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Ground-Based Simulation of Space Manipulators
Using Test Bed with Suspension System
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An experimental system simulating dynamic behavior of space manipulators is constructed for the purpose of
technological demonstration of space robots and evaluation of their dynamic features. The system consists of a
space robot with dizal manipulators, a suspension system, and a control system. The manipulators are hung by
wires at each joint of the manipulators to cancel the effect of the ground gravitational force. The tension of the
wires is controlled to be constant to simulate on the ground the dynamic behavior of the manipulators in space.
Dynamics of the two-link manipulators is analyzed experimentally employing the present ground facility through
inspection of their dynamic features in space. The motion of the manipulator is restricted to a vertical plane as the
first step of study. The outline of the experimental system is also briefly introduced. The results of the numerical
simulation and the experiments show sufficient capability of the on-ground simulation to study dynamic behavior

of the manipulator in space.

I. Introduction

URRENT plans and future vision for space development in-

clude such tasks as assembling and maintaining space struc-
tures and a variety of infrastructures. Space manipulator systems
have increased in importance for space development in proportion
to the growth of complexity of space missions.

Numerical and experimental simulations of space manipulator
systems on the ground are necessary and important to predict dy-
namic behavior of the manipulators in space. Differences exist in
dynamic features on the ground and in space because of environ-
mental features, e.g., the gravity condition. Despite the difficulty
of simulating space environments such as microgravity conditions,
numerical simulations and experiments conducted on the ground are
necessary to exploit the dynamics of space manipulator systems.

Research! ~!* on space robots has been reported describing several
methods to simulate on the ground the dynamics of robots in space,
which are devoted to studying important problems inherent in the
ground tests. The following methods of gravity compensation are
available for this purpose: 1) fly the model freely in a horizontal
plane by using air cushion or air bearings; 2) cancel the gravitational
force with use of water buoyancy in a pool; 3) undertake experiments
in an airplane flying along a parabolic trajectory, or use free-falling
capsule on the ground facility; 4) hang the experimental model by
wires canceling the gravitational force by tension of the wires at
selected points; and 5) estimate the dynamic behavior of a space
robot through numerical processing in a mathematical model.

Among them, methods 1-4 are mechanical methods and are the
concern of the present study. Experiments on dynamics and control
of the manipulator are reported by employing method 1 (Refs. 6-9).
Method 1 has a drawback that motion of the manipulator is re-
stricted to a planar motion. Demonstration of space robot dynamics
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is difficult using method 2 because its motion is influenced by
the water resistance. Method 3 is not appropriate to simulate such
dynamics since the laboratory space and the time for the experi-
ment are limited. A few studies have been reported that employ
method 4 (Refs. 12—14). This paper treats method 4, which has the
ability to simulate dynamic behavior of the manipulator in three-
dimensional motion, having no predominant force such as fluid drag
as in method 2, and no constraint such as the limited short period of
time of method 3.

A sufficient performance to control the tension of wire is nec-
essary to simulate the microgravity condition on the ground using
method 4. The manipulators are hung by wires at each joint while
the values of tension of wires are constantly controlled to cancel
the gravitational force acting on the manipulators. Such contro}
of the tension of wires for the case of the flexible manipulator is
also assessed for future study in this paper.

II. Control of Wire Tension
for Microgravity Condition

In this section, we derive the equations of motion of a manip-
ulator system and study a control method of tension of wires to
simulate the microgravity condition on the ground. Figure 1 shows
a schematic representation of the system model for ground simula-
tion of the dynamic behavior of a space manipulator when its joints
are suspended by wires. The flexibility on the link of the manipulator
is considered to clarify the possibility of the gravity compensation
with a suspension system. The coordinate system is referred to as
the virtual link coordinate system!3 since the boundary conditions
of the system are simply represented.

The following assumptions are made for the analysis.

1) The flexible link of the manipulator is the Euler—Bernoulli
beam for which rotary inertia and shear deformation effects are
ignored.

2) The bending rigidity and line density of the each link are con-
stant along the link.

3) Nonlinear features such as the friction and backlash in the
motor dynamics are neglected.

