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ABSTRACT

A closed-loop integrated model including micro-vibration disturbance, dynamic characteristics of satellite, op-
tical system of star sensor and attitude control algorithm is established. The control torque error caused by
additional disturbance torque and the star sensor imaging error caused by structural resonance is fully integrated
analyzed, which are firstly presented into the attitude control system (ACS). Steady-state and transient response
analyses are completed to evaluate the impact of such two errors on performances of (ACS). Steady-state
response results show that the effect of control torque error appears in lower frequency band with a peak of
6.784E-8" at 53 Hz, while influence of star sensor imaging error on attitude determination mainly concentrates in
high frequency band with maximum response of 0.4101" at 315 Hz. Transient response results show that the two
errors will not significantly affect control indicators such as rise time, overshoot and peak time. The results
indicate that the influence of star sensor imaging error is non-negligible for satellite ACS which required milli-
arc-second attitude control accuracy. According to the analytical results, traditional analysis only on payload
optical axis cannot reveal the whole impact of micro vibration on LOS error, the two errors of micro-vibration
introduced to ACS in this work must be considered for the development of spacecraft with 0.1" pointing accuracy.

1. Introduction

frequency bandwidth [1,11,12]. At present, large numbers of studies
have deeply analyzed the influence of micro-vibration on spacecraft

With the development of spacecraft remote sensing performance and
the versatility of functions, there exists an increasing requirement on
ultra-precise pointing measurement and attitude control for current and
future space systems [1-3]. The pointing measurement accuracy of earth
observation satellites has reached angular second accuracy [4-8]. As for
deep space probes, higher attitude control accuracy is usually required
[1,9,10]. Such as, the angular resolution of Hubble Space Telescope is
0.1", and the pointing accuracy of James Webb Space Telescope is ex-
pected to reach four milli-arc-seconds [4].

As the actuator of spacecraft’s attitude control system (ACS),
flywheel is indispensable. Due to very tiny manufacture errors and de-
fects, micro-vibration will be produced with small amplitude and wide

payload’s line-of-sight (LOS). The micro-vibration disturbance, and
transfer function have been discussed by integrating structural and the
optical payload system, thus the effect of the micro-vibration on payload
LOS can be output accurately. Furthermore, a large number of ground or
in-orbit tests have proved the accuracy of these studies [3,13-20].
However, most of these studies focus on the impact of micro vibration on
the service level of optical payload [13,15,17-20], and the ACS offset
caused by control torque error and star sensor imaging error induced by
micro-vibration has not attracted serious attention.

In previous studies, we presented an integrated model to estimate the
impacts of micro-vibration on optical payload [21], the image motion of
a 0.1" space pointing measuring instrument for micro-vibration
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Fig. 1. Schematic diagram of the overall closed-loop framework.

conditions were experimentally studied [10], and the random mea-
surement errors of the micro-vibration test platform caused by elec-
tronic and mechanical noises were discussed in depth [22]. However,
micro-vibration produces two errors in ACS, which may reduce the ac-
curacy of ACS. One is control torque error, and the other is star sensor
imaging error. Firstly, the flywheel provides control torque for the
spacecraft to maneuver its attitude. Additional torques cause deviations
between actual and theoretical control torques, resulting in errors in the
course of attitude translation [11,12]. Secondly, Star sensor obtains
real-time attitude information by imaging stars and analyzing their
relative positions. Hence, when the optical components in star sensor
resonate with micro-vibration, the imaging will deviate, resulting in
attitude calculation errors [1,3,10,12,and14]]. The attitude errors
feedback to control algorithm will lead to the inaccuracy of attitude
determination.

This paper makes a depth study on the influence mechanism of
control torque error and star sensor imaging error induced by micro-
vibration on ACS. An integrated model including micro-vibration
disturbance, dynamic characteristics of platform structure, optical sys-
tem of star sensor and attitude control algorithm is established. There-
fore, the control torque error and the star sensor imaging error are firstly
presented into the integrated model, and the influences of ACS are
thoroughly analyzed. Transient response results show that the two er-
rors will not significantly affect control indicators. Steady-state response
results show that the effect of control torque error appears in lower
frequency band with small magnitude, and the influence of star sensor
imaging error mainly concentrates in high frequency band with
considerable magnitude.

