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Abstract: Focusing on inter-spacecraft laser link acquisition for space-borne gravitational-wave (GW) detec-
tion spacecraft, this paper investigates high-precision beam pointing control based on multi-source informa-
tion fusion. Considering the structural and payload characteristics of the spacecraft, a complete system state-
space model incorporating the motion of movable optical components is established. Using error quaternions,
the nonlinear measurement equations described by non-independent variables are transformed into linear
equations expressed in terms of independent variables. Measurements from inertial sensors are further fused
for filtering and estimation, thereby improving the attitude determination accuracy of the spacecraft platform.
In addition, to address the point-ahead requirement caused by the long laser propagation time over ultra-long
inter-spacecraft distances and the high relative motion between spacecraft, a time-varying analytical expres-
sion for the point-ahead angle (PAA) is derived. The variation of the PAA over an orbital period is analyzed
through simulation, providing a theoretical basis for servo compensation of the point-ahead angle during
inter-spacecraft link acquisition and maintenance. Closed-loop simulations of a three-spacecraft system
demonstrate the advantages of the proposed high-precision pointing estimation algorithm in terms of stability
and estimation accuracy. Combined with a robust disturbance-rejection controller, the proposed method
achieves high-precision beam pointing and provides essential technical support for the implementation of

space-borne gravitational-wave detection missions.
Key words: gravitational wave detection; beam pointing control; attitude estimation; Kalman filter; point-
ahead angle
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1 Introduction

Space-borne gravitational wave observatories
use three spacecraft arranged in a triangular forma-
tion to create a large, spaceborne laser interferomet-
er. Gravitational-wave (GW) signals are identified
by tracking changes in the optical path length
between each pair of spacecraft!. The distance
between spacecraft ranges from thousands of kilo-
meters to hundreds of millions of kilometers de-
pending on the measurement band. Currently, the
most representative international project is the Laser
Interferometer Space Antenna (LISA) . It consists
of three spacecraft in a heliocentric orbit, flying in a
quasi-equilateral triangular formation with an edge
length of 5 million km, aiming to detect GWs in the
0.1 mHz to 1 Hz frequency band. China's GW de-
tection projects mainly include the
in a heliocentric orbit and the “TianQin Program”in
a geocentric orbit. The arm length of “Taiji” Pro-
gram is 3 million kilometers ¥, while the “ Tian-
Qin” Program is about 170,000 kilometers **. To
achieve and maintain a laser link among three

spacecraft over ultra-long distances, high-precision

doi: 10.3724/CO.EN-2026-0004

“Taiji Program”

CSTR:32171.14.CO.EN-2026-0004

inter-spacecraft beam pointing control is a critical
enabling technology !

Accurate pointing estimation is a vital pre-
requisite for achieving precise beam pointing con-
trol. The GW detection formation system consists of
three spacecraft, each composed of a spacecraft plat-
form (Spacecraft, SC) and two moving optical Sub-
assemblies (MOSAs). Each MOSA includes an op-
tical bench (OB), a telescope (TE), and a test mass
(TM). The entire spacecraft has 19 degrees of free-
dom, involving the 6-DoF pose motion of three ri-
gid bodies (the SC with two TMs) and the single-ax-
is rotation of one MOSA™, Each spacecraft’s optic-
al bench includes a high-precision point-ahead angle
mechanism that adjusts the outgoing laser axis in re-
sponse to point-ahead-angle (PAA) commands,
thereby maintaining stable signal transmission®.
Laser pointing is primarily achieved through four
degrees of freedom: the spacecraft's attitude and one
MOSA’s rotation angle. The key factor limiting the
pointing estimation accuracy is the precision of the
spacecraft's attitude determination "%, The space-
craft can provide high-precision measurements of

beam deviation through differential wavefront sens-
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ing (DWS) in its scientific mode "', However, dur-
ing the laser link acquisition and tracking phase, it is
essential to develop robust spacecraft attitude de-
termination methods by integrating ground naviga-
tion data with on-board available sensor measure-
ments.

Spacecraft attitude determination methods are
mainly divided into two categories: deterministic
methods and state estimation methods. The accur-
acy of deterministic methods is heavily sensitive to
measurement precision and it is difficult to estab-
lish an attitude model that includes system motion
information or handle uncertain parameters in the
measurement model. Therefore, high-precision atti-
tude determination typically employs state estima-
tion methods. State estimation methods combine
sensor measurement information with a system's dy-
namic model. Under a given estimation criterion,
they can effectively suppress the influence of meas-
urement uncertainty to obtain an optimal or subop-
timal solution for the estimated state. The Kalman
filter is a mature method widely used in various
fields such as spacecraft control, industrial control,
radar signal processing, and so on. Spacecraft atti-
tude is usually described by quaternions, which ef-
fectively avoid rotational singularities and complex
trigonometric calculations. However, its measure-
ment model exhibits strong nonlinearity, making at-
titude estimation essentially a nonlinear filtering
problem. Applying nonlinear filtering algorithms
directly to a 19-DoF strongly coupled multi-body
system can lead to issues like large computational
load, slow convergence, and divergence. Moreover,
since the four parameters of a quaternion are not in-
dependent variables, directly using a Kalman filter
may cause the error covariance matrix to become
singular. ZHANG Donglin et al. ' linearized the
nonlinear measurement equation by using the linear
mapping relationship between the error quaternion
and Euler angles under the small-angle assumption
to perform filtering of the spacecraft's attitude.

