

3. Principles

3.1. Quasi-zero stiffness

In this paper, the quasi-zero stiffness design of the test device is
completed by the four groups of springs and high stiffness
slings. It is assumed that each group of spring ropes contains

Fig. 3 Schematic diagram of experiment system coordinate.



194

L. LI et al.

the same number of linear springs and share the total mass m;
(about 110 kg), including SPMI, test tooling, disturbance
sources, quasi-zero stiffness device and other connecting fas-
teners. A previous work'® and Refs. 20-23 have shown that
experiment system stiffness can be calculated by approximately
regarding the suspension system as a single pendulum system
to calculate the system stiffness. However, in this work, we
found that the quasi-zero stiffness device, SPMI, disturbance
source and inertia equivalent platform form a set of double
pendulum system. There exists a great impact on the stiffness
calculation of the test system.

The dynamic equation of the double pendulum system is
established by LaGrange equation.” The equation is a system
of binary second-order implicit differential equations, which is
solved by Runge-Kutta method”” to obtain the characteristic
frequency of the device, that is, the stiffness value of the exper-
iment system.

The dynamic equation of the double pendulum system is
expressed by

Llél + ﬁbézcos(@z — 01) — (mlnfmz) Lzézsin(ez — 01)
+gsin(91 = OLzéz + Llélcos(f)z — 01) — Llélsin(Hz — 01)

+gsinf, =0

()
where L, is the length of the first swing arm, L, is the length of
the second swing arm, m; is the equivalent mass of the first
swing arm, m, is the equivalent mass of the second swing
arm, and g is the gravitational acceleration in direction, 60, is
the included angle between the first swing arm and the gravita-
tional acceleration in direction, 6, is the included angle
between the second swing arm and the gravitational accelera-
tion in direction; él represent the second derivative of 0,
and 0, represent the second derivative of 0,.

Runge-Kutta method is used for solving Eq. (1). The first
two-order frequencies caused by the double pendulum system
are 0.1137 Hz and 0.2953 Hz, respectively, as shown in Fig. 4.

3.2. Variable stroke and double stroke adjustment principle

To ensure the image of the aperture target is limited in image
focal plane of SPMI during the installation and adjustment of
the experiment system, the pitch and yaw attitude would be
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Fig. 4 Results of 0, and 6,.

adjusted through the double range bolts component to make
the target image in the field of view of SPMI. The pitch of
M16 bolt is one millimeter, which means that the double pass
bolt rotates for one turn, and the change value Z, at both ends
of the bolt is two millimeters. Based on this principle, the
adjustment resolution of single turn 6, is calculated as follows:

Z, 180

0,=— — 2
=2 @
If the single circle scale is divided into sixty parts, then

7, =7,/60
0 — % (3)
u 60

During the experiment progress, the aperture target can be
adjusted within the field of view of SPMI easily in a short time
through the double range bolt.

3.3. Image motion mechanism caused by micro-vibration

The micro-vibration of spacecraft includes six degrees of free-
dom, which are embodied in three degrees of freedom linear
micro-vibration and three degrees of freedom angular micro-
vibration. The dynamic imaging process of space point target
is usually described by Point Spread Function (PSF),”® which
is expressed by

6
5(x7y) =S(x,y)Hd,-(x,y)+g(x,y) (4)
i=1

where J(x,y) represents the target imaging in the micro-
vibration environment, s(x,y) represents the image in the
undisturbed environment, 7, di(x,)) represents the point
spread function PSF in the micro-vibration environment in
the six degrees of freedom direction, and g(x,y) is Gaussian
white noise.

In the micro-vibration environment, the point spread func-
tion and its Fourier Transformation D(u,v) is respectively
expressed as follows:

1/L, x € [0, LcosO], y € [0, Lsin0)]

) = { | (sa)
0, otherwise

D(u,v) = sin(IT(ucos0 + vsinO) L) _iryiucos0vsino)r (5b)

II(ucosO + vsind) L

Therefore, the PSF could be further described in micro-
vibration environment.

3.3.1. PSF of linear micro-vibration

The linear micro-vibration is decomposed into three axes, x
axis, y axis and z axis. The linear micro-vibration on the opti-
cal axis z axis will not cause the position change of the point
target on the image plane, and its value is zero, i.e.:

L =0 (6)

In the image plane, the x axis and y axis are orthogonal and
symmetrical, and their influence mechanism is the same, as
shown in Fig. 5.

From the Triangular geometric relationship:

M af
ET @
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Fig. S

Schematic diagram of line micro-vibration.

where, M represents the object distance, f represents the focal
length of SPMI, «a represents the acceleration caused by micro-
vibration, and ¢ represents the acceleration duration time.