The content of work is divided into five parts. In Section 2, an inte-
grated modeling method and the two error models are established. In
Section 3, the extraction method of parameters in integrated model is
introduced based on a spacecraft principal prototype. In Section 4, the
results of transient and steady-state response are presented, and the
influence mechanism of the two errors on ACS is analyzed respectively.
Section 5 is the conclusion part of this paper.
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2. ACS micro-vibration integrated modeling

ACS is responsible for attitude maneuver when spacecraft changes its
working modes [23,24]. A typical ACS flow chart mainly includes four
parts, that is, control algorithm subpart, flywheel assembly subpart, star
sensor subpart and satellite structure subpart. The control algorithm
subpart is responsible for generating speed signal according to the target
attitude angle for flywheel assembly. The flywheel assembly subpart is
responsible for outputting control torque that acts on spacecraft, in
which the optical payload and star sensor are both assembled. The star
sensor subpart is responsible for obtaining real-time attitude angle in-
formation and feedback it into control algorithm. The satellite structure
subpart is responsible for transmitting the disturbance torque and con-
trol torque from flywheel assembly to star sensor. Above subparts can be
integrated into a closed-loop model in state-space equation form, in
which the control algorithm applies Proportional-Derivative (PD)
controller, the flywheel disturbance input is calculated by harmonic
superposition, and the star sensor and satellite are described in the form
of state-space equation. A typical ACS dynamic equation is expressed in
state-space as Equation (1) given below [12].

77 A+ BTL,D(Ca,, BT( CC BT(»D[DTL»_(III n
X | = B.Cyy A, B(:DT( _att Xe @
Yarn Can C(-D Te—att D, cD T.—att Tc

where, 7 is state vector representing the coordinates in modal space, T, is
input vector representing control torque yu is output vector repre-
senting the information of attitude angle, x, represents the attitude
observation channel, the significance of observation channel is to
observe the attitude information of spacecraft at all times and feed
attitude information back to ACS so as to adjust the attitude of the
spacecraft at all times. A, Br,, Co and Dr,_qy are structural dynamics
parameters of spacecraft, which are determined by Equation (2), A, B,
C. and D, are ACS parameters, which are determined by Equation (3).
The change of attitude angle y, of spacecraft caused by control torque
T, can be obtained by Equation (2). ACS can calculate the control torque
T, required for the next moment according to attitude angle y,; through
Equation (3). This paper assumes that the nonlinearity of prototype
structure can be neglected. Modal superposition method is usually used
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to solve the mechanical responses of such linear complex structure.
According to this method, each mode (or eigenvector) that participates
in calculation is linearly independent. Therefore, the state-space equa-
tion of the modal superposition method can be written in linear form as
shown in Equation (2) [25-27].

ni_|A By, U
|:y::tt:| B |:Catt Dy, ,arr:| |:Tc:| 2)
)Ec _ Ar Br Xe
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Traditional ACS can be represented by the above equation, and the
orange line in Fig. 1 is more intuitive. The parameters in ACS system can
be directly expressed as observation channels by state-space, and the
state matrix can be directly established by structural parameters of
spacecraft itself, which simplifies the modeling process and it retains the
dynamic characteristics of the spacecraft.

With the increasing requirement of attitude control accuracy for
spacecraft, the error of ACS component is no negligible. Therefore, the
influence of micro-vibration on ACS needs to be studied in depth. The
reason for the influence of star sensor imaging error is that star sensor is
an optical system, when it is affected by micro-vibration, internal optical
components will be unstable, resulting in the error of obtaining attitude
information, the error of attitude information fed back to control algo-
rithm will cause inaccurate attitude determination. Control torque error
is an ineradicable error between the actual control torque and the
theoretical control torque, accounted by the manufacture error of
flywheel, it affects the accuracy of attitude determination at non-
negligible degree. Based on the traditional ACS model, this paper inte-
grated two error models colored purple in Fig. 1.

