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This paper mainly studies the motion and control of the drag-free spacecraft system for a high-precision mission. In high-precision
missions, the influence of three-body gravitational perturbation on a drag-free spacecraft system is still lack of relevant research. To
this end, we first established a relative motion model of the test mass and the spacecraft based on multibody dynamics, and the
equations of the relative motion of the test mass and the spacecraft cavity were obtained through coordinate transformation.
The difference between the sun orbit and the Earth orbit is comparatively analyzed by a numerical solution. The influence of
gravitational forces from the Earth, the moon, and the sun on the relative motion is studied in detail. Secondly, a sliding mode
controller is designed for the high-precision mission. Finally, the performance of the controller is analyzed from the time
domain and the frequency domain. Numerical simulation results show that the controller can meet the requirements of the time
domain and the frequency domain.

1. Introduction

The concept of the drag-free spacecraft was first proposed by
Pugh in 1959 [1]. It is a method that seals the test mass in a
spacecraft cavity, which shields nongravitational interfer-
ence such as atmospheric resistance and solar radiation
pressure, then continuously controls the spacecraft by a
microthruster to implement the feed-forward compensation
of interference, so that the spacecraft runs in purely gravita-
tional orbit. Because of the high accuracy and high stability
of drag-free spacecrafts, they are considered to be used for
space science mission.

At present, there are many achievements in the research
on the dynamics model of the drag-free spacecraft, but the
related research mainly focuses on different mission back-
grounds. Lange et al. [2–4] has made great contributions to
the development of drag-free spacecrafts. In [2], the motion
of the spherical test mass relative to the spacecraft body in
low Earth orbit was researched; the relative motion equa-
tions of the spacecraft body and the test mass can be
obtained by the vector difference between the motion equa-

tions. Reference [4] studies the interference cancellation of
spin spacecrafts. Wiegand et al. [5] analyzed the stability of
the test mass’s motion by using Mathieu differential equa-
tions and verified the applicability of the method by numer-
ical simulation. Theil et al. [6–8] established a drag-free
spacecraft dynamic model from the standpoint of the drag-
free control. Reference [6] studied the relative linearization
dynamics of the test mass and the spacecraft. By considering
the uncertainty of the system, the model can be used to solve
a type of drag-free spacecraft mission with nonspherical test
mass. Canuto et al. [9–12] studied the dynamics of GOCE
spacecrafts in the accelerometer mode based on the embed-
ded model theory. In the LISA Pathfinder mission, the
accelerometer mode and displacement mode are adopted
simultaneously. Fichter et al.[13–15] and Wu and Fertin
[16, 17] studied the dynamics of drag-free spacecrafts with
15 degrees of freedom, respectively.

The interference of drag-free spacecraft is mainly
divided into three sources [18]: (1) The interference acts
on the spacecraft body, such as sunlight pressure and atmo-
spheric resistance. (2) The interference acts on the test mass,
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such as residual gas damping, thermal radiation pressure,
and electrostatic force. (3) The coupling interference
between the spacecraft body and the test mass, such as grav-
ity gradient from the sun/moon and capacitance gradient. In
addition, interference will also be introduced in the TM
release process. Lian et al. [19] analyzed the impact of the
release process of the test mass and gave a capture controller
design method.

Drag-free control is one of the core technologies of drag-
free spacecraft. Chapman et al. [20] designed a PID control-
ler for the Spacecraft Test of the Equivalence Principle
(STEP) mission and designed the rotation and translation
control laws as multiple single-input single-output (SISO)
loops. Shi [21] designed a hybrid H2/H∞ controller for a
drag-free spacecraft in displacement mode and verified the
controller’s excellent robustness through simulation. Fran-
cesco [22] used the quantitative feedback theory to solve
the problem of drag-free and attitude control of LISA space-
crafts in his dissertation. Li [23] introduced a nonsmooth
optimization tool to handle the parameters of the embedded
model controller in his research. Lian et al. [24] proposed a
frequency separation control for drag-free spacecraft with
frequency domain constraints.