Then, the point spread function of linear micro-vibration
can be expressed as

L,=(1+f/M)a.?, 0=0°
L, = (1+f/M)a,f, 0 =90° 8)
L.=0

3.3.2. PSF of angular micro-vibration around LOS

The influence of angular micro-vibration around the optical
axis z axis on imaging is different from that of non-optical axis.
Due to the relativity of motion, when the incident light remains
unchanged, the angular micro-vibration Ay of the pointing
measuring instrument around z axis can be equivalent to the
angular micro-vibration Ay of the incident light around z axis
when the absolute position of SPMI remains unchanged, as
shown in Fig. 6.

As shown in Fig. 5, the image point p(6, L) moves to point
p'(0, L) after angular vibration. According to the linear micro-
vibration derivation method, the PSF of angular micro-
vibration around the optical axis in a short exposure time is
expressed as formula (9), a,, is the angular acceleration around
the z;.

L, = /x4 y*a,t*,0 = /2 + arctan(y/x) 9)

3.3.3. PSF of angular micro-vibration vertical LOS

The x axis and y axis are in the direction of non-optical axis.
The angular micro-vibration along the non-optical axis will
cause the image plane, incident light and optical axis to rotate
around the non-optical axis, and make the imaging image

Yoy L= [x1p

p'6. L)

Fig. 6 Schematic diagram of angular micro-vibration around
Z axis.

points offset. This relative motion is equivalent to the immobil-
ity of the optical center. The angular micro-vibration gener-
ated by the image plane, incident light and the optical axis
around the image plane x axis is of A¢ and Ag of y axis, as
shown in Fig. 7.

The PSF of angular micro-vibration around x axis and y
axis can be obtained as follows:

2 2
Lu = fJ;'X oy - t27 0=0°

2‘Y
L=, 2 0=90°

(10)

3.4. Extraction method of image motion caused by micro-
vibration

Under the influence of flywheel disturbance, the image motion
is the main factor that makes the accuracy worse. In this paper,
the image gray value centroid is used as the evaluation refer-
ence of image motion. The calculation formula of centroid
algorithm is shown as follows:

ST i

X = Z,;Z,;] ij (11a)
Zj:lZi:lIi/
ST

= ;12,;1 i (11b)
Zj:lZi:lIf/

where I; represents the gray value of pixel points in i row and j
column, x; is the coordinate of the gray value centroid of the
k-th frame image in x direction of the image plane, is the coor-
dinate of the gray value centroid of the k-th frame image in the
y direction of the image plane.

Before extract the energy center of the light spot by Eqgs.
(11a) and (11Db), there is a very important progress to improve
the calculation accuracy, that is, system noise calibration. The
gray value error of each CCD pixel is calibrated from serial
image data obtained in dark test field.

The gray value of the tested imaging picture is subtracted
from the gray value of the static dark field picture before test
to eliminate the static dark field noise error of the system. In
addition, to reduce the error caused by the pixel gray value
error on the solution of the energy center, this paper sets the
gray values of all pixels outside the bright spot area with a size
of no more than 10 x 10 pixels to zero before calculating the
image energy center. Then, Eq. (11) can be rewritten as

Fig. 7 Schematic diagram of angular micro-vibration around x
axis or y axis.
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4. Experiments and discussion

4.1. Experiments and results

According to Fig. 1, the micro-vibration test site environment
of SPMI was built, and the test process was carried out in a
million-level clean laboratory, as shown in Fig. 8(a). The typ-
ical image motion diagram under the influence of micro-
vibration is shown in Fig. §(b).

During the experiment progress, the aperture target was
adjusted within the field of view of SPMI through the double
range bolt. The parameters of quasi-zero stiffness device with
adaptive adjustment and variable stroke are calculated as fol-
lows according to the Egs. (2) and (3).

Z,=2 mm
0, =% . 180 — 23° (13)

A

The single circle scale was divided into sixty parts, then:

{ 7, =27,/60=0.03 mm

14
0, =% =023 (14)

4.1.1. Image motion caused by single-flywheel

By statistical analysis of 3000 near-dark images over the sam-
pling time, gray value skewing caused by system error and ran-
dom error can be obtained according to the mean and
standard deviation of gray value of each pixel. All the values
are recorded as an array and applied for gray value offset to
eliminate systematic gray value error. Mean value of the stan-

dard deviations is 1.72; it is regarded as standard deviation of
the normal distribution obeyed by random gray value error of
each pixel.

Firstly, each flywheel was controlled spinning indepen-
dently to obtain the imaging picture, and the image motion
information caused by micro-vibration can be obtained from
the picture. Seventeen groups of tests were carried out in incre-
ments of 300 r/min from 0 r/min to 4800 r/min. The image pro-
cessing algorithm in Section 3 is used to solve the centroid
position, and the Fourier Transformation is performed to
obtain the image shift waterfall plots in frequency domain.
The image shift waterfall diagram in frequency domain is
shown in Fig. 9.