However, this linear mapping is only valid near zero

Euler angles and cannot be applied to the global mo-
tion estimation of the spacecraft’s attitude. The mul-
tiplicative extended Kalman filter (MEKF) [
achieves global non-singular attitude estimation by
estimating an unconstrained three-component atti-
tude error parameter and updating the attitude using
quaternion multiplication. For the GW detection
spacecraft studied in this paper, achieving precise
beam pointing estimation requires considering the
coupling effect of MOSA motion on the SC’s atti-
tude and measurement information from the Gravit-
ational Reference Sensor (GRS) to solve the global
attitude estimation problem.

Furthermore, taking the "Taiji Program" space-
craft formation as an example, for an inter-space-
craft distance of about 3 million kilometers, the light
travel-time from the transmitting optical bench to
the remote receiving one is approximately 10
seconds. Due to the relative motion between adja-
cent spacecraft and the extremely small laser diver-
gence angle (about 2 prad), to achieve precise beam
pointing, the direction of the transmitted laser must
be adjusted by a PAA relative to the incident laser
to ensure the alignment accuracy of the optical
axes 111,

This paper focuses on the inter-spacecraft laser
link acquisition task for space-borne GW detection
spacecraft, using the "Taiji Program" as an example.
It investigates the problem of high-precision beam
pointing control based on multi-source information
fusion, provides an analytical expression for the
transmitted laser’s PAA, and proposes a Kalman fil-
tering algorithm with globally linearized quaternion
measurement to achieve real-time, high-precision
estimation of the spacecraft's attitude. Integrating a
robust disturbance rejection controller, this work
achieves precise beam pointing, acquisition, and
laser link establishment. A comprehensive state-
space model is developed by incorporating space-
craft structural characteristics and MOSA dynamics.
To enhance attitude determination accuracy, an er-

ror-quaternion approach is employed to linearize the
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constrained, nonlinear measurement equations, en-
abling the optimal fusion of inertial sensor data.
Furthermore, a time-varying analytical expression
for the PAA is derived to compensate for propaga-
tion delays and inter-spacecraft motion. The evolu-
tion of the PAA over an orbital period is analyzed
through simulation, providing a theoretical basis for
its compensation during laser link maintenance.
Constellation-wide closed-loop simulations validate
the stability and accuracy of the proposed algorithm,
offering critical technical support for space-borne

GW detection missions.

2 System description

2.1 System motion model

The laser link system of the three gravitation
wave detection spacecrafts is shown in Fig. 1 (color
online). The dynamics of the three spacecraft are
mutually independent. The structure of each space-
craft is shown in Fig. 2 (color online), where
MOSALI is fixed to the SC, and MOSA2 can rotate
in the spacecraft plane to change breathing angle
(x1°), and it not only changes the center of mass and
moment of inertia of the entire system but also af-
fects the pose of the SC and the test masses relative
to the inertial frame through dynamic coupling.
Therefore, this paper first establishes the motion
model of the entire system, including the SC (ex-
cluding MOSAs and test masses), the 2 MOSA:s,
and the 2 test masses. Based on the rigid body as-
sumption, the kinematics and dynamics of each part
are described. During the modeling process, changes
in the mass distribution of the SC due to factors like
fuel consumption are ignored. Also, since the pose
motion of the two test masses is constrained within
a very small space inside their respective electrode
housings, it is reasonable to assume their attitude
angular displacements are small quantities.

The coordinate systems involved in the model-
ing process are:

Inertial Frame};: The J2000 heliocentric in-

ertial coordinate system defined according to the
conventions of the International Celestial Reference

System.

SCA

N
SCB MOSA2 MOSAI scC

Fig. 1 Formation of the GW detection spacecrafts

Fig. 2 Structure of each spacecraft with MOSAs and TMs

SC Frame}, (x,y,z,): Fixed to the SC, with
the origin located at the SC’s center of mass. The x-
axis points along the angle bisector of the two
MOSA optical axes, the z-axis coincides with the
normal of the plane defined by the two MOSA op-
tical axes, and the y-axis is determined by the right-
hand rule.

MOSA Frame} ;; (xp;yrizr) (i = 1,2): Fixed to
the corresponding MOSA, with the origin located at
the MOSA’s center of mass. The x-axis is aligned
with the MOSA optical axis pointing at the laser
emission direction, the z-axis is parallel to the z-ax-

is of the spacecraft frame, and the y-axis is determ-
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ined by the right-hand rule.

TM Frame}, ; (X VimiZumi): Fixed to the cor-
responding TM, with the origin located at the TM’s
center of mass. Under nominal conditions, the TM
frame coincides with the corresponding MOSA
frame.

To simplify the formula derivation, the pose

states of the TMs are denoted as x,, = [rhml,
Pyt s P> ¢¥2rm2]TandaUtm = [v¥llm1’w"}-“lllnl’v¥21m2’
w%tmz]T where rrimi, Vrimi> Frome, Vrame Tepres-
ent the position and velocity vectors of the centers
of mass of TM1 and TM2 relative to the centers of
their respective electrode housings, and @7,
Orimt> Pramz, Wrame represent the attitude angles
and angular velocity vectors of TM1 and TM2 relat-
ive to their respective electrode housings.

