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ABSTRACT

The gravitational wave spacecraft is a complex multi-input multi-output dynamic system. The gravitational wave
detection mission requires the spacecraft to achieve single spacecraft with two laser links and high-precision
control. Establishing one spacecraft with two laser links, compared to one spacecraft with a single laser link, requires
an upgraded decoupling algorithm for the link establishment. The decoupling algorithm we designed reassigns the
degrees of freedom and forces in the control loop to ensure sufficient degrees of freedom for optical axis control. In
addressing the distinct dynamic characteristics of different degrees of freedom, a transfer function compensation
method is used in the decoupling process to further minimize motion coupling. The open-loop frequency response
of the system is obtained through simulation. The upgraded decoupling algorithms effectively reduce the open-loop
frequency response by 30 dB. The transfer function compensation method efficiently suppresses the coupling of
low-frequency noise.
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1 Introduction

In 2016, the LIGO team in the United States announced the detection of gravitational waves. It
was the first direct detection of gravitational waves in human history. To detect gravitational waves
at lower frequencies, researchers have proposed space gravitational wave detection missions such as
the Laser Interferometer Space Antenna (LISA) [1], Taiji [2] and TianQin [3]. Interest in this research
field is steadily growing, with related studies spanning various aspects such as orbit [4], laser links [5],
low-noise mechanisms [6], algorithms [7], and more. As shown in Fig. 1, the space gravitational wave
detection formation consists of three identical spacecraft, each with two Moving Optical Assemblies
(MOAs). Each MOA consists of an optical bench (OB), a telescope, and a test mass (TM) protected
in the electrode cage. The three spacecraft form a triangular constellation with an interferometric arm
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between each two. Gravitational waves are detected by measuring the change in distance between two
TMs on the same interferometric arm. The MOA can be driven to rotate around its pivot by the Optical
Assembly Tracking Mechanism (OATM) [€].
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Figure 1: Gravitational wave spacecraft

In these space-based gravitational wave detection missions, the laser acquisition should be
achieved prior to scientific measurement. Various acquisition schemes for different conditions are
proposed [9,10]. On-ground demonstration of one laser-link construction has also been performed
at [5,11,12]. Laser acquisition of formations containing three spacecraft is more complex. Laser
acquisition schemes dedicated to three spacecraft have also been studied [13,14]. In the aspect of
spacecraft dynamics modeling and control, a linear system dynamics model with 19 degrees of freedom
(DOFs) has been presented at [15,16]. A detailed nonlinear dynamics model with 20 DOFs has been
derived by Simone Vidano and the frequency response relationships between the different DOFs were
also demonstrated [17].

The optical axis is defined by the optical bench (OB), which is fixed with respect to the OB
without considering point-ahead angle mechanism and deformation. Thus there are 2 optical axes
on a spacecraft. In the laser acquisition (Fig. 2), first the spacecraft A keeps pointing the reference
direction. As the same time, spacecraft B controls the optical axis to continuously rotate for scanning.
At the moment when the laser from spacecraft B covers spacecraft A, a signal is obtained on the
Charge Coupled Device (CCD) of spacecraft A, which is used to determine the direction of spacecraft
B. In the second step, spacecraft A adjusts its attitude so that the optical axis of spacecraft A is aligned
with the orientation of spacecraft B, thus a signal is obtained on the CCD of spacecraft B. In the third
step, spacecraft B performs the same attitude adjustment so that the optical axis is stably aligned with
spacecraft A. At this point, the optical axes of two spacecraft enter each other’s field of view and the
laser acquisition of one link is realized. The laser acquisition should be achieved between each two
spacecraft.

In Taiji program, the inter-spacecraft uncertain half-angle is 24 u rad during the scanning phase,
and the laser divergence half-angle is 1.7 u rad. In the currently equipped attitude sensors on the
gravitational wave spacecraft, the only available sensor before receiving laser from the opposite
spacecraft is the star tracker sensor (STR).The accuracy of STR is 5 u rad, which does not meet
the control requirement of 1 u rad. Therefore, during the scanning phase, considering the worst-case
scenario involves insufficient accuracy in the feedback signals.
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Figure 2: Laser acquisition

More researches are required to upgrade from the single laser-link to multi laser-links. Decoupling
algorithms are necessary here. Due to complex spacecraft dynamics, each actuator leads to the motion
of multiple degrees of freedom. Therefore, a decoupling module should be included in the control
system to realize single-DOF motion by converting the motion demand of a single DOF into control
signals to multiple actuators. In previous work, the 19 DOFs were assigned to three control loops
as follows: drag-free control, spacecraft attitude control, and electrostatic suspension control. Each
control loop contained an equal number of DOFs and driving forces (torques) [15]. For each control
loop, decoupling could only happen within the current loop, having nothing to do with the other two
loops.