The calculation results of image motion show that the typ-
ical image shift caused by x flywheel and y flywheel are concen-
trated among the range of 300-400 Hz, among which the
image shift caused by y flywheel is the most significant, the
image shift peak is 0.01491 pixels in frequency domain, the
image shift caused by z flywheel is mainly reflected in the first
harmonic of flywheel as shown in Fig. 9(c), and the amplitudes
among other frequency bands are smaller.

In Fig. 9(a), the magnitude of image motion caused by x fly-
wheel in both x axis and y axis of the focal plane is at the level
of 0.004 pixels. Note that the magnitude of image motion
caused by y flywheel in y axis of the focal plane is three times
that in x axis, which is at the level of 0.0034 pixels shown in
Fig. 9(b). This may indicate that the opti-mechanical system
is more sensitive to the micro-vibration produced by y flywheel
than in x axis. The image shift caused by z flywheel in Fig. 9(c)
further proves this phenomenon.

Typical image motion peaks and frequency in Fig. 9 were
extracted shown in Table 1.

4.1.2. Image motion caused by three flywheels coupled

When a spacecraft working in-orbit, it is usually a combina-
tion of multiple flywheels spinning to adjust attitude, and
micro-vibration may be coupled and nonlinear amplified. To
explore whether the mechanical characteristics of micro-
vibration can destabilize SPMI when the flywheel rotates at
the same time, based on the rotation condition of single fly-
wheel, the characteristic speed with significant influence of
each flywheel is selected for combined test. If the influence of
each flywheel on imaging meets the linear independent

Original image motion

(a) Micro-vibration experiment site

10 pixel x 10 pixel

(b) Typical image motion diagrams under micro-vibration

Fig. 8 Experiment site and typical image motion diagrams.
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Fig. 9 Waterfall plots of image shift caused by single-flywheel.

Table 1 Typical response information of each flywheel.
Flywheel Typical Image motion Image motion peaks in y
position  speed peaks in x axis axis (pixel@Hz)

(r/min) (pixel@Hz)
X 2700 0.00347@469.2  0.0051@354.5
flywheel 3000 0.0035@394.3

4800 0.0034@315.2 0.0044@315.2
y 3000 0.0028@304,0.0025@394
flywheel 3300 0.0051@333.3 0.015@334.2

3600 0.006@364.5
z flywheel 3000 0.0034@50 0.0042@50

Table 2 Nine groups of speed combination conditions.

Number Flywheel position

x flywheel v flywheel z flywheel

(r/min) (r/min) (r/min)
#1 2700 3000 3000
#2 3000 3000 3000
#3 4800 3000 3000
#4 2700 3300 3000
#5 3000 3300 3000
#6 4800 3300 3000
#7 2700 3600 3000
#3 3000 3600 3000

#9 4800 3600 3000
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assumption, the image shift under combined working condi-
tions can be obtained by linear superposition of image shifts
under single flywheel working conditions.

According to the typical speeds, there are nine groups of
speed combination conditions as shown in Table 2 are tested,
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(b) Image motion in y direction

Image motions in frequency domain @3000 r/min for x flywheel, 3300 r/min for y flywheel and 3000 r/min for z flywheel.

and image shift in frequency domain is obtained. The image
shift value is the maximum under working conditions of
3000 r/min for x flywheel, 3300 r/min for y flywheel and
3000 r/min for z flywheel. The test results under this worse
working condition are shown in Fig. 10. The typical image

Table 3 Typical image motion of linear superposition and combined condition for the nine working conditions.

Number Image motion peaks in x axis (pixel@Hz) Image motion peaks in y axis (pixel@Hz)
Linear superposition condition Combined condition Linear superposition condition Combined condition
#l1 0.0034@50 0.003@50 0.0038@ 50 0.0045@ 50
0@0 0.0049@324.5 0.0031@303.7 0.0036@303.7
0@0 0.00395@453.6 0.0052@324.5
0.0041@354.7 0.00527@354.5
0.00295@453.6
#2 0.0034@50 0.0029@ 50 0.0038@ 50 0.0039@ 50
0.0033@304.9 0.005@304
0.0035@394.3 0.0024@394
#3 0.0034@50 0.0025@ 50 0.0038@ 50 0.003@50
0.0034@315.2 0.0037@314.9 0.003 @303.7 0.0032@304
0.0039@315.4 0.0052@315.2
#4 0.0034@50 0.0033@ 50 0.0038@ 50 0.0023@ 50
0.005@333.3 0.0047@333.5 0.014@334 0.014@333.5
0.004@354.7 0.0028@355
#5 0.0034@50 0.0020@ 50 0.0038@ 50 0.0034@ 50
0.005@333.3 0.0069@334.2 0.014@334 0.0275@334.5
0.0035@394.3 0.0023@394
#6 0.0034@50 0.0028@ 50 0.0038@ 50 0.003@50
0.0034@315.2 0.0026@315.4 0.0039@315.4 0.0017@315.2
0.005@333.3 0.0071@334.5 0.014@334 0.0242@334.5
#7 0.0038@ 50 0.0036@ 50
0.0034@50 0.0032@ 50 0.0044@308.8
0.0041@354.7 0.00493@354.5
0.0063@364.5 0.0065@364.5
#8 0.0038@ 50 0.0038@ 50
0.0034@50 0.004@50 0.0041 @309.1
0.0063@364.5 0.0062@364.7
0.0035394.5 0.0027@393.3
#9 0.0038@ 50 0.0029@ 50
0.0034@50 0.0048@ 50 0.004@308.8
0.0039@315.4 0.0047@314.2
0.0063@364.5 0.0068@364.2
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motion of linear superposition and combined condition for the
nine working conditions is shown in Table 3.