The system state vector is defined as x =
[x,T,xg]T, x| = [x,f,,,r,f,QbT,am] X, = [UT

tm?>

T
v
1x20° b>

wz,wm]lxlg, where r, and v, represent the posi-
tion and velocity vectors of the SC center of mass
relative to the inertial frame, Q) = [qo,qI]T and w,
represent the attitude quaternion and angular velo-
city of the SC relative to the inertial frame, a,7, and
wypra represent the rotation angle and angular velo-
city of MOSA2 about the z-axis of the SC frame. As
the SC attitude is represented by a quaternion, the
resulting state vector is 20-dimensional. The system

kinematic equations:

xl = KXZ . ( 1
where the coefficient matrix is denoted as K:
E12
E;
K= 1 -q
qoEs + 4

2
Ui

By applying the Newton-Euler method, the

system dynamic equations can be derived as:

Mx, =MQx,+Bu+Gd (2)
where M denotes the system inertia matrix, Q de-
notes the coupling stiffness matrix between the ac-
celeration and displacement of the TMs, and B is the

input coefficient matrix. The control input is

T
_[£T g7 £7 g7 T T .
u= [ la’ Ila’ 2a’I2a’ FEEP’IFEEP’Im‘)SﬂZ:I , where ﬁ (l =

la, 2a, FEEP (Field Emission Electric Propulsion))
represent the output force of the inertial sensors and
the micro-thrusters, I,(i = la,2a,FEEP) represent
the torque of the inertial sensors and the micro-
thrusters, and /.18 the driving torque controlling
MOSA2. The d denotes the total disturbance, in-
cluding nonlinear dynamics, dynamic uncertainties,
environmental perturbations and actuation noise. G
is the disturbance coefficient matrix, and E; repres-
ents the i-dimensional identity matrix.

Therefore, the equations of motion for the en-

tire spacecraft system can be expressed as:
.X.,'l _ 0 K X1 + 0 +
XQ Q0 X7 M_IB u

Note: During inter-spacecraft laser link acquis-

0
M'Gd |
(3

ition, each spacecraft must independently establish
two laser links to each of the two remote peers. For
example, when spacecraft B is establishing the laser
link with spacecraft C, the A—B optical link must be
remained intact. Furthermore, the pointing, acquisi-
tion and tracking of the laser signal during laser link
acquisition should be performed using only the SC
attitude maneuver and rotation of MOSA2. There-
fore, achieving high-precision, 4-DoF pointing re-
quires coordinated control of the spacecraft attitude
and MOSA2 rotation.
2.2 Measurement system model

The star tracker generally outputs the space-
craft body attitude in the form of a quaternion, and

the measurement can be expressed as:

Y =0,80, D)
where @, denotes the true spacecraft attitude qua-
ternion relative to the inertial frame, and @, repres-
ents the measurement noise, satisfying:

1
. . (5)
e [ Nsir }

The measurement noise of the star tracker typ-
ically consists of white noise and slowly varying er-
rors. The latter may arise from thermal imbalance

within one orbital period or from aberration effects
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due to relative motion between the observer and the
light source. However, for the heliocentric orbit of
the GW detector studied in this paper, the influence
of slowly varying errors can be neglected, and the

measurement noise 7, is treated as white noise.

TM position measurement noise/(rad-Hz2)

S

—Ix,ly

—1z

10*4 L

107}

10°° 10 1073 1072 107! 10°
Frequency/Hz
(a) TM position measurement noise

107

—Xy
—Z

104}

107 +

. 1
TM measurement noise mode/(m-Hz 2)

10°° 107 107 1072 107! 10°
Frequency/Hz
(b) TM rotation measurement noise

Fig. 3 TM measurement noise model

According to the readout noise model of the
GRS shown in Fig. 3 (color online)!'?, the readout
noise can be approximated as white noise in the fre-
quency range above 1 mHz. Therefore, the measure-
ment outputs of the two test masses can be ex-

pressed as:

X =X+ grs > (6)
where x,, denotes the true pose of the two test
masses, and 7, represents the measurement noise.

The rotational motion of MOSA2 about the
pivot axis perpendicular to the spacecraft plane is
driven by a piezoelectric actuator. Its measured rota-

tion angle a},, is related to the true rotation angle

apr, and the measurement Noise 7,5, DY:

a,ZITz = @pr2 * NMmosa - 7

3 Precise pointing control strategy

The constellation acquisition phase is inher-
ently challenging due to the vast distances between
spacecrafts. Before the laser link is established, the
SC and MOSA point control method is based on
ground navigation data. However, due to navigation
errors, sensor measurement errors, and installation
misalignments, the transmitting spacecraft’s laser
cannot precisely hit the counterpart. Even though
the receiving spacecraft’s Charge-Coupled Device
(CCD) has a relatively large detection field of view
(FoV), it may still fail to capture the incoming laser.
Therefore, the transmitting spacecraft must perform
a coverage scan over the uncertain celestial region
of the receiver according to a scanning guidance
law. The spacecraft can correct its pointing based on
the measurement only after the CCD detects the in-
coming laser signal, ensuring that its laser can enter
the receiver’s CCD FoV. Subsequently, both space-
craft can refine their laser pointing so that the signal
falls within the counterpart’s Quadrant Photodiode
(QPD) FoV, enabling more precise pointing and fre-
quency corrections until the laser interferometric
measurement is established.