The manipulator is actuated to rotate in the inertial space by
the torque T; of the motor, which is assumed to be a particle with
mass m; placed at the joints of the manipulator. Every joint of the
manipulator is suspended by wires vertically to cancel the effect of
the gravitational force. In Fig. 1, the orthogonal axes x and y denote
the inertial coordinate system and the parameters u; (i = 1,...,n)
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Fig.1 Schematic representation of the system model.

are set along the link from the origin at the (i — 1)th coordinate
system to origin at the ith coordinate system.

The position vector of the ith joint of the manipulator from the
origin of the inertial coordinate system O to the ith motor attached
at the joint of the manipulator is defined as

ri=r()+zlj (D
j=1

Ty = Xéy +yey (2)

L= lieu,- 3)

where ry and [; denote the position vector of the base of the manipu-
lator from the origin O and the position vector from the (i — 1)th joint
to ith joint of the manipulator (i =1, ..., n). The parameters e, e,,
and e,; denote the unit vectors corresponding to the inertia coordi-
nates x, y, and the rotational coordinate u;, respectively, as shown in

Fig. 1. The position vector r; represented in Eq. (1) can be rewritten
as the following equation by using the direction cosine matrix:

ri=ro+ Y R, @

i=t1
where
B cos(fy +---+6;) —sin(f+---+6;)
77 sin@ + -+ 6;) cos@ + -+ 6))
j=1L...,n (5
The position vector of the ith flexible link of the manipulator from
origin O to any element on the ith link by using Eq. (5) is denoted as
sri=ri_1+Ry -l ©

i = we,; +viey, @)

where (I; denotes the position vector (i — 1)th joint of the manip-
ulator to the element of the ith link of the manipulator.
The kinetic energy K of the manipulator system is represented as

n 1
= Z mki +/ oki du; ®)
i=0 0

where the position vectors r; and ,r; are functions of coordi-
nates x, y,and 6;(i = 1, ..., n) and the parameters p;(i =1, ..., n)

denote the line density of the ith link of the manipulator. The time
derivatives of the position vectors r; and fr; can be easily obtained
from Egs. (1) and (6). The first and second terms on the right-hand
side of Eq. (8) denote the kinetic energy corresponding to the ith
rigid body and the kinetic energy corresponding to ith flexible link,
respectively.

The potential energy of the manipulator system is constant with
respect to the coordinates x, y, and 6;(i = 1, ..., n) if the system
is constrained in zero-gravity environments or a horizontal plane.
However, the potential energy of the present manipulator system
arises from the gravitational force and elastic deformation of the
link of the manipulator and is defined as

P=il’i

i=0

_ ;(m g|:y+zl sin (;9k>]
R

+ u; sin(Z%) + v; COS(ZQj) }dui)
j=0 j=0
-y (m,,, / - dui> ©
i=0

where EI;(i =1, ..., n)is the bending rigidity of the ith link of the
manipulator. The first term of the right-hand side in Eq. (9) denotes
the potential energy corresponding to ith joint, and the second term
the potential energy corresponding to ith link.

The work W done by the torque 7; and the tension ¢ is given as

follows:
- av; 41
W= Tl G+ ———
Sl )
i j
+1 |:yi+Zl,~ sin(Z@k)“ (10)
j=1 k=1
where y; (i =0, ..., n) is the displacement at the ith joint of the
manipulator caused by the wire tension #;. As already mentioned,
the friction and backlash in the torque motor attached at each joint
of the manipulator are neglected in the analysis of the motion of the
manipulator system.

Using Hamilton’s principle,”® the equations of motion are ob-
tained from Eqs. (8-10) as follows:

4K L, 1
a\ox )~ (113)

d /3K 8P
— s =0 i1b
i(5) - an

=l CACVARD el

+

Vi 41
du

g1 =0

16

Prnt—j)

n4l—i n4i—k
_tn+]‘j|: Z ln+1—kCOS< Z 9f>jl} =T (11¢)
k=j =1

d (9.k 3 Bepi
4 2 ki—p -0 (1d
dz(%,) i ”)+a (au ) 1

where

v = (12)
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Equations (11a) and (11b) represent the motion of the system model
corresponding to the x and y coordinates, respectively, of the inertial
coordinate system, as shown in Fig. 1. Note that Eq. (11a) represents
the conservation of the momentum corresponding to the coordinate
x. The second term on the left-hand side of Eq. (11b) denotes the
gravitational term, and third term in Eq. (11b) is the tension term. If
the tension term is equal to the gravitational term, Eq. (11b) can be
treated as the equation of motion of manipulators in space. Equation
(11c) gives the expression for the ith torque at the actuators of the
manipulator as a function of joint position, velocity, and accelera-
tion. The motion of the lateral vibration of the ith link is represented
in Eq. (11d).