However, the above research mainly focuses on drag-free
spacecraft in low Earth orbit, but it is less research on orbit
around the sun/high Earth orbit. In addition, current
research pays more attention to the influence of nonconser-
vative forces, while less consideration is given to the influ-
ence of the three-body gravitational perturbation such as
the sun and the moon. In this paper, the kinetic characteris-
tic and high-precision control of the drag-free spacecraft are
studied. The main contributions include the following:

(1) The difference between the relative motion of the
drag-free spacecraft on the orbit around the sun and
the orbit around the Earth is comparatively studied

(2) Considering that there are few studies on the influence
characteristics of the sun-moon gravitational pertur-
bation for the drag-free spacecraft of the Earth orbit,
this paper analyses in detail the influence of the
Earth-sun-moon and designs the controller to over-
come the Earth-sun-moon gravitational perturbation

Based on the above analysis, the research on the relative
motion of traditional drag-free spacecrafts is mainly focused
on low Earth orbit and Solar orbit, while the research on the
relative motion of high Earth orbit for gravitational wave
detection is lacking. In this paper, the relative motion and
control of a drag-free spacecraft system under the gravita-
tional fields of the Earth, moon, and sun are studied with
the background of gravitational wave detection in the geo-
centric very high orbit.

2. The Relative Motion Equation

2.1. Reference Coordinate System. The two test masses are
assumed to be mass points; the attitude motion of test
masses is not considered in this paper accordingly. To clarify

the problems clearly, some reference frames are presented
as follows.

(1) Earth-centered inertial (ECI): the origin is located at
the Earth’s mass center E, the x-axis points to the
mean equinox J2000, the z-axis is along the direction
the Earth’s mass center to the Earth’s north pole, and
the y-axis forms a right-handed triad as shown in
Figure 1

(2) Spacecraft-centered orbit (SCO): the origin is located
at the spacecraft’s mass center O, the z-axis is along
the direction the Earth’s mass center to the space-
craft’s mass center, the x-axis is perpendicular to
the z-axis in the orbit plane and coincides with the
direction of the velocity, and the y-axis forms a
right-handed triad

(3) The spacecraft cavity coordinate system: the origin is
the cavity’s center Oi, the xi-axis is the sensitive axis
along the line of sight, the zi-axis is the vertical sen-
sitive axis in the orbital plane, and the yi-axis is the
normal direction of the orbital plane

2.2. The Relative Motion Dynamics. Merely considering the
effect of gravity of the Earth on the motion of the spacecraft,
the motion equation of the spacecraft mass center and the
test masses in the ECI coordinate system is as follows:

€r = −
μe
r3
r, ð1Þ

where μ∈ is a standard gravitational parameter and r is the
position vectors from the Earth’s mass center to the space-
craft mass center.

If the influence of lunar gravity is also considered, the
equation of motion of the spacecraft body is

€r = −
μe
r3
r − μmo

d3mo−e
dmo‐e −

μmo
d3mo‐sc

dmo‐sc, ð2Þ

where μmo is a standard gravitational parameter of the
moon. dmo−e and dmo−sc are the position vectors from the
moon’s mass center to the Earth’s mass center and the
spacecraft mass center, respectively.

Similarly, the motion equation of the test mass 1 (TM1)
and the test mass 2 (TM2) in the ECI coordinate system are

€r1 = −
μe
r31
r1 −

μmo
d3mo−e

dmo‐e −
μmo

d3mo‐tm1
dmo‐tm1, ð3Þ

€r2 = −
μe
r32
r2 −

μmo
d3mo−e

dmo‐e −
μmo

d3mo‐tm2
dmo‐tm2, ð4Þ

where r1 and r2 are the position vectors from the Earth’s
mass center to TM1 and TM2, respectively. dmo−tmi is the
position vectors from the moon’s mass center to the ith
test mass.
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The position vectors of TM1 and TM2 relative to space-
craft’s mass center O are