According to the physical models of the two errors in Fig. 1, the two
error models can be introduced into the traditional integrated model.
Equation (4) is the state-space model considering control torque T; and
micro-vibration response output yj;. Equation (5) is the state-space
model considering star sensor image error AA. Equation (6) is the
global ACS model.

[ i A Br, Br, n

Van | = Carr D T, —_att D Ty—_att Tc (4)
L Viit Cit  Dr._ju  Dr,_ji T,
[ %, A. B, X
EIR R ®
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X | = B.Cuy A, BcDTd,urr Xe
L Yan Cjit + Dr, ,jitDr- Can Dy, _anCe DTd,jir + DT(»,jitD('DTJ,att T.

(6)

2.1. Modeling of control torque error

Micro-vibration disturbances of flywheel is the primary factor that
produce control torque error, they are made up of structural modal
disturbances and harmonic disturbances [12]. Modal disturbances are
related to the installation flexibility of flywheel whose frequencies can
be adjusted out of sensitive frequency band through reasonable-design,
and influences are avoidable through proper installation structure
design. However, influences of harmonic disturbance are hard to avoid
due to their broadband characteristics. According to previous researches
[12], harmonic disturbances are generated by static imbalance, dynamic
imbalance of rotor and defects of bears assembled in flywheel, per-
forming unwanted forces and torques whose magnitudes are linear with
the square of wheel speeds, as shown in Equation (7):

X;(t)= z":A;jQZ cos (h,;/-Qt +p;j) @
=1
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where, X;(t) represents disturbance in one direction, Au and pU are
respectively harmonic amplitude coefficient and harmonic initial phase
of each disturbance force or disturbance torque, and h; represents cor-
responding harmonic factor, Q represents the speed of flywheel.

Equation (7) is processed by Fast Fourier Transform to obtain
Equation (8) [11].
Xj(w)= Z JTA;»]»QZ (cos p;.j +j sin p;j) 8(w — hyQ) (8)

i=1

It can be seen from Equation (8) that the peak occurs at w = h;Q, and
the peak value is proportional to the square of flywheel speed. Typical
disturbance peak appears on a series of harmonic lines whose frequency
is proportional to flywheel speed. When the speed of flywheel is Q, the
micro-vibration disturbance of a single flywheel in time-domain can be
obtained as Equation (9).

T,(t)= XH:AU (1)Q* cos [h;Q(1)7, (1) + py(1)] (©)

i=1

where A; and p;; are respectively the amplitude and initial phase of each
order harmonic obtained by interpolating the harmonic characteristics
through the test data, and 7, represents simulation time.

2.2. Modeling of star sensor imaging error

The dynamic differential equation of satellite can be described by
Equation (10) [21].

Mi+Cx+Kx=T,;+T. (10)
where M, C and K represents mass matrix, damping matrix, and stiffness
matrix respectively, x represents nodes displacement in physical space.

The solar array of spacecraft studied in this paper is rigidly connected
to the spacecraft, and its installation rigidity is about 100 Hz and the
control bandwidth of the ACS is only 4 Hz. Therefore, the flexibility of
the solar array will not significantly affect ACS. Based on the finite
element model (FEM) and using the modal superposition method,
Equation (10) is transformed from physical space to modal space form,
which is shown as Equation (11), through multiplying both sides of the
equation by mass-normalized mode shape matrix.

§+2ewq+0’q=¢" (T)+T.) an
where g represents modal coordinate, the first r-order mode (ignore
rigid body modes) are selected, g € R™*1, ¢ and o represents diagonal
modal damping matrix and diagonal frequency matrix, ¢! represents
mass-normalized mode shape matrix.