The boundary conditions of the present space manipulator system
are

de i
o+ 2l =0 (13a)
dv; up =0
ae i
7 + =L =0 (13b)
av; wi =1,
Vilui=0 = Vily; =, =0 (13c)

From inspection of Egs. (11b) and (11c), the values of tension are
obtained to simulate the space environment microgravity condition
on the ground as follows:

B—”—Zz,:o (14a)

n+l—i

9
—(Pnt1—j) — i1 —j

006;

i=1

n+1—j n4i—k

x Z I,y 1_xcOS Z 6, =0 (14b)
k=j

I=1

Both Egs. (14a) and (14b) show the possibility for simulating on
the ground the dynamic behavior of the space manipulator in space
when the model of the link can be assumed to be rigid. If the link is
flexible, it is seen to be difficult to completely simulate on the ground
the lateral vibration because of the lack of the force to cancel the
gravitational force acting on the link of the space manipulator as
shown in Eq. (11d).

III. Description of Experimental System
A. Mechanical Configuration
The experimental system for the space robot employs a suspen-
sion system to simulate microgravity conditions on the ground. A
photograph of the experimental device is shown in Fig. 2. The sys-
tem consists of a model of a space robot with dual manipulators,
a suspension system, and a control system. The manipulators are

Fig. 2 Photograph of the experimental device for space robot using
suspension system.

Manripulator

Main body

Fig.3 System DOFs on the experimental device for space robot.

2nd joint A

3rd joint | 4th joint

Main bedy Q O

Ist joint 6th joint

Counter balance

Fig.4 Construction of the manipulator of space robot.

hung by wires at each joint to cancel the effect of gravitational force
acting on them. The system degrees of freedom (DOFs) of the space
robot and the suspension system are shown in Fig. 3.

The base of the space robot has six DOFs (three DOFs for transla-
tional motion and three DOFs for rotational motion). The free-flying
motion of the main body of the space robot is simulated based on
the numerical integration of the dynamic equations for the manipu-
lators. The model of the space robot consists of the main body and
the dual manipulators possessing three links per arm with six DOFs
for each. Direct drive (DD) motors are equipped to actuate the ma-
nipulators of the space robot and are not powerful enough to actuate
the manipulators on the 1-g condition in comparison with a geared
motor because of the lack of a gear reducer in its structure. The DD
motors have enough power to actuate the manipulator in space. Fur-
thermore, there are many advantages in using the DD motor, e.g.,
the backlash and the friction are negligible, and no lubricating oil
is necessary in the space environment of a vacuum. Each arm of
the manipulator is 1.4 m long and weighs 25 kg; the DD motors
need the help of the suspension wires to support the total weight of
the arm on the ground. The wires are connected to gimbal joints,
which enable smooth rotation of the arm around all three orthogonal
axes.

The suspension arms have four DOFs for each arm, and their mo-
tion is restricted to the horizontal plane to avoid complicating the
mechanisms. Two wires are used to suspend the manipulators for
each arm. In view of the simplification of the mechanism, counter-
balance weights are attached to the fifth joint to balance the weight
of the third link, as shown in Fig. 4. The tip arm consists of a third
link and counterbalance, and the center of the mass of the tip arm is
located to be precisely on the fifth joint.