ρ3 = r1 − r, ρ4 = r2 − r: ð5Þ

As can be seen from Figure 1, the position vector of the
test masses relative to the mass center of the spacecraft cav-
ity can be expressed as

ρ5 = ρ3‐ρ1, ρ6 = ρ4‐ρ2: ð6Þ

Differentiating Equation (5), substituting Equations (3)
and (4) into it, and considering the influence of solar gravi-
tation lead to

€ρ3 = −μe
r1
r31

−
r
r3

� �
− μmo

dmo‐tm1
d3mo‐tm1

−
dmo‐sc
d3mo‐sc

� �
− μs

ds‐tm1
d3s‐tm1

−
ds‐sc
d3s‐sc

� �
,

€ρ4 = −μe
r2
r32

−
r
r3

� �
− μmo

dmo‐tm2
d3mo‐tm2

−
dmo‐sc
d3mo‐sc

� �
− μs

ds‐tm2
d3s‐tm2

−
ds‐sc
d3s‐sc

� �
,

8>>><
>>>:

ð7Þ

where μs is a standard gravitational parameter of the sun.
ds−sc and ds−tmi are the position vectors from the Solar’s
mass center to the spacecraft’s mass center and the ith test
mass, respectively.

According to Equation (7), the influence of the moon
and the sun for the relative motion are

αmoon = −μmo
dmo‐tmi
d3mo‐tmi

−
dmo‐sc
d3mo‐sc

� �
, asun = −μs

ds‐tmi
d3s‐tmi

−
ds‐sc
d3s‐sc

� �
:

ð8Þ

In SCO, we have

r = 00r½ �T , ρ1 = xs1 ys1 zs1½ �T , ρ2 = xs2 ys2 zs2½ �T ,
r1 = xs1 ys1 r + zs1½ �T , r2 = xs2 ys2 r + zs2½ �T ,

ð9Þ

where r = ð1 − e2Þ/ð1 + e cos vÞ, a is the spacecraft’s semima-
jor axes, e is an eccentricity of the orbit, v is a true anomaly.
ρ1 and ρ2 are the position coordinates of TM1 and TM2 in
SCO, respectively.

The equation of motion for test masses relative to the
spacecraft’s mass center in SCO can be expressed as

δ2ρi
δt2

+ 2ϖECI
SCO × δρi

δt
+ϖECI

SCO × ϖECI
SCO × ρi

� �
+ _ϖECI

SCO × ρi

= −μe
ri
r3i

−
r
r3

� �
− μmo

dmo‐tmi
d3mo‐tmi

−
dmo‐sc
d3mo‐sc

� �

− μs
ds‐tmi
d3s‐tmi

−
ds‐sc
d3s‐sc

� �
,

ð10Þ
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Figure 1: The relative motion between the test masses and the drag-free spacecraft.

Table 1: The parameters of the sun orbit and Earth orbit [25].

Orbit parameters Sun orbit Earth orbit

Semimajor axis a (km) 149597870.700 99995.5723

Eccentricity e 0.009648 0.00043

Orbit inclination i (°) 0.9529 74.5362

RAAN Ω (°) 348.16 211.6003

Argument of perigee w (°) 270 346.5528

True anomaly f (°) 180 61.3296
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where ri =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2si + y2si + ðr + zsiÞ2

q
, i = 1, 2. ϖECI

SCO and ϖECI
SCO are

the angular velocity vector and the angular acceleration vec-
tor of the SCO with respect to the ECI, respectively.

And,

ϖECI
SCO = 0 ω 0½ �T , _ϖECI

SCO = 0 _ω 0½ �T , ð11Þ

where ω =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðμeð1 + e cos f ÞÞ/r3p

, _ω = −ð2μee sin f Þ/r3.
Substituting Equations (9) and (11) into Equation (10)

leads to

where ds‐tmi =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSx − xsiÞ2 + ðSy − ysiÞ2 + ðSz − zsiÞ2

q
, i = 1, 2.