Equation (4) is the form described in state-space equation of equa-
tion (11). The system matrix expression is:

-0’ 20 ¢'ar, ¢lar
A By, By 0 I 0 0
Can DT,,_arr DTL —att | = (12)
Civ Dr,ju  Dr_jit 0 @b, 0 0
0 gpr 0 0

where a and $ are modal selection matrices. The function of « is to input
micro-vibration disturbance, input T; and control input T. from the
position of flywheel, while the function of f is to locate output position
at concerned nodes such as the mirrors inside star sensor.

To obtain the modal information ¢, @ and ¢” in Equation (12), the
finite element model (FEM) is built in finite element software following
the principles given below:

(1) Flywheel is approximated as a mass node.
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Fig. 2. Integrated models built in numerical calculation framework.

(2) Take the unconstrained structural modes within frequency band
of interest (0-500 Hz in this paper).

(3) FEM has no boundary constraint and no applied load.

(4) In FEM, most of structures are hexahedral elements, and thin-
walled structures are quadrilateral elements.

With the modal superposition method and the state space transfer
function, the response output y;j;; of each mirror in the physical space can
be obtained by Equation (4). After obtaining micro-vibration response
output yj;, an optical system model is required to convert yj; to an op-
tical index (image motion AP).

Since the perturbation of the micro-vibration is very small, the
displacement of optical components is also very small. Based on the
paraxial optics theory in geometric optics, the physical space displace-
ment response of components can be mapped to the image motion
response. The acquisition process of optical system parameters is
described in-detail in Section 3.3

AP =S,yji 13)
where S; € R?*™ represents optical transfer coefficient matrix, which
can be obtained through optical calculation, n,,; represents the number
of optical components. AP = [Ax Ay]” represents the image motion of
the star sensor in two directions.

2.3. Pointing error analysis

Control torque error and star sensor imaging error caused by micro-
vibration can be converted into image motion by above modeling
method. The offset of the LOS of star sensor AL can be obtained by
Equation (14).

AL=AP/f a4
where f represents the focal length of star sensor. This offset is equiva-
lent to the measurement error of star sensor. According to the installa-
tion position of star sensor on spacecraft and according to Equation (15),
the pointing error of the spacecraft can be obtained.

AA= M AL= M AP / f=S$,AP (15)
where s}; represents the coefficient from the i direction of the number-n
star sensor to the j direction of spacecraft. Attitude determination error
is linearly added to the measurement result of star sensor which under
normal conditions, and then it can be integrated into the overall closed-
loop framework.
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Fig. 3. Campbell diagram of disturbance torque My.
Table 1
The number of harmonics.
Flywheels X-flywheel Y-flywheel Z-flywheel
Fx 157 159 120
Fy 177 174 128
Fz 90 90 52
Mx 173 207 113
My 150 181 111

3. Semi-physical simulation
3.1. Integration simulation architecture

In Fig. 2, the orange parts are the traditional ACS model, in which the
parameters are based on a Spacecraft and input its real ACS parameters
into the model. At present, researchers have made more in-depth study
on the traditional ACS model, which is not the focus of this paper. The
purple part represents two errors introduced in this paper, and its spe-
cific parameters will be described in detail below.

3.2. Parameters of control torque error

The parameters of control torque error are calculated from test data
that is obtained from ‘Kistler’ measurement system [12]. Fig. 3 shows an
example of the processed test data in form of Campbell diagram.

Harmonic characteristics are quite obvious as shown in Fig. 3. In this
figure, 4 typical harmonics are extra marked. However, there are actu-
ally hundreds of harmonics which are unobservable via eyes in this
figure. To capture these harmonics, this paper develops a harmonic
identify algorithm. Through linearity identification of frequencies of
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Table 2
Key parameters of peak typical harmonics.
Flywheels Disturbance ~ A; (N/RPM? or N-m/ h; (60*Hz/ pyj (rad)
RPM?) RPM)
X-flywheel Fx 2.697E-06 9.214 —0.064
Fy 2.702E-06 8.808 —0.342
Fz 2.390E-06 10.07 0.919
Mx 1.654E-07 3.046 1.316
My 1.561E-07 6.740 1.600
Y- Fx 1.812E-06 8.721 —1.407
flywheel Fy 3.351E-06 9.314 1.129
Fz 4.383E-06 12.58 0.975
Mx 3.726E-07 1.54 —2.120
My 2.056E-07 3.012 —2.394
Fx 1.937E-06 9.003 —0.010
Z-flywheel ~ Fy 1.144E-06 8.994 2.889
Fz 1.704E-06 10.49 —1.003
Mx 1.449E-07 3.674 0.536
My 2.364E-07 6.826 -1.735