B. Suspension System

The suspension system consists of two suspension arms and four
tension sensors. As discussed in Sec. II, the value of the tension of
wires must be controlled to remain constant to simulate the dynamic
behavior of space manipulators. In fact, keeping the tension of the
wires constant when the space manipulator moves is not sufficient
to simulate exactly the microgravity environment. The friction at the
pulleys in the tension control system introduces a problem, which
disturbs the smooth motion of the space manipulator. Therefore, a
control scheme is employed to achieve both constant tension control
and friction compensation.'* In the process of tension control, the
tension strength is directly sensed through a tension sensor, as shown
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in Fig. 5. The triangularly arranged pulleys transform the vertical
component force of the wire tension into a horizontal component
force, sensed through strain gauges attached to the plate spring.
The tension sensor is shown to be reliable for the range of tension
strength less than 15 kg, where the proportional relation between
tension strength and output of the strain gauges is quite satisfactory.
The suspension arm must be maneuvered to follow the motion of
the manipulator, keeping the hanging wire vertical and then simulat-
ing the microgravity environment in both the horizontal and vertical
directions. The coordinate system of the suspension arm is shown in
Fig. 6. The points dy,; and d;; in Fig. 6 correspond to the suspending
points on the suspension arms. The position of the third joint from
the origin of coordinates system of base X, is obtained as
I:Y.yl _ —Cora — dyn15¢11 — Cyracdn (15)
Zy1 | Co1 + dsicdry — Corasdry

Suspension moter

. Plate spring
Strain gauge

Fig. 5 Tension sensor.

Body OS 4%

Fig. 6 Coordinates of suspension arm.

STt Read " emcoder

where c¢p; = cos ¢ and s¢p; = sin¢g, ;. Using Eq. (15), ¢1; and
d,11 are obtained as follows:

. _C.\'L3 ' Y1
¢ =sin”! | —===2—=] —sin e (16)
Vit Vit
dopy = 4/ v +22 - Cc%, a7

yi =Yg+ Cypa (18)

where

721 = Z;1 — Cyy (19)

Similarly, the position of the fifth joint from the origin of coordinates
of base ¥, is obtained as follows:

Y.\'Z _
Zs2
~Cy12 — dsp5Pr1 + Csrachry — dspa5Pra — Cirssdra
Cspo +dsrcpry + CorasPri +dsracdrn + Corsedra

(20)

where
dyp =ds1y + 31 (21
¢ =11+ P12 @2

Using Eq. (20), ¢, and d,, are obtained as follows:

_C\' .
pro=sin | =2 | —sin” | =2 ) -4 (23)
y2 + Z2 yz + Zz
dya =4/ ¥ +25— Chs 24

Yo =Yoo+ Gy + (dyr1 +81)sbr1 — Cyracdr (25)

where

2=Zg—Cy — (ot +81)cpr1 — Copasdry 26)

The suspension arms are controlled to keep the wire vertical through
use of Egs. (16), (17), (23), and (24).

C. Control System

Figure 7 shows the block diagram of the control system in the
present experimental facility. The system consists of two digital
computers (Fujitsu FMR-70HX3, 80386 + 387), three Digital Sig-
nal Processors (DSP) (Fujitsu DSP MB 8764), D/A converter, and
tension control circuits.

The actuators of the suspension system and the space manipulator
are controlled through the DSP and D/A converter, respectively. The
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Fig. 7 Block diagram of the experimental system.
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tension control system is directly implemented in analog control
circuits, which are attached to a digital computer. Data from the
DSP are put into a digital computer to process the value of the
position, velocity, acceleration of the suspension arm, which are
solutions of inverse kinematics. These data provide the operational
path for the suspension arm in terms of the translational joint and
the rotational joint time series. Motion of the manipulator in space
is thus completely simulated on the ground. The sampling time in
the present experiment is 10 ms.

IV. Experimental Results

The dynamic behavior of the two-link manipulator with fixed-
base is analyzed through the experiments to evaluate the capability
of the present experimental device. Figure 8 shows a schematic
representation of the model treated in this paper. The model has two
DOFs. The manipulator is assumed to move in the vertical plane
for the first step of the analysis. The dynamic equations of the two-
link manipulator including the effect of gravitational force can be
described as follows:

M@ +d©,0) +h®) =1+ N©O) %))

where the matrix M(#) € R?*? is an inertial matrix of the ma-
nipulator. We denote angles of joint 1 and 2 as 8 = (6, 8,)7 and
the corresponding joint torque as T = (7; 1,)7, and the tension of
the wires connected at the joints of the manipulator as ¢ = (¢ )T,
The superscript T indicates the transpose of the vector and matrix.
The second term, d(8, 8) € R?*!, and the third term, #(8) € R?* !,
on the left-hand side of Eq. (27) denote the column vector with re-
spect to Coriolis and centrifugal force and the column vector with
respect to the gravitational force, respectively.

