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Abstract

In our research, we proposed a system using multi-robot as a gravity compensation system for a ground test of a spacecraft
with a deployable structure. The advantage of the system is its low cost and versatility. When the robots support the beam
at the nodes, we can expect to simulate the free vibration of the space structure using the proposed system under gravity.
In this study, supporting a uniform, flexible beam with vibration was first implemented to verify the performance of the
proposed system. Then we investigated the performance of the system applying to the mock-up model of a spacecraft with

a deployable structure as a demonstration.
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1 Introduction

In the field of space engineering, we encounter a new hori-
zon of technology, such as deep space exploring, huge scale
or tiny scale satellites, complex deployable structures, and so
on. The hardware prototype test is an indispensable process
in the development of the spacecraft [1-5]. The prototype
test of deployment of space structures, such as large scape
antenna, solar panels, membrane structures require gravity
compensation during the structure’s deployment motion on
the ground. But, we cannot completely cancel the gravi-
tational effects on the space structures on the ground, in
principle. Therefore, the ground prototype tests need to be
effectively implemented for each test issue, individually [6,
7]. The purpose of our research is to develop a prototype test
system for deployable membrane or flexible space structures
[8—13] using a multi-robot supporting system.

During the past twenty years, to support the deployment
motion of spacecraft flexible structure, passive or actively
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controlled multi-point suspension systems have been devel-
oped [14-16]. There are two types of such gravity compen-
sation systems. One is the suspension system, which has
huge multi-point suspension with wires from the ceiling of
the test facility [17]. The system needs to assign the sup-
porting points discretely and, therefore, the dynamics of
suspension wires affecting to the deployable mechanism of
the spacecraft cannot be neglected. The other type of gravity
compensation system utilizes weight supporting mechanisms
such as air bearings [18]. The system well simulates the
frictionless environment. But it requires a huge surface plate
for the prototype test of a large spacecraft. In addition, the
use of the system is restricted in the prototype test of two-
dimensional deployment of space structure. Furthermore,
the air bearing system has large inertia that may disturb the
spacecraft’s deployment dynamics. Therefore, it is difficult
to apply these systems for the prototype test of inflatable
structures or the three-dimensional deployable structures.
In our research, we proposed a support system using a
multi-robot as a gravity compensation for ground prototype
test of spacecraft with a deployable structure. If we use a
multi-robot supporting system, all the robot have the same
control architecture and do not need spacecraft-specific
controller design. Therefore, we only have to change the
number of the robot if the design of the spacecraft changes.
The advantage of the system is its low cost and versatility.
The system is expected applicable in the prototype test for
various types of spacecraft, such as small satellites, huge
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flexible space structures with many degrees of freedom. It
can be established by changing the number of multi-robots
according to the test conditions. The modular architecture
and the portability of the robots reduce the cost of the system
to set up the prototype test facility. In the previous study, we
proposed a model of a lower-supported robot system and
confirmed that it has a good support function in the deploy-
ment test of a simple deployment structure [19].

In general, lower-order modes, especially the first mode of
the space structure, is a significant mode. Because the mode
often leads to the critical situation of the space structure,
such as unexpected deformation, damage to the structure,
and so on [20]. Therefore, we focused on the first mode of
the structure in this study. At first, we considered emulating
the behavior of a uniform beam in the zero-gravity space for
simplicity. The first mode of the simple beam vibration has
two nodes under the free—free boundary condition. When
the robots support the beam at the nodes, we can expect
to emulate the free vibration of the space structure using
the proposed system under gravity. In this study, supporting
a uniform, flexible beam with vibration (i.e. the theoreti-
cal behavior is well known) was implemented to verify the
performance of the proposed system, first. Then we investi-
gated the performance of the system applying to the mock-
up model of a spacecraft with a deployable structure as a
demonstration.