Star sensor

Inertia equivalent
Platform

Fig. 5. The FEM of the system principal prototype.

data whose magnitudes are twenty times higher than background noises,
harmonics are identified from vast test data. Through least square
method, hy, A;j and p; are obtained for each harmonic located in speed
range of 0 RPM to 5000 RPM and frequency range of 0 Hz-500 Hz.
Table 1 summaries these harmonical disturbances in all directions of
each test flywheel while Table 2 shows several representative harmonics
in each direction with their corresponding key parameters. The fame of
Fx, Fy, Fz, Mx, and My in Table 2 is defined on a single flywheel in Fig. 4,
wherein the z axis coincides with the spin axis of the flywheel, y axis
coincides with the electrical interface, and x axis is defined following the
Right-Hand Rule, and the definition of ‘X, Y and Z-flywheel’ is base one
the frame of satellite principal prototype.
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Table 3
Dimensions of the state matrix and the state vector.
Nomenclature State vector Dimensions
State matrix A A € R252x252
Ac A, € R®®
Br, By, € R?5%76
Br, Br, € R252x6
B, B, € R6%6
Car Cat € R252x6
Cjit Cjir c R6%252
C. C. € R6*6
Dr,_an Dr,_ax € R*®
Dr,_jie Dr, ji € R6%6
Dry_ar Dry au € R6%6
Dr_jit Dr, ju € R"®
D, D, € R6*®
State vector n 5 € R252x1
e X, € R
Xc X, € R®*1
T T. € R!
Yar Yart € RO¥1
Table 4

The calculation results of Sy

Attitude Mirror Displacement of Rotation of mirrors
determination error mirrors (1 mm) 1°)
X Y X Y

U-direction (mm) Mirror —1.05E- 0 0 4.67

1 1

Mirror —2.92E- 0 0 7.50E-2

2 1

Mirror —2.92E- 0 0 —1.20E-

3 1 2

Mirror 4.25E-1 0 0 4.36E-2

4

Mirror 1.26 0 0 —1.07E-

5 2
V-direction (mm) Mirror 0 —1.05E- —4.67 0

1 1

Mirror 0 —2.92E- —7.50E- 0

2 1 2

Mirror 0 —2.92E- 1.20E-2 0

3 1

Mirror 0 4.25E-1 —4.36E- 0

4 2

Mirror 0 1.26 1.07E-2 0

5

3.3. Star sensor imaging error model

The study object in this paper is a satellite principal prototype of
which the FEM is shown in Fig. 5. The moment of inertia of the space-
craft is [1.00 2.49 2.41] kg-mm, the maximum torque of flywheel is 2
N-m. This FEM model has 126 order modes in the range of 500 Hz.
Therefore, the dimensions of the state matrix and the state vector in
Equation (6) are shown in Table 3. Lanczos method based on vector
superposition is used for kinetic analysis. This paper analyzes the modes
in the range of 0-500hz, and the modal damping used in this work is
0.003 [12,28]. Dimensions of state vectors in state space Equation (1)
and Equation (2) are related to mode order and degree-of-freedom (see
Table 4).

The FEM of flywheel is approximated as a mass point. Through
modal selection matrix a, additional torque input T4 and control input T,
are applied on flywheel mass point. By Adjusting modal selection matrix
, the input position of micro-vibration source and control torque at
flywheel can be located. The response of optical system components
inside star sensor is set as the output of FEM kinetic model.