The decoupling algorithm designed in this paper further addresses two problems. One is the degree
of freedom problem. During the laser acquisition, the optical axes of two OBs on a spacecraft need
to be controlled continuously and independently. 4 DOFs are needed for the two optical axes, while
there are 3 DOFs in the spacecraft attitude control loop. Therefore, the spacecraft attitude control
cannot achieve independent control of the optical axes. In previous work, the control and decoupling
of the optical axis were only considered for the spacecraft’s attitude. Therefore, the earlier decoupling
algorithms did not meet the requirements of degrees of freedom. Considering the entire MOA can be
rotated by the OATM, the DOFs of the optical axis motion can be increased. Therefore the rotational
torque of the spacecraft and the driving torque of OATM should be used to achieve the optical axis
control.

The second is the motion coupling problem. Coupling causes noise transfer between different
DOFs, so decoupling should minimize coupling between different DOFs. When a OATM operates, a
torque is applied to the target MOA and a reaction torque is applied to the rest of the spacecraft. This
can cause coupling problems between the optical axis motions. The rotational torque of the spacecraft
can be used to offset the reaction torque of the OATM to reduce the coupling. Thus, the rotational
torque of the spacecraft and the driving torque of the OATM should be put into a control loop for
decoupling.

In response to the requirements of one spacecraft with two laser links in gravitational wave
detection, this paper proposes the upgraded decoupling algorithms. The three control loops of the
spacecraft control system are reassigned. Unlike previous work, optical axis control and decoupling in
this study are not only focused on the spacecraft’s attitude but also involve Optical Assembly Tracking
Mechanism. The driving torque of the OATM and the rotational torque of the spacecraft are assigned
to the optical axis control loop, to achieve independent control of optical axes. The transfer function
compensation method is proposed to reduce the coupling by analyzing the linear dynamics model of
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the spacecraft. The decoupling effect is verified by the open-loop frequency response of the decoupled
system. The open-loop performance also affects the subsequent closed-loop control performance.

In Section 2, the overall control system framework is presented, the driving forces (torques) and
DOFs are reassigned to the three control loops. In Section 3, the transfer function of the decoupler is
given by analyzing the dynamics model and different decoupling algorithms are designed. In Section 4,
the frequency response analysis of the open-loop system is performed to evaluate the effectiveness of
the decoupling algorithms.

2 Control Systems and Control Loops

The spacecraft’s control system is shown in the red dashed box in Fig. 3. The controller contains
20 Single-Input Single-Output (SISO) control units. Each element of the control vector 5 output by
the controller represents a control signal for one DOF. The decoupler converts the control vector g
into the control signal for each driver. The drivers output driving forces and torques u. DOFs x, are
measured by sensors mounted on the spacecraft (with redundancy). The more accurate estimate of
each DOF is given by the state observer through fusing # and the measured values [16].

Scanning coordinate n . u X1 l
— y
S transformation 2 | Controller —|-> Decoupler Drivers Spacecraft | Sensors |
Lo . —t |
State coordinate |
| Observer transformation 1
- o]

Figure 3: Gravitational wave spacecraft control system structure

CCD and Quadrant photodiodes (differential wavefront sensing, effective after attitude adjust-
ment) [18-20] are used to measure the position of the target spacecraft. The description of the OB
attitude need to be converted into the description of the spacecraft attitude and MOA turning angle
relative to the nominal angle by the coordinate transformation (the relevant method can be found
in the literature [21,22]). This is the coordinate transformation 1 after the sensor in the control
system of Fig. 3. Scanning is required during laser acquisition, and the scanning strategy provides
the maneuvering signal for the optical axis [23] that needs to be converted to control signals for
spacecraft rotation and MOA rotation. Then they are provided to the controller. This is coordinate
transformation 2 after the scanning strategy.