2 System architecture

We propose a robotic gravity compensation system of the
spacecraft prototype tests. The system is designed to emu-
late the friction-free environment in the space. The system
is composed of some robots. The robots cooperatively sup-
port the structure of the spacecraft. The number of robots
depends on the size or complexity of the spacecraft struc-
ture. Figure 1 shows the schematic architecture of the sys-
tem. Each robot can be equipped with a mobile machine to
move around the ground, according to the wide area deploy-
ment of the spacecraft. But in this article, we do not explain
the mobile mechanism in detail, because the purpose of this

Fig.1 System architecture Prototype of a spacecraft

Robotic unit #1
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study is to investigate the supporting conditions of the sys-
tem for the target structure as a simple beam.

Each robot has six DOF (degrees of freedom) HEXA type
parallel mechanism (Fig. 2). This mechanism enables to sup-
port and to guide the deployment of the target structure. The
mechanism will cancel the load of the structure and emulate
the friction-free environment, that is, space without external
force. In the real environment in space, the structure of the
spacecraft will cause a free vibration. The robot needs to
emulate such special motion of the spacecraft.

3 Control system

The proposed control system is realized with a force control-
ler of each robotic unit. The force controller enables grav-
ity compensation to support the load of the target structure.
It also follows the deployment motion or vibration of the
target structure. The controller detects reaction forces at
the supporting point and moves the traveling plate of the
robot to cancel such forces. In this study, the controller was
implemented by a simple PI force control. Receiving the
force sensor signals, the controller generates the commanded
linear velocity of the traveling plate, which compensates the
reaction forces. According to the commanded motion of the
traveling plate, joint angles of the parallel link mechanism
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are calculated by inverse kinematics. A high gain PD feed-  Table1 Parameters of the parallel link manipulator
back controller moves actuators for the traveling plate to - ]
.. . . Diameter of the base unit 194 mm
coincide with the commanded motion. Lenath of the 1 ik 65
en (o) € lower lin mm
First, the commanded value of the linear velocity of the L gth fih link 165
en (o) € upper lin mm
traveling plate X = [xd .Yy zd] is designed as follows: g ) PP ) )
¢ ¢ Typical height of the supporting point 230 mm

X4 K(’)n(‘) + K9 / nOds — Kg} X0 n
_F
SX

n® = —Fy @)

O _ g
Fdz Fslz

where K;,’;,K(’) K(’) (i=1,--,N)and N are feedback gain
matrices, the number of modular robotic units, respectively.

FO, Fi’; FO ® are the measured value of the force sensor in x,

y, and z- axes respectively. F - @ is the desired value of reac-
tion force to compensate the grav1tat10nal force acting on the
supporting point. The commanded value of angular velocity
6’;’ (j: index number of the parallel link) for each actuator of
the parallel link manipulator is calculated by the inverse

kinematics.
(d iyd
0" =F(x) 3)

The actuator torque is controlled by high gain PD feedback
as follows:

9D = O gdd (@) @ p
o = k(60 6 ) - ke, @)

3.1 Feedback gains

With the traveling plate position vector as X, = [x,,y,,z,]7,
the equation of motion is expressed as follows.

MED 4 CX® = g 5)
When the movement amount | X| of the traveling plate is suf-
ficiently smaller than the link lengths in Eq. (5), the driving

force vector Q of the traveling plate is obtained using the
motor torque vector r(’) of Eq. (4) can be approximated as

follows.
07 = Ky{X = X0) - Ky X0 ©
The shearing force Fs at the supporting point of the flexible

structure is opposite in direction to the supporting reaction
force at the supporting point and can be modeled as follows.

ng) = —kXE)i) =-QW (7

Fig.3 Support jig on the top of the force sensor

From Egs. (1), (5), (6), (7), the following equation is
obtained.

' (i)
& o KptCa K<1+K )&,
= x04 22 — L X
ar* M dp M are ®
K0 0
k KKk
Kerk a dyo L P70 w0
M dt ¢ ¢

Based on Eq. (8), the feedback gains are determined using
the Routh—Hurwitz stability criterion so the system as to
be stable.

4 Simultion model
4.1 Model of the robotic unit

Numerical simulations were implemented with the proposed
system model. Table 1 shows the parameters of the robots.

Figure 3 shows the support mechanism which is mounted
at the top of the force sensor, which clamps the target structure
with two rotatable cylinders from both sides of the structure.
The base plate to hold the two cylinders can be also rotatable.
This mechanism is expected to follow the rotating motion of
the supporting structure passively.