3.1 Laser link acquisition strategy

The single-link acquisition procedure gener-
ally comprises four stages:

(1) Pre-pointing: Based on the ground naviga-
tion data, the spacecraft would adjust their attitudes
and the rotation angle of MOSA2, so that the two
MOSA optical axes are roughly aligned with the re-
mote spacecraft.

(2) Scan and acquisition: The transmitting
spacecraft scans along a pre-defined spiral line that
covers the uncertainty cone where the receiving
spacecraft is located. After the receiving spacecraft's
CCD captures the laser signal, the receiver adjusts
its attitude to align its optical axis with the incom-
ing direction and then turns on its beam. When the
transmitter finishes its scan and turns off its laser, it
then uses the CCD detection to refine its pointing to

make sure that its MOSA optical axis is aligned
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with the incoming direction. At this point, both ends
have acquired each other's signals.

(3) Rough correction: If the QPD does not de-
tect the signal, the two spacecrafts switch their laser
beam on and off in turn and then use CCD to re-
duce pointing offsets until the incoming laser enters
the QPD field. If the beam is already in the QPD
field after scanning, this step can be omitted.

(4) Fine correction: Using the data of differen-
tial wavefront sensing from the QPD, both space-
crafts further adjust pointing directions of the
MOSA optical axis and perform laser frequency
scanning to establish the inter-spacecraft interfero-
metric measurement.

After the above procedure is completed for one
arm, the other two arms are acquired the other two
arms are acquired in an orderly manner using the
same method to form the complete three-arm inter-
ferometer, which meets the requirements of scientif-
ic detection.

3.2 Point-ahead angle calculation

For a GW detection formation with an inter-
spacecraft distance of approximately 3 million kilo-
meters, when spacecraft A emits a laser beam to-
wards spacecraft B, the beam flies about 10 seconds
to reach the spacecraft B. At this moment, space-
craft B can detect the laser signal from A only if it
lies within the divergence angle of the beam and its
receiving optical bench is aligned with the incom-
ing laser direction. Meanwhile, the transmitting OB
of spacecraft B must point its laser towards the posi-
tion that spacecraft A will reach about 10 seconds
later, so that the beam can be detected by spacecraft
A’s receiving optical bench (assuming that A’s re-
ceiver is aligned with the incoming direction).
Therefore, in inter-spacecraft laser links for space-
borne GW detection, the control of point-ahead
pointing must be incorporated to ensure both beams
pointing accuracy and tracking accuracy during ac-
quisition and tracking processes.

The angle formed between the negative direc-
tion vector of the incident laser (pointing towards

the transmitting spacecraft) and the transmitting

laser direction vector (pointing toward the receiving
spacecraft) at the same optical bench of spacecraft B
is defined as the PAA. As illustrated in Fig. 4 (color
online), the red dashed lines represent the vector of
the laser that is received by spacecraft B
MOSAT1 and emitted from B MOSAI1 to spacecraft
A. The angle o denotes the PAA corresponding to
MOSALI1 of spacecraft B.

Fig. 4 Point-ahead angle representation

Since the triangular three-spacecraft formation
undergoes both heliocentric orbital motion and rota-
tion about the formation center within the plane, the
PAAs of each spacecraft vary periodically with the
orbital motion. Each optical bench is therefore
equipped with a two-dimensional Point-Ahead
Angle Mechanism (PAAM) to correct the varying
PAA. The following derivation takes the optical link
associated with MOSA1 of spacecraft B as an ex-
ample to establish the calculation formula for the
PAA.

First, because the formation centroid orbit co-
incides with Earth’s orbit, the actual orbits of the
spacecraft can be approximated as circular. Within
the timescale relevant to calculating the laser direc-
tion vectors and the PAA, it is reasonable to assume
that the spacecrafts undergo uniform circular mo-
tion. Thus, the propagation time of the beam A

between two spacecraft satisfies the relation:
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||RAB+VAB'AZII|:AII‘C , (8)

where ¢ denotes the speed of light, and R,z and V,p
represent the relative position and velocity vectors
of spacecraft A relative to spacecraft B.

Considering the finite propagation time of the
laser beam between spacecraft, the directions of the
received and transmitted beams at two spacecraft are
no longer coincident, as illustrated in Fig. 4. Assum-
ing that each spacecraft optical bench can be ap-
proximated as a mass point, at time ¢ the optical
bench of MOSAT1 on spacecraft B BO1 is located at
point O, and the optical bench of MOSA2 on
spacecraft A AO2 is located at point O5. At this mo-
ment, the direction vector of the incident laser re-
ceived by BO1 is —ny,. The actual incident beam,
shown as the red dashed line, was emitted from
AO2 at time (t—At;,) and detected by B at time ¢.
Let the position of spacecraft A at time (r— At;,) be
denoted as 0%, thus the beam propagates from O}’
to O% over the propagation time Az,. Similarly, at
time ¢, BO1 emits a laser along the direction vector
n;; (red dashed line). After a propagation time of
Aty,, the beam is detected by spacecraft A at time
(t+ A1), when A has moved to point O;". Accord-
ing to the definition of the PAA, the PAA of space-
craft B’s MOSAL1 at time ¢ is given by:

