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Abstract. Via cooperation among multiple spacecraft, spacecraft formations can enable
many near Earth and deep-space missions with low cost but high robustness. Control-
ling spacecraft formations is more complicated than that of traditional monolithic space-
craft. Control algorithms must be sufficiently tested and validated on ground. Hence on-
ground facility that provides micro-gravity environment are indispensable. This work
presents the on-ground formation flight testbed in Technology and Engineering Cen-
ter for Space Utilization, Chinese Academy of Sciences. The testbed is consisted of
a highly-flat granite surface, four air-bearing robots, and a camera-based motion mea-
surement subsystem. Each robot can move frictionlessly on the granite surface with
three degree of freedoms, including two translational and one rotational degree of free-
doms. Each robot is controlled by four carefully-calibrated fans. Several test experi-
ments shows that centimeter-level position control accuracy and less-than-one-degree-
level attitude control accuracy can be achieved. A tight formation control experiment
with sophisticated scenario demonstrates that the air-bearing testbed is scalable, and
capable of testing multi-spacecraft control algorithms.

Key words: air-bearing robots, spacecraft formations, on-ground micro-gravity facility,
formation control, collision avoidance.

1. INTRODUCTION

As an emerging form of space missions, spacecraft formations are capable of
performing complicated space missions. Compared with traditional monolithic satel-
lites, spacecraft formations are more robust and usually have lower costs. Small for-
mation scale and high-precision control are required by many spacecraft formation-
flying missions, such as synthetic aperture telescope [1], Interferometric SAR [2],
and on-orbit assembly [3]. The formation scales of different missions vary from sev-
eral meters to hundreds of meters, and the required control accuracy is usually from
dozens of centimeters to several millimeters.

Controlling a satellite formation, especially in close proximity, is a challenging
task. The control framework should address many different aspects, such as collision
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avoidance, adding or removing new members, simple actuators, limited sense capa-
bility, etc. In addition, it is also desired that the control be performed in realtime. To
verify the effectiveness and decrease the risk of the mission, it is necessary to test the
control algorithm in a on-ground facility that can provide micro-gravity environment.

There is a variety of ways to achieve a micro-gravity environment, such as air-
craft parabolic flights, drop towers, weight-reducing suspension systems, and un-
derwater test facilities [4]. Aircraft parabolic flights and drop towers can provide
three-dimensional micro-gravity environment yet with only several or tens of sec-
onds [5, 6]. The duration time is too short to perform formation control experiments,
which usually last for several orbital periods. Weight-reducing suspension systems
and underwater tests can achieve long duration time of micro-gravity environment.
However, the former constrains the movement of tested devices badly [7], and the
latter brings high resistance due to the medium [8].

Planar air-bearing testbed are another type of micro-gravity platform. The space-
craft are simulated by air-bearing robots. Each robot is mounted on several air bear-
ings that allow for almost frictionless motion on a flat surface. In this way, air-
bearing testbed can offer a two-dimensional micro-gravity environment with 10−3-
10−5g (where g is the Earth’s gravitational acceleration) of residual gravity accelera-
tion [4]. The duration time is usually as long as dozens of minutes. Therefore, planar
air-bearing testbed are suitable to perform the formation-flying experiments.

There are many investigators that have simulated the formation-flying experi-
ments based on the planar air-bearing platform. In the end of 1990s, Robertson et
al. tested the control strategy of the three spacecraft formation of Orion mission
[9]. In 2005, a planar air-bearing testbed called SPHERES (Synchronized Position
Hold Engage Re-orient Experimental Satellites) program was developed at the Mas-
sachusetts Institute of Technology [10]. This program supported the control algo-
rithms verification of multiple formation-flying missions, including TechSat 21 and
Space Technology 3. The on-orbit assembly was simulated using four air-bearing
robots by Bevilacqua et al. in 2011 [11]. Guglieri et al. performed a rendezvous
and docking experiment in 2014 [12]. In 2019, Rughani et al. tested the proximity
operations between three spacecraft using air-bearing testbed [13].