4.2 Simple beam model for the flexible structure
Consider a uniform beam whose length and the cross-sec-

tional areas are [ and A, respectively. First, we define y-axis
in the longitudinal direction of the beam. Beam’s elastic
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deformation x(y, t) is defined as a function of axial position
y and time 7.
0%x o*x
A— + EI— =0
P Ty ©)
The natural frequency and the shape function of the beam’s
vibration are derived as follows:

fo= o ™) [E 10
YA pA (10)

In this paper, we focused on two types of boundary
conditions.

e Free-free: No shearing force nor bending moment at both
ends of the beam.

e Both ends simply supported (B.E.S.S.): The beam is
simply supported at two positions with shearing force
without bending moment.

Shape functions according to the boundary conditions are
illustrated in Fig. 4.

Here, we have to note that the vibration nodes are located
at the points of 22% from both ends in terms of the first
mode of free-free condition. It is well known that the first
vibration mode of the structure is dominant in the zero-grav-
ity environment and sometimes causes serious damage to the
structure. In this paper, we considered the behavior of the
first mode of free-free condition. Therefore, the supporting
points of the proposed robotic system were located at the
nodes of the first mode of free-free condition.

== 2nd mode === <3rd mode

(a)

= 15t mode

0 0.2 0.4 \C,y 0.8 ’I
\ ~ Pl g
1 S / \\-__"
15t MOde e 2nd Mode == <3rd mode
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Fig.4 Shape functions according to the boundary conditions
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5 Numerical simulations

To verify the suitable supporting position of the robotic
units, numerical simulations were implemented. Figure 5
shows the configuration of the simulation model.

Theoretical vibration modes of the beam could be analyti-
cally derived. The beam was made of stainless steel and the
property of the beam was summarized in Table 2.

Using Eq. (10), the natural frequency of the first mode of
the free-free condition is derived as 3.91 Hz. First, the uniform
beam was modeled as a finite element model. The model was
composed of a series connection of 100 rigid elements. The
elements were connected through rotational joints. The joints
had one rotational degree of freedom with elastic and viscous
components. The elasticity and viscosity were set correspond-
ing to the hardware setup based on preliminary experiments.
Observing the profile of attenuation of vibration, the vibration
when using the proposed control system is more attenuated
than the free vibration under zero gravity. As an initial condi-
tion, 1 N of the external force in the direction perpendicular
to the axis of the beam for 0.01 s.

Figure 6 shows the time history of the displacement at the
geometric center of the beam and the frequency characteristic
in the case of the free-free condition (zero gravity) and the
case of using the proposed control system. From this result,
3.91 Hz, which is the frequency of the first mode in the case
of free oscillation, has been observed in both cases, and by
supporting the beam using the proposed control system, it is
possible to preserve the original vibration mode. It can be seen
that the free vibration under zero gravity can be appropriately

Supporting point

Supporting point
\ Uniformbeam
| b r

Left [™ ™| | Right

Unit

“

Fig.5 A snapshot of the numerical simulation (two points simply
supported condition)

Table 2 The property of the beam

Young’s modulus Thickness Height Length

197 GPa 9.25% 10*m 0.035m 1.10 m
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3.0E-05 Table 3 The property of the panel
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Fig.6 Time history and power spectrum of the displacement in
x-direction when supported at 22% from the end

reproduced. In more detail, it can be seen that when the pro-
posed control system is used, a small vibration component
appeared at around 12.3 Hz. This mode was different from
the first mode of free vibration observed in Fig. 6, and was
slightly excited in the component of the two-point supporting
mode. This was due to the shearing force of the beam at the

ing point caused by vibration or deployment. This phenom-
enon was expected to improve in the future by speeding up the
response of the robot.

Next, for a demonstration, a numerical simulation of
a mockup model of a spacecraft with a deployable solar
panel was performed using the proposed control system.
Figure 7 shows a simulation model of deployment struc-
ture, which has a main body and two panels connected
through rotational hinge and spring. Panel properties were
given as shown in Table 3.