PAAgo, = arcsin(||n;, X nyl|) . 9)

Considering that the PAA adjusts the transmit-
ted laser direction based on the MOSA optical axis,
while the control of the spacecraft attitude and the
MOSAZ2 rotation angle aims to align both MOSA
optical axes with the incoming laser direction, we
define a plane S spanned by the incident laser beams
of the two MOSA optical benches. The PAA is then
decomposed into an in-plane angle PAAo,;, and an
out-of-plane angle PAAgo, ,, relative to plane S. Let
the projection of the transmitted laser direction vec-

tor onto plane S be denoted as n, p,,, then:

| o

s \Pro

||nls pro

PAAgorp = arcsin( n, X

n, pro

n;; X
| |nls,pm

PAABOl,op = arCSin(

J . an

To evaluate the influence of the PAA on pre-

cise inter-spacecraft laser pointing, a simulation was
carried out considering only the gravitational per-
turbations of the Sun and the eight planets. The vari-
ation of the PAAs corresponding to the optical
benches on both sides of the three-spacecraft sys-
tem was simulated over one year, with the results
shown in Fig. 5 (color online). It can be observed
that the out-of-plane PAA vary periodically around
zero with peak-to-peak values of 3.98 x 10°rad, and
the in-plane PAA vary periodically around —1.985x
10°rad, with peak-to-peak values around 4.0x
10 *rad.

Out-of—plane PAA/rad

l 150 200 250 300

Time/day
PAA/\OI,lp PAAgo, PAACUIJP
- 'PAAAoz.ip - 'PAABoz,ip PAA(‘OZJp
1.960 <107
’ (b) A~

~1.965 N\
-1.970 S
-1.975
—1.980 A

—1.985 A
—1.990
-1.995
—2.000
—2.005 |
—2.010
0

In-plane PAA/rad

150 200 250 300 350
Time/day

50 100

Fig. 5 PAA change of the 3 spacecrafts during an orbit
period. (a) Out-of-plane PAA; (b) In-plane PAA

Moreover, for the same optical link, the two in-
plane PAAs at opposite ends of the laser link exhib-
it equal magnitudes with opposite signs. Consider-

ing that the divergence half-angle of the laser beam
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is approximately 2 prad, in precision beam pointing
control, variations of the transmitted laser PAA
must be compensated by adjusting the transmission
direction through the PAAM.

3.3 Pointing error calculation

In the process of establishing an inter-space-
craft laser link, a spacecraft’s laser pointing meas-
urement primarily relies on the star tracker, CCD,
and QPD. Since the measurement outputs of the
MOSAs and their expected commands differ in fo-
rm, pointing errors can be classified into two types:

(1) Before the CCD detects the laser: Only the
star tracker provides valid output. At this stage, the
expected pointing is represented by the direction
vector derived from ground navigation or the guid-
ance law.

(2) After the CCD or QPD detects the laser: In
addition to the star tracker, the measurement output
includes the 2D angular deviation of the incident
laser in the CCD or QPD measurement plane. The
expected pointing is then defined as the direction
that positions the incident laser at the center of the
measurement plane.

For these two cases, the SC attitude error and
MOSA?2 angular error are provided as inputs to the
pointing controller.

(1) Desired direction vector

Taking spacecraft B as an example, let the de-
sired pointing directions of the MOSA optical axis
be denoted as Vg, and Vj,. The current attitude of
the SC with respect to the inertial frame is R;,, and
the rotation angle of MOSA2 relative to its nominal
position is a,7,. According to the definition of };,,
its transformation matrix between the correspond-
ing frames ), can be written as R,r;. Based on the
desired optical axis vectors Vg, and Vy,, an inter-
mediate coordinate frame can be denoted as )

cl»

whose basis vectors are given by:

€cix = VSI
IVl
0. = Veax Vs, (12)
T V2 X Vil

ecly =€ Xe;

Therefore, based on the overall spacecraft geo-
metric configuration, the current SC attitude error
and the MOSA2 rotation angle error can be calcu-

lated as follows:

AR, = (R}, Rii)-R; . (13)

T .
Atvyrs = Qpps — (5 — arcsin([Vs, X VSlll)) (14

(2) Two-dimensional angular deviation meas-
urement

Let the angle-of-arrival measurements of the
incident lasers on both sides of the local spacecraft
be denoted as[A;,1;],[A2,72](Where both 21,171, 5,7,
are small quantities). Then, the negative direction
vectors of the incident lasers (pointing from the loc-
al SC to the remote SC), expressed in the corres-

ponding MOSA frames, can be written as:

1 1
L= -a [[LE =] -4 | . (15)
m 2

Ideally, after attitude correction, we have
L;),=[1,0,0]"and Lg,=[1,0,0]".