The optical system of star sensor is mainly composed of five mirrors
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plane can be resolved into the displacement and rotation functions of the
Tab.le ,5 . . L various optical components.
Statistics of maximum attitude determination error.
. . I . . N N
Flywheels Deviation value () Speed (RPM) Direction AP =S,y = Z 6L/0T,-~AT,- + Z aL/aR,~AR, (16)
X-flywheel 0.6071 1700 Y =1 i1
0.7587 2300 Y
0.5390 2500 Y where AT; and AR; represent displacement and rotation vectors of each
0.7837 5000 Y optical components, dL/dT; and 0L/dR; represent displacement and
Y- flywheel 0.3154 3300 Y . . . . .
0.3005 2400 v rotation transfer coefficients. The displacement of optical components
Z- flywheel 0.6703 1100 % caused by micro-vibration can be transformed into the image motion AP
1.1070 2200 Y by Equation (16), and then the attitude determination error AA can be
0.5249 4800 Y obtained. Table 5 shows the calculation results of S;. Taking the data
0.6513 2200 X

and a focal plane. For this optical system, micro-vibration affects im-
aging mainly due to the micro-vibration response of five mirrors and
focal plane. Optical transfer coefficient matrix S; and attitude sensitivity
matrix Sy of the six optical components can be obtained through optical
computing software.

Micro-vibration may cause the optical components to jitter and
deviate from the initial position. When any optical component changes
in position, it will cause image motion on focus plane. In the case of
small disturbance, it can be regarded as a Taylor expansion of the optical
path length of a uniformly incident beam through the optical system
[19]. Since the magnitude of micro-vibration disturbance is very small,
higher-order terms can be ignored. Image point movement on focal

x107

"-1.05E-1" as an example, it shows that when the Mirror 1 has a 1 mm
displacement on X-direction, the attitude determination will have an
error of —1.05E-1 mm on U-direction. U-direction and V-direction are
two components in the focal plane perpendicular to the LOS.

4. Results and discussion

There are two working stages for the ACS in orbit; they are stabili-
zation stage and maneuver stage. In stabilization stage, the payload of
the satellite begins to work. In addition, the main purpose of ACS is to
maintain the stability of LOS. In maneuver stage, satellites rotate from
initial attitude angle to target attitude angle according to the command.
This process generally requires small rise time, low overshoot and short
peak time. By analyzing the steady-state parameters of the stabilization

5 5 x10°
15 X 52.75
_ 6f Y 6.784¢-08
S 05
S D
s 0 T4t
5-05 s
g g3
o <
9 -]
b < §
2 \ 2f
2 -1.5
) 1
2.5 - . . 0
0 0.5 1 L5 2 0 100 200 300 400 500

Simulation time(s)

(a) Error in time-domain

Frequency(Hz)

(b) Error in frequency-domain

Fig. 7. Attitude determination error caused by control torque error.
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Fig. 8. Attitude determination error caused by star sensor imaging error.

a)Mode shape at 147Hz

b)Mode shape at 288Hz

Lens hood

Optical components

Inertia equivalent
Platform

Flywheel

c)Mode shape at 315Hz

Fig. 9. Schematic diagram of mode shape.

stage and the transient parameters of the maneuver stage, this paper
deeply studies the influence of micro-vibration on ACS.

4.1. Stabilization state response results

Fig. 6 and Table 5 shows the maximum attitude determination error
caused by micro-vibration at stabilization sets when one flywheel works
independently with the other two flywheels do not rotate. The maximum
deviation which reaches 1.107" at 2200 RPM is produced by flywheel-Z
around Y-axis of satellite. In order to deeply study the cause of the de-
viation, this paper analyzes and studies the situation that the two errors
are introduced separately at this speed.