½Sx, Sy, Sz�T and ½Mox,Moy,Moz�T are the position coordi-
nates of sun and moon in SCO, respectively. Equation (12)
is the equation of motion for the ith test mass relative to
the spacecraft’s center of mass under the action of the
Earth-moon-sun gravitation system.

The relative motion equation of the test mass and the
cavity center in the spacecraft cavity coordinate system is
as follows:

xi

yi

zi

2
664

3
775 =

cos θy 0 −sin θy

0 1 0
sin θy 0 cos θy

2
664

3
775

xsi −Oix

ysi −Oiy

zsi −Oiz

2
664

3
775, ð13Þ

where θy is the rotation angle of the SCO around the y-axis

to the spacecraft cavity coordinate system, and Oi =
½Oix ,Oiy,Oiz�T is the position coordinates from the space-
craft’s mass center to the cavity’s center.

3. The Relative Motion Analysis

In order to comparative study the relative motion between
the spacecraft cavity and test masses in the sun orbit and
the Earth orbit, the two orbit parameters are given here, as
shown in Table 1.

Since the two test masses’ analysis methods are similar,
only the relative motion relation of TM1 is considered here.
Let the coordinates of the cavity center relative to the center
of the spacecraft’s mass in the spacecraft orbital coordinate
system be (0.3m, 0, 0). Assuming that the initial motion
state of TM1 in the cavity coordinate system is (0, 0, 0, 0,
0, 0), the motion of the TM1 under sun orbit and Earth orbit
relative to the center of the cavity is shown in Figure 2. The
simulation starts on January 1, 2034.

As can be seen from Figure 2(a), the maximum displace-
ment of the TM1 relative to the center of the cavity in the

sensitive axis in sun orbit within a year is about 2.9mm,
and the relative motion in the nonsensitive axis is about
5mm. In Figure 2(b), the relative motion displacement of
the sensitive axis in Earth orbit is about 500mm (Assuming
the cavity size is large enough), while the relative motion dis-
placement of the non-sensitive axis is about 900mm.
According to Figure 2, the test mass in the Earth orbit is sig-
nificantly affected by the gravitational gradient of celestial
bodies, while the motion in the sun orbit is relatively small.
Therefore, for gravitational wave detection spacecrafts in
Earth orbit, it is necessary to focus on the analysis of the
effect of celestial gravity gradient on relative motion, so as
to avoid the collision between test mass and cavity.

This study focuses on gravitational wave detectors in the
Earth orbit, which are mainly subject to the gravity gradient
of the Earth, moon and sun. The influence of the above three
celestial bodies on the displacement and acceleration of the
test mass relative to the center of the cavity are analyzed in
detail, as shown in Figures 3–5.

It can be seen from Figure 3(a) that the relative displace-
ment between the test mass and the center of the cavity in
the sensitive axis caused by the gravitational gradient of
the Earth-sun system is greater than other systems. The
relative displacement caused by the gravitational gradient
of the Earth-moon-sun system is smaller than that of the
Earth-sun system, which may be due to the damping effect
of the moon’s gravity. Figure 3(b) shows the relative acceler-
ation effects of the Earth, moon, and sun in the sensitive axis.
It can be seen from the figure that the gravity gradient of the
Earth is the main influencing factor of the relative motion in
the sensitive axis, and its magnitude is 10-11m/s2. The grav-
itational gradient of the sun fluctuates greatly, which makes
the displacement of relative motion change greatly. The
influence magnitude of the moon’s gravitational gradient
in the sensitive axis is 10-14m/s2. Figure 5 shows the relative
motion effects of the gravitational gradient of the Earth-
moon-sun system on the direction of the vertically sensitive
axis in the orbital plane. As can be seen from Figure 5, the