2m
1
0
0

1
0
0

=Ry ARy Ryp, - Ly, (16)

=AR,-Ryr»-AR,-R;,- L3 amn

2m

AR, denotes the current SC attitude error,
AR, denotes the rotation transformation matrix cor-
responding to the rotation angle Aa,r, about the z-
axis, and R, denotes the transformation matrix of
frame )7, relative to the reference frame. Based on
the assumption that pointing errors are small quant-
ities, the corresponding SC attitude errors (denoted
by the Euler angles 8,¢, for the x, y, and z-axes)
and the MOSAZ2 rotation angle error can be ob-

tained as:
0 0 11 0 —} A,
0 - — 0 -—
S e b
Aa -1 0 0 0
b2 1 0 1 o |t™

18
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At this stage, during the attitude correction pro-
cess of the SC, the measurement output of the star
tracker is not used. Instead, the two-dimensional
beam angular deviation measurement with higher
accuracy is directly applied to determine the current
SC attitude, thereby avoiding interference of star
tracker measurement noise with precise pointing.

Note: When only one side of MOSA receives a
detection signal, the two-dimensional AoA measure-
ment cannot directly determine the full three-dimen-
sional SC attitude. In this case, the star tracker
measurements must be employed. The two-dimen-
sional Angle of Arrival (AoA) measurements can be
converted into a spatial vector and then substituted
into the first case to compute the pointing error.

3.4 Pointing control based on MEKF

For the three-spacecraft formation system in
GW detection, each SC must not only maintain a
specific attitude such that the optical axes of its two
MOSAs point to the remote spacecraft to form the
inter-spacecraft laser links but also preserve the tri-
angular laser link structure rotating around the form-
ation barycenter within the formation plane. Con-
sequently, the three-axis attitude motion of the SC
involves the space [0,2rn). To avoid singularities
and complicated trigonometric operations, the sp-
acecraft attitude is represented using quaternions.
However, the attitude equations expressed in qua-
ternion form are nonlinear. Direct application of
nonlinear filtering methods to the full 19-degree-of-
freedom spacecraft system leads to excessive com-
putational load, slow convergence, and possible di-
vergence. Furthermore, attitude quaternions are not
independent parameters and must satisfy the nor-
malization constraint, which may introduce degener-
acy in the derivation process. Therefore, in this pa-
per, the error quaternion is employed to reduce the
attitude equations into three independent compon-
ents, and then, in combination with inertial sensor
measurements, the extended Kalman filter (EKF) is
applied to provide a global non-singular attitude es-
timation for the SC.

3.4.1 State equations

For the GW detection spacecraft formation sys-
tem, during the process of inter-spacecraft laser link
establishment, the position and velocity vectors of
the SC’s center of mass in the inertial frame are un-
observable. Therefore, based on the system motion
equation (3) and by selecting the state variables
X= [X1TstT],Txl2 X = [xgquﬂsz]T

1x16

— T T
3X2 - [U[m, wh’

T
waz]mﬁ 5

pose, SC attitude, and MOSA?2 rotation angle, along

the state-space form describing the TM

with their respective angular velocities can be ob-

tained:

Xim = Uim

0 1( L)
=— - w,
b 2610 q, +q,)wy ’ (19)

Apr2 = WhHr2

X, =0X,+M 'Bu+M"'Gd

Here, X, = [xEn,q‘T,am]le, Xo= [vﬁn,wl,wm]iw, M,
B and G denote the reorganized coefficient matrices
obtained from equation (2) after removing the rows
and columns corresponding to r, and v,. The estim-

ated values of each state variable are as follows:
-i:tm = ﬁtm

A 1 T

= = (Go— 4T+ )
.Qh 2(q0 q1 qv) b (20)
Qpra = Wpra

X, =QX,+ M 'Bu

From the equation(19), it can be seen that ex-
cept for the kinematic equations of the SC attitude,
all others are linear. Therefore, the estimation errors
of the test mass pose and MOSA2 rotation angle are

given by:

Axtm :xtm_ﬁtm (21)

Aayrs = apry — Qo
The deviation between the true value X,and its
estimated value X, is:
A, =X,-X, . 22

By differentiating both sides of the equation
(21) and (22), the state deviation equations corres-

ponding to each degree of freedom can be obtained:
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Axtm = Ai}lm
Ad’bTZ = A(:)bTZ . (23 )
AX, = QAX,

For the nonlinear SC attitude kinematic
equations represented by quaternions, let AQ, =
[Ago,AqT]" denote the error quaternion between the
true attitude quaternion @, and the estimated qua-
ternion Q. Then the following relation holds among

the three:

Qh=Qb®AQb . (24)

By differentiating both sides of the equation
and substituting the SC attitude kinematic equations,
we obtain:

W,

.1 1
AQ;,ZEAQ},®[ 0 ]+§AQ;,®[ Ag)b ]_

1[ 0 ]@AQ,, . 25

2| Wy

In the equation, Aw, represents the difference
between the true angular velocity and the estimated

angular velocity of the SC:

Awbzwb—d)b . (26)
Considering that the attitude and angular velo-
city deviations are small, by neglecting higher-or-

der terms, the equation (25) can be linearized as:

AQQZO 5 (27)

1
Aq.v = —d):Aqv + EAwb . (28)

From the equation, it can be seen that the dy-
namics of the error quaternion naturally reduce to a
linear equation represented by three independent
variables, avoiding singularity issues in the error co-
variance matrix during filtering.