The results in Table 3 show that the peak value of image
shift response under the combined condition is basically
between 300 Hz and 400 Hz, and there is a stable response
around 50 Hz, which is the first harmonic of flywheel at
3000 r/min. The maximum response occurs in group #5 com-
bined condition, and the image shift in y direction reaches
0.0275 pixels. The amplitude here is mainly contributed by y
flywheel (about 3300 r/min), and the other typical peaks are
less than 0.01 pixels.

4.2. Discussion

The image motion information of the combined condition
includes all the information of the typical response of single-
flywheel spinning. When speed of z flywheel is 3000 r/min,
the micro-vibration caused by the first harmonic of flywheel
at 50 Hz appears in almost all results of the combined condi-
tion. Such as, when the speed of y flywheel is 3300 r/min, the
typical image shift response caused near 334.5 Hz exists in
the combined working conditions including the flywheel fre-
quency and speed. Fig. 8 and Fig. 9 shown that the system
image motion excited by micro-vibration is mainly concen-
trated are above 10 Hz.

Some micro-vibration response information of combined
condition does not exist in the results of single flywheel work-
ing condition. For example, the image motion at 324 Hz and
453.6 Hz in combined condition #1 cannot be observed in
the superposition single flywheel condition. It may be due to
the coupling effect of the three flywheels when combined spin-
ning, which stimulates the characteristic frequency that does
not exist under a single flywheel spinning condition. Further-
more, it can be found that 324 Hz is near the axial transla-
tional modal frequency of the flywheel. It can be considered
that the three-flywheels spinning combined, so that the axial
translational modes are coupled and amplified, resulting in
the characteristic response of the image shift at 324 Hz. The
characteristic response at 453.6 Hz is caused by the combined
action of 9.06-subharmonics (@3000 r/min) and 10.06-
subharmonics (@2700 r/min) of the flywheel.

In the test results of single flywheel working conditions of
three flywheels, small amplitude can be observed near
453.6 Hz. Among which the image shift of x flywheel in a speed
of 2700 r/min is 0.00164 pixels, as for y flywheel and z flywheel
with speeds of 3000 r/min, the image shift generated near this
frequency are both of 0.00096 pixels. The combined action of
three flywheels leads to the typical image motion phenomenon
near the frequency of 453.6 Hz.

In most cases, the amplitude of typical response after linear
superposition of single flywheel conditions is basically equal to
the combined results, and in some cases, the image motion
results are less than the test results of combined condition.

5. Conclusions

A new quasi-zero stiffness device with adaptive adjustment
and variable stroke, which is actually a double pendulum sys-
tem, was proposed. And image motion and experimental study
of a 0.1” space pointing measuring instrument for micro-
vibration conditions were studied. The first-order frequency

of the quasi-zero stiffness device is 0.114 Hz and the second-
order frequency is 0.295 Hz. This device can effectively provide
low stiffness to test the 0.1” space pointing measuring instru-
ment under micro-vibration of different spacecraft attitudes.
The design improves the system efficiency. The system image
motion excited by micro-vibration is mainly concentrated
above 10 Hz. The image motion caused by one-single flywheel
is no more than 0.015 pixels, which is mostly produced by the
modal resonance of space pointing measuring instrument
between 300 Hz and 400 Hz. Under the condition of multiple
flywheels combined spinning, the micro-vibration response
caused by each flywheel has certain coupling and amplification
characteristic, meanwhile the maximum peak value is still not
greater than 0.03 pixels in frequency domain. In addition,
there may be some coupling effect in the combined rotation
process of flywheel, which excites the characteristic frequency
that does not exist in the single flywheel condition. These
new findings will be helpful in theoretical and technical sup-
port for the development of spacecraft with 0.1” pointing
requirements.
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