€xsi + 2n _zsi − n2xsi + _nzsi = −
μe
r3i
xsi −

μs
d3s‐tmi

xsi − Sxð Þ − μs
d3s‐sc

Sx −
μmo

d3mo‐tmi
xsi −Moxð Þ − μmo

d3mo‐sc
Mox,

€ysi = −
μe
r3i
ysi −

μs
d3s‐tmi

ysi − Sy
� �

−
μs
d3s‐sc

Sy −
μmo

d3mo‐tmi
ysi −Moy
� �

−
μmo
d3mo‐sc

Moy,

€zsi − 2n _xsi − n2zsi − _nxsi = −
μe
r3i

r + zsið Þ − μs
d3s‐tmi

zsi − Szð Þ + μs
d3s‐sc

r − Szð Þ − μmo

d3mo‐tmi
zsi −Mozð Þ + μmo

d3mo‐sc
r −Mozð Þ,

8>>>>>>><
>>>>>>>:

ð12Þ
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influence of each system on the relative displacement is sim-
ilar to the sensitive axis.

In Figure 4(a), the relative displacement caused by the
Earth-moon-sun system in the normal direction is greater
than that caused by other systems, while the relative dis-
placement of the Earth-moon system in the normal direc-

tion is greater than that caused by the Earth-sun system.
Figure 4(b) shows that the relative acceleration caused by
the Earth’s gravitational gradient in the normal direction is
0, which is because the normal direction has no weight in
the initial state. And the normal direction is decoupled from
the orbital plane, so the relative acceleration in the normal
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Figure 2: The relative displacement of the sun orbit and Earth orbit.
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direction is 0. In the normal direction, the influence magni-
tude of the moon’s gravitational gradient is 10-15m/s2, while
the sun is 10-16m/s2. Therefore, the gravitational gradient of
the moon dominates in the normal direction, and the influ-

ence of the gravitational gradient of the sun still needs to be
considered.

A comparative analysis of the gravity gradient of the
Earth system, the Earth-moon system, and the Earth-sun
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Figure 3: The effect of the Earth-moon-sun system on the relative motion in the sensitive axis.
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system shows that in gravitational wave detection space-
crafts of similar heights, the effects of the Earth, the moon,
and the sun on the motion of the relative cavity center of
the mass need to be considered simultaneously.

Therefore, the influence of the Earth, the moon, and the
sun on the relative motion of the test mass and the cavity

center should be considered simultaneously in the gravita-
tional wave detection spacecrafts at similar heights.

In the above analysis, it is assumed that the cavity size is
large enough, while the actual cavity size is limited. There-
fore, the movement of the test mass must be controlled to
avoid collision with the cavity. Here, we study the
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gravitational wave detector with two test masses, so the
movement relationship between the two test masses and
the cavity should be considered simultaneously when
designing the control strategy. Figure 2(b) shows the relative

motion of TM1, and the relative motion of TM2 will be ana-
lyzed here. Let the position of the cavity center with TM2 in
the SCO be (-0.3m, 0, 0) and the initial motion state of TM2
in the cavity coordinate system be (0, 0, 0, 0, 0, 0, 0). The
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Figure 5: The effect of the Earth-moon-sun system on the relative motion in the vertically sensitive axis direction.
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movement of TM2 relative to the cavity center is shown in
Figure 6.

In Figures 2(b) and 6, the red line represents the relative
motion on the sensitive axis, the blue dotted line represents
the relative motion in the normal direction, and the green
chain-dotted line represents the relative motion in the direc-
tion of the perpendicular sensitive axis in the orbital plane.

On the sensitive axis, the relative motion direction of TM1
and TM2 changes from negative to positive with time. On
the vertical direction of the sensitive axis, the relative motion
direction of TM1 changes from negative to positive with
time, while TM2 changes from positive to negative with
time.

4. Relative Motion Control

4.1. Sliding Mode Controller Design. In order to avoid the
collision between the test mass and the cavity, the following
two control strategies can be adopted:

(i) Strategy 1 [24]: displacement mode+acceleration
mode: the changes of TM1 and TM2 in the direction
of the sensitive axis can first decompose the force to
the coordinate axis and then offset by the micro
thrusters. The change of nonsensitive axis direction
can be controlled by the electrostatic controller alone
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Figure 6: The movement of TM2 relative to the cavity center.