The air-bearing testbed is mainly composed of a flat surface and air-bearing
robots. To maintain the micrometer-level air cushion between robots’ feet and flat
surface, the flat surface should be extremely flat, which gives high requirements to
its material. There are three kinds of material usually used to construct the surface:
granite, glass, and epoxy. The maximum size of the glass surface is usually smaller
than 4m2 due to the limitation of the production technology [14, 15]. The surface
made by epoxy have unlimited size but have worse quality [16, 17]. Hence, the most
popular material is granite because of its high flatness, small roughness, and modest
size [18, 19, 20]. The flat surface of the air-bearing testbed in this paper is constructed
by granite.
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The motion sensors and actuators of the air-bearing robots are two key elements
of the control loop. To measure the position and attitude of the robots, several kinds
of sensors have been applied. In some proximity operation experiments, several cam-
eras are mounted on the side of robots to sensor other robots, thus directly provide
the relative position and attitude [21, 22]. However, side cameras has limited visions
and needs heavy on-board computation. A more popular way is to mount one or
more cameras on the overhead to measure the motion of each robot as a global sensor
[23, 24]. Besides, pseudo-GPS indoor system is applied in some testbed [25]. In
comparison, the overhead cameras has much lower costs. In this paper, the positions
and attitudes are measured by an overhead infrared camera.

To simulate the actuators of the spacecraft, thrusters are usually adopted to con-
trol the air-bearing robots. As the robot has three degree of freedoms, three or more
counter facing pairs of thrusters are offen equipped with evenly spacing [26, 27].
Also, there are some air-bearing robots of which thrusters mounted with specific con-
figuration [28, 29]. The maximum force of single thrusters are usually from dozens of
milinewton to a few Newtons [30, 31]. However, the thrusters continuously consume
the limited high-pressure air in the tank which supplies the air bearings at the same
time to achieve frictionless motion. Hence, the thrusters will reduce the duration time
of the air-bearing robots. On the other hand, most thrusters are custom-made, which
increases the difficulties of debugging and maintenance. To avoid these issues, a fan
propulsion system is adopted to control the air-bearing robots. And the fan propul-
sion system is completely based on commercial equipments, which reduce the costs
and difficulties of maintenance.

In this paper, the air-bearing testbed is introduced first. To achieve high-precision
control, the control model of the air-bearing robots is built with parameters measured.
Based on the PID (proportional–integral–derivative) controller, the subcentimeter po-
sition precision is obtained during the single air-bearing control experiment. Finally,
an formation-flying experiment with four air-bearing robots is performed with the
artificial potential field (APF) method.

2. SYSTEM DESCRIPTION

The schematic diagram of the air-bearing simulator is shown in Fig. 1. There are
four air-bearing robots floating on a 4× 3-m2 granite surface. The infrared camera
takes images of the distribution of each robot on the granite surface with a 10-Hz
frequency. The positions and attitudes of robots can be obtained after processing the
image data from infrared camera. A photo of the testbed is shown in Fig. 2.

As illustrated by Fig. 3, the air-bearing robot is three-tiered-structured. The air-
bearing subsystem is installed on the bottom tier, including the high-pressure air pas-
sage, air reducers, and three air bearings. The air tank is located in the center of the
robot. The air-bearing subsystem can support the robots working more than one hour.
The middle tier contains the power subsystem and the attitude and position control
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Fig. 1 – Schematic diagram of the air-bearing testbed.

Fig. 2 – Photo of the air-bearing testbed.
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subsystem. The attitude and position control subsystem consists of four propulsion
fans, an on-board computer, and a wireless module to receive attitude and position
information from the data processing computer. On the top tier, there are three sign
lights to determine the attitude and position of the robot. To be identified, each robot
has a unique distribution of sign lights. Besides, some mounting holes are reserved
on the top tier for equipments that may be used in the future, such as cameras or
lidars.

Fig. 3 – Model of air-bearing robot.

3. THE CONTROL MODEL OF AIR-BEARING ROBOTS

3.1. The control model

To achieve high-precision control of the air-bearing robots, the control model
is built in this section, including the translational model and the rotational model.
The motion and rotation of the robots are described in a two-dimensional inertial
coordinate system I shown in Fig. 4: the origin OI is located at the geometrical
center of the granite surface; yI-axis is along the short side of the granite surface with
an opposite direction to the data processing computer; and xI-axis is determined by a
right-handed coordinate system.