During the laser acquisition, if one spacecraft has already established one laser link, the established
laser link is kept while establishing another laser link, and then the other optical axis is controlled
for scanning or alignment. The optical axes of both OBs of one spacecraft needed to be controlled
independently (4 DOFs are required). The DOFs controlled by the optical axis control loop should
include 3 DOFs of the spacecraft attitude and the rotation angle of the MOA. The driving torque
of the optical axis control loop should include the spacecraft rotational torque and the driving
torque of the OATM. The spacecraft rotational torque and the driving torque of the OATM need
to be collaboratively controlled and jointly decoupled in the optical axis control loop. Therefore, the
spacecraft control system is divided into three control loops: drag-free control, optical axis control
and electrostatic suspension control. The DOFs and driving forces and torques in each control loop
are listed in the Table 1.
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Table 1: Control loops
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Drag free control Degrees of freedom

Driving forces and torques

The position of the TM in the
direction of the sensitive axis and
the position of TM1 perpendicular
to the solar panel

The translational forces F; of
micro-thrusters

Purpose Control spacecraft translation,
maintain the relative position of
electrode cage and TM

Optical axis control Degrees of freedom The attitude of the spacecraft 0

Driving forces and torques

Purpose

and the angle of rotation of the
MOA ¢, relative to the nominal
position

Torque of micro thruster M; and
the driving torque of OATM M,
Control the optical axes of both
OB:s for scanning or alignment with
the incident laser

Electrostatic suspension control Degrees of freedom

Driving forces and torques

Purpose

The attitude of the TM 6,, relative
to the electrode cage, and position
of the TM r,, in the remaining 3
directions

Electrostatic torque of electrode
cage M and electrostatic force Fy in
3 directions

Control the attitude and position of
TM relative to the electrode cage
(excluding three directions in drag
free control)

3 Decoupling Algorithm Design
3.1 Dynamics Model

In this paper, we use MATLAB Simscape to build the nonlinear dynamics model of the spacecraft
in Fig. 3, and the schematic diagram of the simscape model is as follows Fig. 4.

For the dynamics model, the input vector u is the driving force and torque (described in Table 2),
and the output vectors x; are the positions and angles of the DOFs (described in Table 3).

u=I[F My, Moy, Mo, Fr, M, Fp,, MEz]T

T
Xy = [rsc, Osc, Soars Conrs Parrs Oants Faras 0112]

(1)
2
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Figure 4: The schematic diagram of the gravitational wave spacecraft dynamics model

Table 2: Driving forces and torques u

Forces and torques Description Dimensionality
F; The combined force of the micro-thrusters acting on the 3
spacecraft center of mass
M; The combined torque of the micro-thrusters acting on the 3
spacecraft center of mass
Moy Torque of OATMI1 to MOAL 1
M, Torque of OATM?2 to MOA2 1
Fg, The electrostatic force applied to TM1 by electrode cage 1 3
M, The electrostatic torque applied to TM1 by electrode cage 1 3
Fy, The electrostatic force applied to TM2 by electrode cage 2 3
My, The electrostatic torque applied to TM2 by electrode cage 2 3
Table 3: Degrees of freedom (corresponding to x; and 7)
Degrees of freedom Description Dimensionality
Fsc Position of spacecraft on the inertial reference frame 3
Osc Attitude of spacecraft on the inertial reference frame 3
Lo Turning angle of MOAI1 relative to the nominal positionon 1
spacecraft reference frame
Cow Turning angle of MOAZ2 relative to the nominal position on 1
spacecraft reference frame
Fan Position of TMI1 relative to electrode cage 1 3
O Attitude of TM1 relative to electrode cage 1 3
Fa Position of TM2 relative to electrode cage 2 3
012 Attitude of TM2 relative to electrode cage 2 3

Therefore, a 20 % 20 Multiple-In Multiple-Out (MIMO) system is used in this paper. After the start
of the drag-free control, only 3 of the 6 DOFs translational forces on the TM will be used, and the
other 3 directions will be tracked by driving the spacecraft translations without applying electrostatic

forces.
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3.2 Transfer Function of Decoupler
After obtaining the the spacecraft nonlinear dynamics model, the state space equation can be
obtained by the linearization at the working point, and the initial working point is selected as

x1=0 i1=0

The state space equation is obtained as

x=Ax+ Bu
y=Cx+ Du
D=0

where x is the 40-dimensional state variable, including state vector x, and its first-order derivative x,
and therefore x can be decomposed,