Relative motion

Sliding mode
controller Electrostatic actuator

Capacitive sensor
Displacement

Force Measurement noise

Random noise

Figure 7: The structure of the control system.

Table 2: The control requirement.

Parameter Requirement

x1 10-12mHz-1/2@0.1mHz-1Hz

y1, z1 10-9mHz-1/2@0.1mHz-1Hz

ax1 10-15 ;ms-2 Hz-1/2@0.1mHz-1Hz

ay1, az1 10-13ms-2·Hz-1/2@0.1mHz-1Hz

Relative displacement deviation 5mm
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(ii) Strategy 2: acceleration mode: the change of the sensi-
tive axis and nonsensitive axis directions of TM1 and
TM2 are all controlled by the electrostatic controller

In Strategy 1, displacement mode is adopted in the sen-
sitive axis. Compared with Strategy 2, the control accuracy
is higher, and the control force can avoid interference of
the test mass in the direction of the sensitive axis. However,
this method makes TM1 and TM2 mutually coupled, and
the control force is relatively complex. In Strategy 2, each
axis is controlled by electrostatic force, which can realize
the decoupling of TM1 and TM2 controls, but the electro-
static force will introduce the negative stiffness effect. If the
interference introduced in Strategy 2 is lower than the
requirement, Strategy 2 can still be adopted.

The actuator of Strategy 2 is the capacitive plate, which
directly acts on the test mass, so as to realize the decoupling
of TM1 and TM2 controls and simplify the controller design
process. Therefore, the sliding mode controller is designed for
the relative motion control between the test mass and the cav-
ity. Sliding mode control has the characteristics of fast response
speed and insensitivity to parameter change and disturbance.
The structure of the control system can be seen in Figure 7.

In the design of the controller, Equation (12) is first
written as a form of state space, as follows:

_x tð Þ = f xi, yi, zi, tð Þ + Bu,
y tð Þ = Cx tð Þ,

(
ð14Þ

where xðtÞ = ½ _xi, _yi, _zi�T , fðxi, yi, zi, tÞ is a nonlinear function,
B and C are the coefficient matrix, and u is the control input.

We define the sliding mode function:

s tð Þ = ceε + _eε, ð15Þ

where c > 0 and eε and _eε are error and error derivative,
respectively.

Let

eε tð Þ = xd − x, _eε = _xd − _x, ð16Þ

where xd is an expected position.
In order to prove the stability of the controller, the

Lyapunov function is defined as follows:

Ly =
1
2 s

2: ð17Þ

Differentiating Equations (15) and (17), we get

_s = c _eε + €xd − f xi, yi, zi, tð Þ − Bu, ð18Þ

_Ly = s_s: ð19Þ
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Figure 8: The control effect of relative motion in the time domain.
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We use the exponential reaching law; then, the control
law is

u = 1
B c_eε + xd − f xi, yi, zi, tð Þ + ks + ηsat sð Þ½ �, ð20Þ

where

sat sð Þ =
sgn sð Þ, s ≥ ϕ,

s
f , s < ϕ:

8<
: ð21Þ

Substituting Equations (18) and (20) in Equation (19) gives

_Ly = s c _eε + €xd − f xi, yi, zi, tð Þ − c _eε − €xd + f xi, yi, zi, tð Þ − ks − ηsat sð Þð Þ
= −ks2 − η sj j ≤ 0:

ð22Þ

According to the LaSalle invariance principle, the closed-
loop controller is asymptotically stable.

4.2. Performance Analysis of the Controller. The control
analysis of TM1 is given, and the control analysis of TM2
is similar to that of TM1. This section studies the control
of test mass relative to the cavity under the gravitational gra-
dient of the Earth-moon-sun system when the geocentric
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Figure 9: The displacement accuracy and residual acceleration accuracy of the relative motion on x1.
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gravitational wave detector is operating in scientific mode. The
control requirement can be given as shown in Table 2 [26].