Therefore, the linearized equation for the sys-

tem state estimation error is:

AX = FAX+GW 29

In the equation,

_| AX _|Fu Fe
x| 35 e[ty ]

EI2

012 l
Fp = EEa

— ALY
F, = —w,

0

3.4.2 Measurement equations

For the observation equations of the inertial
sensors and MOSA?2 rotation angles, under the small
displacement assumption, the difference between
the measured values and the estimated values of

each state variable is:

Axp =X — X s 30
m  _ _m N
Ay, =y —Qpry 31

For the observation equations of the star track-
er, let the difference between the measured and es-

timated attitude quaternions be:

AQr=0,'00, . (32)
When the measured values are close to the es-

timated values, we have:

AQ;”z[ A;m] . (33)

By substituting equations (4) and (24) into the
equation (32), we obtain:
AQ) =A0,®0, . (34)
By substituting equations (5) and (33) into the
above equation and neglecting higher-order terms,
the linearized measurement deviation equation can
be obtained:
Aq) =Agq,+ 1y . (35)
Therefore, the linearized equation for the sys-
tem measurement estimation error is:
AY = HAX+V . (36)

In the equation,

Axp E, Tars
AYZ Aq;n ’H: [ 016:|,V: nstr
AQZLTZ anSa
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3.4.3 Filtering algorithm

Based on the derived state equations (19), state
estimation error equations (29), and measurement
deviation equations (36), after discretization, Kal-
man filtering method is employed for attitude estim-
ation. The algorithm proceeds as follows:

(1) State prediction:

Before sensor measurements are available, the
predicted values of the state variables are calculated

according to the equations:

Xk+1lk)=(E+AANX (klk)+AtB U (k)
(37D
the predicted value of the attitude quaternion in
X (k+1]k) is denoted as Q,(k+1|k), and the pre-

dicted calculation of the error covariance matrix is:

P(k+1k) = F,p, P(kI) F'y, + G, O,G,

step step

(38

step

In the equation:

F,  =E+AtF ,

step

At
Gstep = f Fstep (Xk/ks T) Gdr
) (E+1F)Gdr
= GAt+ 1 FGA?P

(2) State update
Using the measurements provided by the sen-
sors, the Kalman gain and the updated error covari-

ance are computed as follows:

K., = P(k+1k)H" % [HP(k+ 11k)H" +R]_l ,

39
Pk+1lk+1)=(E-K, . H)X
Pk+1k)(E-K,. H)" + K,MRK,T+1 ,  (40)
R is the measurement noise matrix.
The state estimation error is:
AX (k+1) = Kigy (Zir = Zepe) s (4D

The estimated error of the quaternion vector in
Zisin=HX(k+1lk) and AX(k+1) is denoted as
Aq, (k+1).

(3) State correction

The predicted state values are corrected using

the estimated errors. Except for the attitude qua-
ternion, the other state variables are updated as

follows:

Xk+1lk+1)=Xk+1k)+AX(k+1) . (42)

The SC attitude quaternion state is updated as:

Qb(k+1|k+1)=Qb(k+1|k)®[ Aq,(}ﬁl) ]
(43)

In summary, the spacecraft attitude and related
system states can be solved in real time through re-
cursive estimation. The estimated attitude is used in
place of the star tracker measurements to calculate
the pointing error, which is fed back to the control-
ler to form a closed-loop system. Based on previous
research, the controller is designed using the mixed-
sensitivity approach of H, robust control theory.
The structure for control loops is shown in Fig. 6.

For detailed procedures, refer to the references [16].
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1
» —
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Suspension control loop

Fig. 6 Schematic diagram of the control scheme !*

4 Simulation analysis

4.1 Simulation system
The feasibility and effectiveness of the de-
signed pointing control scheme are verified based

on a closed-loop simulation of a three-spacecraft
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laser link system. The simulation system paramet-

ers are shown in tablel.

Tab.1 Parameters of simulation system

Item Value
Duration 4000 s
Step-size 0.1s
Environmenta L .
. solar radiation pressure noise
1 Noise

Gravitational
Perturbations

the sun and the eight planets

Star FoV: 17.5°x13.5°
Sensor Tracker: Accuracy: 15 prad
Configuration Inertial Noise: Fig.3
Sensor
Range: 1~100 pN
A Thruster Resolution: 0.1 uN
ctuator Noise: 0.1 uN/Hz"?
Configuration Inertial
nertia Noise: 1x107 N/Hz"?
Sensor
Spacecraf
t Mass 700 kg
Spacecraf 450
t Moment 450 kg- m2
Spacecraft Of Inertia 450
Parameters TM mass 1.96kg
™ [6.9x107*
Moment 6.9%x107* kg-m?
of Inertia 6.9%x 1074

The system structure is shown in the Fig 7. It

consists of three independent single-spacecraft sys-

tems running in parallel, with inter-spacecraft laser
links simulated through a delay module represent-
ing a 3-million-kilometer transmission. Each single-
spacecraft system includes dynamics model, sens-
ors, actuators, a DFACS (Drag-Free and Attitude

guidance module. The lead-angle compensation,
state estimation, and error calculation studied in this
paper are all implemented within the navigation and
guidance module.