From Fig. 8, it can be confirmed that using the control
system proposed good development is performed without
exciting harmful vibration.
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6 Hardware experiments
6.1 Simple beam model

At first, the support experiment was conducted with two
robots to reconstruct free vibration of the beam, as in the
numerical simulation. Figure 9 shows the device experiment.
The beam was supported by the two robots at points located
242 mm. The external force was applied at the center of the
beam (550 mm).

Figure 10 shows the displacement of the vibration in the
direction (x-axis) at the point supported by the left robot
after an external force is applied. In comparison with Fig. 6,
the hardware experiment exhibited faster damping than
the simulation result. But the natural frequency of mode
1 (theoretical value is 4.00 Hz) seems in Figs. 6 and 10 are
almost consistent. In the hardware experiment, vibration
damping is fast to influence the rolling friction of the jig in
the support part. We can see no other vibration mode except
the mode 1. The system has no harmful vibration caused
by structural oscillation or actuator movement such as the
vibration of the harmonic drive gears. Looking at support
performance, we can see that can nearly be reconstructed
free vibration of the beam in gravity-free space, by the robot
system suggested.

Succeeding in the experiments on the uniform beam, we
implemented a hardware experiment using a mock-up model
as a demonstration.

Figure 11 shows the experimental setup. This set up has
deployable solar panel mock-up. Two panels are connected
to each other through hinges with springs. The parameters
of the panel are the same as Table 3.

Table 4 shows the hardware devices that make up the
robotic unit used in this study. The overview of the robot unit
is shown in Fig. 12, and system architecture of the hardware
robotic unit is summarized in Fig. 13.

Fig. 9 Experimental setup of a uniform beam model
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In the hardware experiment of the mock-up model,
the panels are folded from the beginning. At the starting
timing, the wire which locked the panel released and the
panel began to deploy. The position in the x-axis of the
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Fig. 10 Time history and power spectrum of the displacement in
x-direction when double supported at 22% from the ends

e |

aflloyable solar panel 48

Fig. 11 Experimental setup of a mock-up satellite model. The deploy-
able panels are connected to the fixed pillar at the right side. Two
laser displacement meters are mounted to the fixed frame of the
experimental field and detect the displacement of the panel in the
x-axis
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Table 4 Hardware devices

Controller iMCs01 (iXs Research Co. Ltd)
DC-motor 2642W012C (FAULHABER Co. Ltd.)
Encoder 1E3-512 (FAULHABER Co. Ltd.)
Gears CSF-8-50-2XH-F-SP

(Harmonic drive systems inc.)
USLG25-10N-E (Tec Gihan Co. Ltd.)
Dual MC33926 Motor Driver

(Pololu Corporation)

Force sensor

Motor driver

Actuators

Fig. 12 Hardware system of the robotic unit. The traveling plate
is driven by 6 actuators. On the traveling plate, the force sensor is
mounted. The supporting jig is at the top of the force sensor

Fig. 13 Architecture of the
hardware system

[A/D Converter |

D Converter <

|A/D Converter |

hinge of the panels is measured by the laser displacement
meter and recorded. The figure shows the result. From
Fig. 14, the robotic unit followed the deployment of the
mock-up solar panel without a harmful disturbance or
serious oscillation to the system. After the deployment
of the panel, there is no harmful vibration on the system,
either. We can note that the proposed system effectively
support the deployment of the flexible structure in two-
directional motion.

7 Conclusions

We proposed and designed a new type gravity compensa-
tion system for the prototype test of spacecraft. The system
is composed of multi-robotic support units with a simple
force controller. From the simulation study, it was noted that
assigning the positions of the supporting points to the nodes
of the dominant mode of vibration is effective to emulate
the free vibration. The validity of the proposed system is
verified through hardware mock-up model. For future work,
we are thinking about improving the responsiveness of the
robot and fusing with the behavior measurement system at
the time of development of the deployed structure. In addi-
tion, we aim to develop a system that can measure precise
transient response characteristics of structures as well as
gravity compensation.
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Fig. 14 X-directional panel position
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