X
x=|""
X3

Decomposing 4 and B similarly, the state space equation is written as
.).Cl _ [ O I xl Bl
)=l Al (B

It can be written as two equations,
X =X (3)

X, =A,x,+ Ayx, + Bu (4)

Substituting Eq. (3) into Eq. (4),
X, = Aix, + A%, + B

Perform Laplace transform,
X1S2 = AIXI + AzXIS + BzU

The transfer function of driving forces (torques) to DOFs is

G:ﬁ B,

U (Is>—A,s—A))

For the decoupler, the input is the control signal of DOFs p, and the output is the control signal
for the driving force (torque) u. The corresponding Laplace transforms are noted as H, U, respectively.
The transfer function of an ideal decoupler is

u 1 1
Dz=ﬁ=le(l_A2§—A,s—2) (5)
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The transfer function of the decoupler and spacecraft dynamics model is

X, 1
H=s (6)
s
It can be seen that the transfer function compensation is performed when use Eq. (5) to decouple,
in this way the decoupler and the spacecraft dynamics model present the dynamics of the second-order
integral within a certain range.

In the previous decoupling design, there are only scale factors in the transfer function of the
decoupler,

D, =B, (7

The above D,, D, are used to decouple the entire spacecraft, which are 20 x 20 matrixes of transfer
functions. The 20 * 20 transfer functions are not all necessary in the actual control system. In other
words, not all 20 driving forces (torques) but only the driving forces assigned to the corresponding
control loop are used to control one DOF.

3.3 Decoupling Algorithm

Each decoupling algorithm can be divided into two parts. One is the transfer function, which can
be D, or D,. The other is the assignment of the DOFs and the driving forces (torques) which can be
represented in Fig. 5. Each cell represents the transfer function from the DOFs to the driving force (D,
or D,). Red represents drag-free control, yellow represents optical axis control, and green represents
electrostatic suspension control. Blue represents the transfer function that is not used.

J
Y\YAYPY Y Y Y

rsc Osc ¢ Ttmi Omi TMz Oz

n rsc Osc ¢ Ttmi Omi Tmz O

n
(@) (b)

Figure 5: Input control vector of the decoupler  and output driving force u distribution relationship

Decoupling algorithm I: Only one driving force (torque) will be used to control one DOF. The
input (DOF to be controlled) and output (driving force and torque) distribution of the decoupler
can be represented in (a) in Fig. 5, with the transfer function using D,. There is only one scale factor
between the control signal and the corresponding driving force for each DOF.

Decoupling algorithm II: Decoupling is performed within each control loop so that the driving
forces (torques) within corresponding control loop are used to control one DOF. The input and output
distribution of the decoupler is represented in (a) in Fig. 5. The missing rows and columns in the
electrostatic suspension control are the 3 DOFs used for drag-free control. The transfer function is D;.
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Decoupling algorithm I1I: Decoupling is performed within each controlloop (Fig. 5). The transfer
function is D, to perform transfer function compensation.

4 Decoupling Evaluation

The decoupling effect can be evaluated by analyzing the open-loop frequency response of the
decoupler and the spacecraft dynamics model represented in Fig. 4. It corresponds to Fig. 3 to the
part inside the green dotted box, ignoring the characteristics of the drivers. The effect of decoupling is
evaluated by the frequency response of the input vector 5 to the output vector x; (Fig. 6). The control
frequency of the drag-free control and optical axis control is less than 10 Hz due to the limitation the
micro-thruster’s response time and the sensor’s sampling speed [15]. Therefore, the main frequency
band during laser acquisition is 1-10 Hz. Frequency points at 1, 10, and 0.01 Hz are selected for test.
1 Hz s closest to the control system’s frequency, 10 Hz represents the upper limit of the control system’s
frequency, and 0.01 Hz reflects low-frequency drift noise.