Taking inter-spacecraft laser link establishment
of spacecrafts A and B as an example, the proposed
high-precision pointing scheme is verified through
simulation, The framework of the closed-loop is

shown in Fig.8.

(a) -

RL_real
ot fen %
scB
[
‘ SCC_RL_real
| e

Laser from C

(b)

£ Navigation |
Guidance

Inertiall
Sensor

Fig. 7 Simulation system of (a) formation and (b) space-

Control System) controller, and a navigation and craft
Measurement
noise
SCITMITE SC/TM/TE
i Real state Sensor Measurement state State
E 1 .
nuronmental — - Dynamics (eI —r
tracker) estimation
Force and
torque
Control . S_C/TM/TE
it ] tat
Actuator ([A‘gn]lator/ command Control stimation state
i inertial sensor/
none Thrusters) lOOp

Fig. 8 The framework of the closed-loop

4.2 Simulation results
Fig. 9 (color online) shows the variations of the

measured, true, and estimated Euler angles of the

SC during the simulation process, along with corres-
ponding enlarged views. Fig. 10 (color online)

presents the variations of the measurement errors
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and estimation errors, also with corresponding en-
larged views. It can be seen that the designed atti-
tude estimator significantly suppresses the impact of

star tracker measurement noise, achieving high-pre-

cision real-time attitude estimation. Moreover, the
estimated attitude values track the spacecraft’s true

attitude changes more smoothly compared to the
measured values.
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Fig. 9 Variations of the Euler angles of the SC
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Fig. 10  Attitude measurement error and estimation error
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To evaluate the performance of the designed
attitude state estimator, a performance metric, error

compression ratio, is defined as:

Em _Ee

ERR = x 100%

44

€m

The estimation performance statistics calculat-
ed are shown in the table 2. It can be seen that the
attitude estimation errors are all reduced by an or-
der of magnitude compared to the measurement er-
rors, with corresponding error compression ratios
exceeding 80%. The estimation results provide the
pointing controller with higher-precision attitude
navigation information.

Closed-loop simulations were conducted using
the attitude measurements and the estimated values
as control inputs, combined with the designed ro-
bust disturbance-rejection controller. The resulting
attitude control time-domain curves and error power
spectral density plots are shown in Fig. 11 (color on-
line). It can be seen that when the estimated attitude
is used as the control input, the resulting control er-
rors are significantly smaller than those obtained
when using the measured values directly. This veri-
fies that the proposed MEKF-based pointing con-
trol scheme can achieve high-precision pointing for

GW detection spacecrafts.

Tab.2 Performance of the estimator for SC attitude

State variables x/rad y/rad z/rad
em 499x107°  5.02x10°  5.01x107°
e 8.96x 1077 9.57x1077 9.17x1077
ERR 82.04% 80.94% 81.70%

In the reference [12], a pseudo-linear measure-
ment is constructed by an approximate transforma-
tion for quaternion measurements under small angle
change of the spacecraft to deal with the same prob-
lem of attitude estimation. Comparing the estima-
tion accuracy of the two methods, it is obviously
from the time-domain and frequency-domain dia-
gram that the proposed method in this paper

achieves higher error compression ratios, which

illustrates the superiority of the proposed algorithm.
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1 | | 1 1
0 500 100015002000 250030003500
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0 500 1000150020002 50030003500
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0 500 100015002000 250030003500
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(a) Time-domain diagram

1073 Y
wf"jf "1.';,:‘:"_”‘4_‘,,,
106t S
10*7 L
N
E o
E 10°% ¢
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Measurement e,
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10710 L
— Estimation ¢,
— Estimation e,
1 Ofll ' L ' L
10 107 107 107! 10° 10
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(b) Power spectral density diagram
Fig. 11 Control error of the spacecraft attitude

5 Conclusion

This paper investigates the problem of high-
precision beam pointing control for inter-spacecraft
laser link establishment in space-borne GW detec-
tion spacecraft, based on multi-source information
fusion. An analytical expression for the laser PAA

was derived, a Kalman-filter-based attitude estimat-
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or with a globally linearized quaternion measure-
ment model was developed to enable real-time,
high-precision attitude estimation. Together with a
robust disturbance rejection controller, the propos-
ed approach achieved accurate beam pointing and
link acquisition. Considering the structural and pay-
load characteristics of the GW detection spacecraft,
a complete system state equation including MOSA
motion was established. By introducing the error
quaternion, the nonlinear attitude measurement
equations with dependent variables were trans-
formed into linear equations with independent vari-
ables, and the fusion of inertial sensor measure-
ments was employed to improve the attitude estima-
tion accuracy. In addition, the time-varying analytic-

al expression of the PAA was derived to address the

References:

effects of ultra-long inter-spacecraft laser transmis-
sion delay and high relative velocity, and the vari-
ation trend of the PAA within one orbital period was
analyzed through simulation. This provides a theor-
etical basis for PAA servo compensation during
inter-spacecraft laser link acquisition and mainten-
ance.

Finally, a closed-loop simulation of the laser
link acquisition process among the three spacecraft
validated the proposed high-precision pointing es-
timation algorithm, confirming its advantages in
both stability and estimation accuracy. In combina-
tion with the robust disturbance-rejection controller,
accurate beam pointing was realized, thus offering
critical technical support for the execution of space-

borne GW detection mission.
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