As illustrated in Fig. 5, the air-bearing robot is driven by two pairs of propulsion
fans. Four fans are numbered counterclockwise. The directions of propulsion forces
remain fixed in the robot-fixed coordinate system L: the Origin OL is located in the
geometrical center of the robot; xL-axis points to the second sign light; and yL-axis
points to the third sign light.
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Fig. 4 – Inertial coordinate system.

Fig. 5 – Robot-body-fixed frame.
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The translational control model can be defined as follows:

ma =
4

∑
i=1

M(β )Fi (1)

where m is the mass of the air-bearing robot, a is the acceleration in the inertial
coordinate, Fi is the propulsion force of ith fan in the robot-fixed coordinate, and
M(β ) is the transformation matrix from the inertial coordinate to the robot-fixed
coordinate:

M(β ) =

[
cos(β ) −sin(β )
sin(β ) cos(β )

]
(2)

Here, β is the attitude angle of the robot, which is defined as the clockwise rotation
angle from xL-axis to xI-axis.

The rotation control model is as follows:

Jα =
4

∑
i=1

Li
T Fi (3)

where J is the moment of inertia of the robot, α is the angular acceleration, and Li is
the lever arm of Fi relative to the center of mass of the robot.

3.2. Measurement and calibration

There are several parameters in the control model to be measured, including the
mass m, the moment of inertia J, and the coordinate of the center of mass Pbc in
robot-fixed frame. Besides, the propulsion force needs to be calibrated.

3.2.1. Measurement of parameters

The parameters of two different air-bearing robots are measured. Results are
shown in Table 1.

Table 1
Parameters of Air-bearing robots

Air-bearing robot 1 Air-bearing robot 2
m [kg] 17.665 17.486
J [kg/m2] 0.259586 0.255583
Pbc [cm] [-0.934, 0.052] [-1.492, 0.042]

It can be seen that the differences of masses and moments of inertia between two
robots are below 2%. Compared with the 40-cm diameter of robots, the position of
the barycenter, that is the offset relative to the geometric center, is relatively little.
These differences are mainly due to the different distributions of sign lights and mass
of air on the tank, both of which just have a slight effect on the control accuracy.
Then, lever arms of four propulsion fans can be calculated based on the 3D model of
the robots. In this way, the control model is obtained.
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3.2.2. Calibration of propulsion fan

The propulsion force of four identical fans are directly controlled by the duty cy-
cle of pulse-width modulation (PWM) signals. To acquire accurate control force, the
correspondence relationship between the output force and the duty cycle of PWM
control signal is calibrated. As shown in Fig. 6, the equipment measuring propul-
sion force consist of a microcontroller, an one-to-one transmission lever, and a force
sensor with 1 mN precision.

Fig. 6 – The equipment measuring propulsion force.

During the calibration, the rotational speed of the propulsion fan is decided by
the PWM signal produced by the microcontroller controls. The output forces are
measured by the force sensor. The calibrating results are illustrated in Fig. 7. The
correspondence relationship is strongly nonlinear. The maximum propulsion force is
around 250 mN. To obtain accurate output forces, the saturation force is set as 150
mN during the control. Since the mass of each air-bearing robot is around 17.5 kg,
the maximum control acceleration is around 12 mm/s2, which is enough to control
the air-bearing robot in the frictionless environment.

Fig. 7 – The correspondence relationship between the output force and the duty cycle of PWM control
signal.
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3.2.3. Allocation of propulsion forces

To control the translation and rotation of the robot, the translational control force
F and the control torque T should be produced by appropriate allocation of propulsion
forces of four fans.

According to Fig. 8, the point of applications Pi and propulsion directions Di are
as follows in the robot-fixed coordinate:

P1 = M(δ ) [0,R]T

P2 = M(δ ) [−R,0]T

P3 = M(δ ) [0,−R]T

P4 = M(δ ) [R,0]T

,


D1 = M(δ ) [1,0]T

D2 = M(δ ) [0,−1]T

D3 = M(δ ) [−1,0]T

D4 = M(δ ) [0,1]T

(4)

where R is the radius of the robot, and Pi and Di satisfy

Fi = DiFi

Li = Pi −Pbc
. (5)

Fig. 8 – The installation configuration of propulsion fans.