Fig. 7(a) shows the attitude determination error caused by control
torque error in time-domain at the speed of 2200RPM. Fig. 7 (b) gives
the response of satellite attitude determination error in frequency-
domain. It can be seen from Fig. 7 (a) that the magnitude of attitude
determination error is 10e-7. Compared with the error of 1.107", the
proportion is very small. In Fig. 7 (b), a peak appears in frequency-
domain results at 53 Hz. Since there is no structural mode closed to
this frequency according to the modal analysis of the principal proto-
type, the reason for this response is not resonance, but the excitation of
the first harmonic of micro-vibration, with an amplitude of 6.784e-8". It
can be concluded that the control torque error can be ignored when
analyzing the influence of micro-vibration on ACS.

In Fig. 8 (a), the maximum attitude determination error reaches to
1. Compared with control torque error, star sensor imaging error
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becomes the more critical reason influencing the attitude determination
of ACS. In Fig. 8 (b), three peaks appear at 147 Hz, 288 Hz and 315 Hz
respectively. Through finite element analysis, it can be obtained that
there are structural modes at these three frequencies that are shown in
Fig. 9. The peak of Fz-disturbance caused by flywheel-Z is at 314 Hz.
Therefore, at 314 Hz, the micro-vibration disturbance of the flywheel
will excite the structural mode of star sensor and resonance is produced.
There are also disturbing frequencies closed to 147 Hz and 288 Hz (152
Hz and 283 Hz respectively), and the disturbing amplitude at these two
frequencies are smaller than that at 314 Hz. Hence, resonances also
appear at 147 Hz and 288 Hz with smaller peaks. Compared with control
torque error, the influence of star sensor imaging error on attitude
determination accuracy is enormous. Star sensor imaging error is the
main reason for the influence of micro-vibration on attitude
determination.

4.2. Maneuver stage response

The integrated modeling method proposed in this work can predict
the influence of flywheel micro-vibration on satellite attitude control
links under various maneuver conditions. The change of satellite atti-
tude on-orbit is complex, and it will change to a target attitude angle
with different initial attitude angle and different initial attitude angular
velocity. Since it is impossible to analyze all maneuver conditions, this
paper selects three basic maneuver conditions with different initial
attitude angle, target attitude angle, initial flywheel speed and initial
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Table 6
Simulation related parameters.

Parameters maneuver

condition 1

maneuver
condition 2

maneuver
condition 3

Initial attitude [2,7,8] ° [0,3,5] ° [1,2,5]°
angle

Target attitude [3,5,6] ° [1,2,4] ° [3,7,8] °
angle

Initial flywheel [1500,2500,3500] [100,200,300] [500,500,500]
speed RPM RPM RPM

Initial attitude [0.1,0.2,0.3] °/s [0.0,0.0,0.0] °/s [-0.2, —0.1,0.3]
angular velocity °/s

of satellite

attitude angular velocity of satellite, which can comprehensively cover a
variety of maneuver conditions. Three maneuver condition sets are
given as examples in Table 6.

Figs. 10-12 are three-axis attitude angle change curves under three
maneuver conditions. In each figure, they are a) without any interfer-
ence b) introducing star sensor imaging error and c¢) introducing addi-
tional torque. Table 7 shows the statistics of transient parameters. The
ACS of most satellites is designed with critical damping or over damping,
which is to reduce the vibration of the satellite in the maneuver stage
and consequently to protect the structure of the satellite from damage. In
this work, PD control strategy and over-damping mode are adopted so
that overshoot and peak time will not be important factors affecting ACS
performance. As for the rise time it can be concluded from Table 6 that
after introducing the two errors, the maximum rise time changes no
more than 0.001s, therefore, the micro-vibration will not significantly
affect the maneuver stage.
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4.3. Discussion

Ultra-performance spacecraft usually refers to Ultra-Accuracy Ultra-
Stability Ultra-Agility, and the precision pointing performance (~milli-
arc-sec) is the primary requirement. In orbit flying spacecraft, there will
be a lot of interference. For example, aerodynamics, micro meteor
impact force, uneven gravity caused by the oblations of the earth and
solar radiation pressure. In addition, the internal motion mechanism of
spacecraft, such as flywheel assemblies [1,3,8,12], will also produce
interference force. Although this interference forces are very small, the
air in space is thin enough to change the fine pointing of spacecraft [1,3,
29]. These low-level mechanical vibration or disturbance in space
environment, typically occurring at frequency from less than 1 Hz up to
a few kHz [12,30]. Due to very tiny environmental damping (~1/25 of
the ground) in aerospace, micro-vibration could persist for a very long
time. This will deteriorate the working environment of the ACS. This
phenomenon is further proved by the method in this work.