In the scientific model, the initial state parameters of
TM1 is (0, 0, 0, 0, 0, 0), and the starting time of simulation
is January 1, 2034. With the controller designed by Equation
(20), the control effect of the relative motion between TM1
and cavity in the time domain can be obtained, as shown
in Figure 8.

By comparing Figures 2(b) and 8, it can be seen that the
relative motion between the TM1 and the cavity after control
is significantly reduced, and the relative displacement of three
axes are in the magnitude of 10-9m, 10-10m, and 10-9m,

respectively. These results meet the requirements of Table 2
and have the margins of several orders of magnitude.
Therefore, the sliding mode controller can realize the
high-precision control of drag-free spacecraft and has cer-
tain robustness.

In scientific mode, in order to avoid the interference of
the controller on sensitive axis and nonsensitive axis to flood
the gravitational wave detection signal, the control effect of
the controller in the frequency domain is given here.
Figures 9–11, respectively, show the displacement accuracy
and residual acceleration accuracy of the relative motion in
the frequency domain.
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Figure 10: The displacement accuracy and residual acceleration accuracy of the relative motion on y1.
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In Figures 9–11, Requirement denotes the control index
from Table 2. The blue line represents the power spectral
density (PSD) of relative displacement when the control
force is applied in Figures 9(a)–11(a). It can be seen from
Figure 9(a) that the accuracy of the relative displacement
between the TM1 and the cavity does not meet the require-
ments in the detection frequency band when the control
force of the sensitive axis is not applied. The slight constraint
violation within 0.1mHz–2mHz may be caused by the
negative stiffness of electrostatic force. In other frequency
bands, the requirements are fully met. Considering that
0.1mHz–2mHz basically meets the requirements, this

violation can be tolerated. The figure in frequency band
0.025Hz−1Hz is not shown here, because the large interfer-
ence is generally reflected in the low-frequency band. In
Figure 9(b), the accuracy of residual acceleration in the
direction of the sensitive axis is lower than required, and
there is a certain margin. This result shows that the sliding
mode controller not only achieves robustness in the time
domain but also has a robustness to the frequency domain
control results.

It can be seen from Figures 10 and 11 that the relative
displacement accuracy and residual acceleration accuracy
of the nonsensitive axis both meet the requirements and
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Figure 11: The displacement accuracy and residual acceleration accuracy of the relative motion on z1.
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have a certain margin. Therefore, the controller meets the
requirements of the frequency domain. In addition, compar-
ing the frequency domain control results of the relative
acceleration on the three axes, it can be seen that the
acceleration PSD margin of the sliding mode controller in
the z-axis direction is greater than that of the other two axes,
which is consistent with the position PSD results.

5. Conclusions

In this paper, the relative motion and control of a drag-free
spacecraft system under the gravitational fields of the Earth,
moon, and sun are studied for a high-precision mission. The
relative motion between the test mass and the spacecraft
cavity is analyzed by multibody dynamics, numerical solution,
and coordinate transformation. Through the comparative
study on the relative motion of the sun orbit and Earth orbit,
it was found that under pure gravity, the relative motion of
the LISA spacecraft on the sensitive axis was relatively small,
and the collision between the test mass and the cavity on the
sensitive axis would not occur. However, the relative motion
of the Earth orbit drag-free spacecraft on the sensitive axis is
relatively large, which will cause a collision if no control is
applied. By decomposing the effects of different gravitational
fields, the influence of the gravitational gradient of the Earth,
moon, and sun in the Earth orbit is studied. It is found that
the Earth has the greatest influence on relative motion in the
orbital plane, while the moon has the greatest influence on
relative motion in the normal direction. Finally, a sliding
mode controller is designed to verify one of the control
strategies in combination with the background of the high-
precision mission. The simulation results show that the
controller can meet the requirements of the time domain
and frequency domain.
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