Substitute Eq.(5) into Eqs.(1) and (3), there are

M(θ)T F =
4
∑

i=1
DiFi

T =
4
∑

i=1
(Pi −Pbc)

T DiFi .
(6)

The desired translational control force F and the control torque T is decided by the
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control law. And the force of each fan, that is Fi, is calculated by solving Eq.6 with
least square method. According to calibrating results of the propulsion fan, the duty
cycle of PWM control signal for Fi is obtained. In this way, specific desired control
force and torque can be produced by four propulsion fans.

4. CONTROL OF SINGLE AIR-BEARING ROBOT

4.1. Preliminary Control Setting

In order to test the performance of the air-bearing formation flight simulation
system, several testcase control experiments can designed. In the current setting,
the position control and attitude control of single air-bearing robot are based on the
classical PID control. The control diagram is shown as follows:

Fig. 9 – Control diagram of single air-bearing robot control experiment.

As one of the most popular controllers, PID controller is composed of three terms:

u = KPe+KI

∫ t

τ=0
e dτ +KDė (7)

where e is the error between desired state and actual state, and KP, KI and KD are the
coefficients of proportional term, integral term, and derivative term, respectively. The
error is mainly reduced by the proportional term. The derivative term can estimate the
future trend of the error, thus can accelerate convergence. However, it will increase
the high-frequency compounds of errors, which is inescapable as random noise is
common in physical systems. The integral term can eliminate the steady-state error
but may degrade the stability of the system.

4.2. Control experiment

In fact, PD (proportional-derivative) controller is able to achieve quick response
and eliminate the overshoot. However, the steady-state error still exists under the PD
control. The integral term can eliminate the steady-state error but will decelerate the
convergence. An error threshold is set to limit the integral term, which means the
integral term only works when the error is smaller than a threshold value. As the
derivative term will increase the high-frequency compounds, moving average filters
are used to mitigate the effect of random noise. Besides, the control force of each fan
is limited below 0.15 N.
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Two experiments that involve only one robot are performed. The aim of these
experiments is to examine a single robot’s control response, such as the control ac-
curacy. The control objective of first experiment is to drive the robot to a fixed point
and to maintain a stationary attitude. In the second experiment, the robot is driven to
track a circular trajectory.

4.3. Fixed point experiment

Initially, the air-bearing robot is set on the origin and the attitude is set as 0◦. And
the target states are as follows:

xI = 1000 mm

yI = 1000 mm

θd = 120◦.

(8)

To reduce the difficulty of coefficient tuning, a numerical scenario is created
based on the control model and the calibration results in Section 3. On the basis
of control coefficients in the numerical simulation, the coefficient tuning in the ex-
periment can be easily done after slightly adjustment. This means the control model
and calibration of propulsion fan are accurate enough.

The control results are illustrated in Fig.10. The slight variations of states are due
to the random noise. The precision of position control and attitude control is below
0.5 cm and 0.5◦, respectively.

Fig. 10 – Results of single air-bearing robot control experiment.

The control process is shown in Fig.11 with several snapshots. It should be no-
ticed that three air-bearing robots in the bottom left do not participate the control
and remain static during the control process. The controlled robot arrived the target
position finally.

4.4. Trajectory tracking experiment

In the trajectory tracking experiment, the target spins around a circle with a 110-
sec period and a 100-cm diameter. And the target attitude is constantly set as 0◦.
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Fig. 11 – Control process of single air-bearing robot control experiment.

The PID controller is also adopted in this experiment. Initially, the robot is far away
from the target trajectory. As shown in the left subplot in Fig.12, the robot is grad-
ually close to the target and follows the trajectory finally. As the target is constantly
moving, there is a near constant distance between the target and the robot as shown
in the right subplot in Fig.12. Once the trajectory tracking is achieved, the fluctua-
tion of the distance is below 3 cm. Therefore, the trajectory tracking experiment is
accomplished with centimeter-level precision.

Fig. 12 – Control results of trajectory tracking experiment.