The analysis results in this work show that micro vibration of
flywheel will cause an error of about one-arc-second on ACS. This proves
that it is not enough to analyze the influence of micro vibration on LOS;
the errors of star sensor caused by micro vibration should be introduced
into the full-closed-loop simulation model. At present, most star sensors
and satellite platform are rigidly connected, which provides a good path
for the transmission of micro vibration. This may cause resonance of
opto-mechanical structure of star sensor, and then affect the attitude
process. Therefore, for ultra-performance spacecraft it is very necessary
to adopt vibration isolation design for flywheel or/and star sensors.

There exists an increasing need for milli-arc-seconds accuracy
pointing measurement for current and future space systems, and the
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Table 7
Statistics of rise time.

Maneuver Without any Introducing Introducing star
condition interference additional torque sensor imaging error
error

#1 8.3921s (X-axis) 8.3922 s (X-axis) 8.3920 s (X-axis)
8.2990 s (Y-axis)  8.2991 s (Y-axis) 8.2990 s (Y-axis)
8.5124 s (Z-axis)  8.5124 s (Z-axis) 8.5125 s (Z-axis)

#2 8.1330 s (X-axis) 8.1331 s (X-axis) 8.1331 s (X-axis)
7.8890 s (Y-axis)  7.8891 s (Y-axis) 7.8890 s (Y-axis)
8.3855 s (Z-axis)  8.3855 s (Z-axis) 8.3854 s (Z-axis)

#3 7.5710 s (X-axis) 7.5709 s (X-axis) 7.5710 s (X-axis)

8,3769 s (Y-axis)
8.4134 s (Z-axis)

8,3770 s (Y-axis)
8.4135 s (Z-axis)

8,3770 s (Y-axis)
8.4134 s (Z-axis)

analysis of the influence of various disturbances on control system is also
the focus of aerospace research field. Since most satellites use flywheels
or control torque gyroscopes to adjust attitudes, and vibration isolation
technology can not completely suppress or isolate micro vibrations, the
method proposed in this paper has a relatively broad engineering
application prospect. In the process of satellite design, this method can
be used to simulate and analyze attitude control system accuracy. If the
results cannot meet the engineering requirements, satellite’s structure or
control algorithm can be optimized based on time domain and frequency
domain simulation result data, so as to minimize the impact of flywheel
micro-vibration on attitude determination accuracy.

5. Conclusions

This paper proposes an effective modeling method that can introduce
control torque error and star sensor imaging error caused by flywheel
micro-vibration in typical satellite attitude control closed loop, and fully
considers their influences on the accuracy of ACS by analyzing the
mechanism of micro-vibration effect of the satellite principal prototype.
It can be concluded that if the optical components in the star sensor are
disturbed by excitation frequency close to structural modal frequency,
misalignment might be caused, leading to imaging errors and the
decrease of attitude determination accuracy at 0.4" level. Although the
additional torque will also introduce jitter to the satellite principal
prototype, its amplitude is so small that little impact is brought up on
ACS. The results show that the micro vibration of flywheel may cause
sub-second order jitter in the ACS. It is not enough to analyze the in-
fluence of micro vibration on LOS of optical payload, the errors of star
sensor caused by micro vibration should also be introduced into the full-
closed-loop simulation model. Furthermore, the two errors of micro-
vibration introduced to ACS in this work must be considered for the
development of spacecraft with 0.1” pointing accuracy.
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