Nonlinear
T’ Decoupler u Dynamics Model X1

Figure 6: Open-loop system used for frequency response simulation

Fig. 7 is the frequency response at 1 Hz of the input vector 5 to the output vector x, for different
decoupling algorithms in decibels (dB) (20 dB represents a tenfold difference). Frequency responses
that are 80 dB below the maximum frequency response are always indicated in blue. The green color
is about 107" of the major frequency response, blue is about 1072 of the major frequency response and
yellow is the frequency response that is important or causes severe motion coupling. The cells on the
diagonal represent the response of the target DOFs 7 in consistent with the actual DOFs x,. The two
yellow boxed cells in each figure represent TM translational motion relative to the electrode cage ry,
caused by spacecraft translational motion rgc that is required to perform drag-free control. The other
responses between different DOFs cause noise coupling and need be minimized. The red box is the
optical axis control, which is our main concern.

Tsc Osc ¢ Tm1 Om1 Tmz Oum Tsc Osc ¢ Tm1 Om1 Tmz Oum
n n
(a) (b)

Figure 7: (Continued)
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Figure 7: The frequency response at 1 Hz of the input vector 5 to the output vector x, (a) Decoupling
algorithm I (b) Decoupling algorithm II (c) Decoupling algorithm 111

Table 4 records the maximum frequency response between different DOFs in optical axis control,
i.e., unwanted motion coupling, and a smaller frequency response means a better decoupling effect.

Table 4: Maximum frequency response coupling between different DOFs in optical axis control

dB 1 Hz 10 Hz 0.01 Hz

Decoupling strategy I -29.1 -874 0.2
Decoupling strategy I  —76.2 —128.4  30.1
Decoupling strategy III.  —88.1  —128.7 —34.8

The frequency response at 1 Hz is analyzed first (Fig. 7). It can be seen that the decoupling
algorithms II and III significantly reduce the coupling in the optical axis control. The decoupling algo-
rithm II effectively reduces the coupling by offsetting the reaction torque of the OATM. Decoupling
algorithm III also reduces the coupling in the optical axis control. For most DOFs, the dynamics of
the system are second-order integrated without stiffness and damping, but for OATM, stiffness and
damping exist. The collaborative motion produces errors due to different dynamics properties. The
transfer functions compensation is used to modify the dynamics of OATM to a second-order integral
model in decoupling algorithm III, thus reducing the motion coupling. For the coupling of other
DOFs, the algorithms II and III are basically the same as the decoupling algorithm 1.

At the higher frequency point of 10 Hz (Fig. §), the decoupling algorithms I and IIT still effectively
reduce coupling. However, the difference between the decoupling algorithms IT and III has diminished.
At the lower frequency of 0.01 Hz, the decoupling algorithm IT shows a deterioration compared
to the decoupling algorithm I. The decoupling algorithm III still effectively reduces coupling. The
main reason is that, in the low-frequency range, the frequency response of DOFs with second-order
integrator characteristics (without damping and stiffness) far exceeds that of DOFs with damping
and stiffness. Decoupling algorithm III addresses this issue through transfer function compensation.
However, in practical usage, the performance may not be as ideal due to the limitation imposed by
actuator resolution.
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n n
(d) (e) ()

Figure 8: The frequency response of the input vector n to the output vector x,. The columns from
left to right are the decoupling algorithms I, II, III.The frequency points in Figs. a, b, and c are at
10 Hz. The frequency points in Figs. d, e, and f are at 0.01 Hz

In addition, the transfer function compensation method is also meaningful in cases where the
output of the driver is the angle of rotation rather than the torque. This method can also be used to
solve the problem of different units of input variables.

5 Conclusion

During the laser acquisition, the optical axes on a spacecraft need to be controlled independently.
This imposes different decoupling requirements on the control system. The decoupling algorithm is
divided into two parts, control loop assignment and transfer function design. In order to achieve
independent control of the optical axes, the DOFs and the driving forces are reassigned to the three
control loop. The sufficient freedom of optical axis motion is achieved by introducing the driving
torque of OATM. The coupling problem due to reaction torque is reduced by decoupling in one
control loop. The transfer function compensation method is used to reduce the coupling due to
the different dynamics of the drivers. The open-loop simulation demonstrates that the decoupling
algorithm significantly reduces the coupling of the optical axis. The decoupling algorithm addressed
the motion coupling issue from a single laser link to a dual laser link on one spacecraft.
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