5. TIGHT FORMATION CONTROL OF AIR-BEARING ROBOTS

This section considers a more complicated experiment with multiple air-bearing
robots. Four air-bearing robots are desired to construct a dynamic configuration. The
cooperations between robots and collision avoidance technique are tested.
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5.1. Artificial potential field method

In the formation control, the attitude of each robot is controlled by the PID con-
troller. The APF method is adopted to control the positions of robots, and furthermore
achieves the configuration initialization and configuration maintenance. The posi-
tions are controlled by the APF method. The formation control diagram is shown in
Fig.13. As the translational model is second-order, a double-loop control is adopted.
The outer position–velocity loop is controlled by APF method, which produced the
desired velocity based on the distribution of robots. For each robot, the Q-guidance
law tracks the desired velocity of the method and accomplish the inner velocity–
acceleration loop.

Fig. 13 – Formation control diagram of air-bearing robots.

By combining several artificial potential fields, the APF method can control robots
achieve the target distribution without collision. The APF method is robust and can
dynamically switch the target of each robots during control. For ith air-bearing robot,
the desired velocity is as follows:

vi = vGather
i +vDock

i +vAvoid
i (9)

where vGather
i , vDock

i , and vAvoid
i are artificial potential fields of three types of be-

haviours as follows [32]:

vGather
i =

4

∑
j=1

ci (ξ j −xi)

vDock
i =

4

∑
j=1

di exp

(
−
∥∥ξ j −xi

∥∥2

kd,i

)
(ξ j −xi)

vAvoid
i =

4

∑
j=1

−bi exp

(
−
∥∥x j −xi

∥∥2

ka,i

)
(x j −xi)

(10)

where xi and ξ j are the positions of the ith robot and the jth target position, respec-
tively. And ci, di, kd,i, bi, and ka,i are parameters to adjust the magnitude or range of
the corresponding behaviour. The velocity fields of three behaviours are illustrated
in Fig.14. The gather behavior drive the robots move towards the target and has a
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global effect. The dock behavior is local and only works when the robot is nearby
some target. It leads to a smooth docking. And the avoid behavior can prevent two
robots collide with each other. The formation control with collision avoidance can be
accomplished by the combination of these behaviors.

Fig. 14 – Artificial potential fields of three behaviors.

5.2. Control experiment

Initially, four air-bearing robots are randomly distributed in the plane. The final
target formation is a square that spins around a circle. The attitude of each robot is
set as 0◦ constantly. The scenario has two stages:

(1) Initially three robots form a group and the fourth robot serves as an intruder.
Thus the group should accomplish the formation configuration while avoiding the
fourth one.

(2) The fourth one becomes a new member and is to be added into the formation.
The trajectory evolutions are shown in Fig.15. Several snapshots of the control

process are illustrated in Fig.16. The robots are distributed to the moving target
points finally. Due to the avoid behavior and adaptive target switches, the trajectories
are relatively complicated. Consider the 400-mm diameter of robots, the collision
threshold is set as 500 mm, which is illustrated as the red line in Fig.17. The blue
curve in Fig.17 is the minimum distance between any two of robots. As can be seen,
the minimum distance is always above the collision threshold.

6. CONCLUSION

In this paper, an air-bearing testbed using fan propulsion system is presented.
The system includes multiple air-bearing robots and hence can simulate space mis-
sions with one or more satellites in a planar micro-gravity environment. This system
supports experiment with long duration, from tens of minutes to couples of hours.
The control precision of the robots can reach sub-centimeter level for position con-
trol and sub-degree level for attitude control. This testbed is used in a formation
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Fig. 15 – Trajectory evolutions in formation control experiment.

Fig. 16 – Control process of formation control experiment.
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Fig. 17 – Minimum distance in formation control experiment.

control experiment involving formation acquisition, collision avoidance and forma-
tion reconfiguration. Result demonstrates its capability of validating algorithms for
sophisticated spacecraft formations.

The air-bearing testbed is extensible. It can be further used in other scenarios, for
example, validating GNC algorithm for space rendezvous, testing drag-free control
algorithms for distributed optical interferometers.

Received on December 2020
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