From inspection on Eq. (27), the tension of the wires connected
at each joint of the manipulator is seen to be necessary to satisfy the
following equation to simulate the microgravity condition on the
ground:

N(@)t—h(@)=0 (28)

where

lycosBy [ycos@ +1,cos(f; + 6
N(e):[l 1 1 1 2 cos(f, 2)j| (29)

0 I, cos(6y + 6,)

The lengths of the links of the manipulator, /; and I,, are defined as
shown in Fig. 8. The tension of the wires, #; and #,, can be obtained
from Eq. (28) as in the following equations except for the case where
the determinant of the matrix N is equal to zero, i.e., 8, + 6, = 7/2
oré, =um/2:

(m1+zl2’—'+—m2£)g

3]
t= [r ] = m (30)
: (mz + l)g

2

The parameters m;, and my, on the right-hand side of Eq. (30) denote
the mass of the first and the second link of the manipulator, respec-
tively. Note that the wires are vertically connected to the joints of
the manipulator and the tension of the wire has to be controlled as
a constant value to cancel the gravitational force completely.

Figure 9 shows the time responses of the angles of the two-link
manipulator whose motion is restricted in the vertical plane. The
torque T for the motors is only given at the second joint 7, in the
form of bang-bang control. The dotted and solid lines denote the re-
sults of the numerical simulation and the experiment, respectively.
Good agreement is seen between the results of the numerical simu-
lation and the experiment in Fig. 9. The angle 8, of the first link is
seen to reach —0.32 (rad) within 2.0 s in the numerical simulation
and reaches —0.38 (rad) in the experiment. For angle 6, the maxi-
mum error between the numerical simulation and the experiment is
0.06 (rad) at the end of the experiment. Similarly, the angle of the
second link, 6,, is seen to reach about .78 (rad) in the results of the
numerical simulation and the experiment.

Fixed main body

Actuators

Fig.8 Schematic representation of two-link manipulator.
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Fig. 9 Time history of the angle of the manipulator: - - - -, numerical
simulation and ———, experiment.
Suspension arm
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'
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pain bt} @——B" S~
Manipulator

Fig. 10 Location of LED on the experimental device.

It is important to confirm that the suspending wires are main-
tained to be vertical to simulate the microgravity condition while
the manipulator is moving in the vertical plane. The following two
methods are used to evaluate the verticality of the wires: 1) com-
pare the calculated data of the angle of the suspension arm with
the measured data sensed by the encoder of the motors built in the
suspension arm and 2) measure the inclination of the wires from the
vertical line using the position sensor.

In method 1, the position of the suspension arms is defined geo-
metrically to keep the wire vertical and can be calculated through
use of the data on the angle of the manipulator. A position sensor
(Video Trucker system) is employed to evaluate the vertical position
of the suspending wires and four light emitting diodes are attached
to the line of wires to be traced in the method 2, as shown in Fig. 10.
Figure 11 shows the results of the evaluation of the wire verticality
obtained from the first method. Figure 11a shows the results of the
errors between the calculated data and measured data concerning the
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Fig. 11 Motion of the suspension arm: a) rotational joint: - - - -, first
joint 11 and —, second joint ¢;2; and b) prismatic joint: - - - -, first
joint dg7y and —, second joint dg; ;.
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Fig. 12 Inclination of the wires: - - - -, wire connected at tip of manip-
ulator and —, wire connected at second joint of manipulator: a) front

view of manipulator; and b) side view of manipulator.

rotational joint of the suspension arms. The broken and solid lines
denote the error on the first rotational joint ¢;; and the error on the
second rotational joint ¢, respectively, and the maximum error on
the rotational joint is 5.5 x 10~2 rad. The errors on the prismatic joint
of the suspension arms are shown in Fig. 11b. The broken and solid
lines denote the error on the first prismatic joint d;;; and the error
on the second prismatic joint d;,,, respectively, and the maximum
error is 9.0 x 1073 m. These results show that the suspension arms
are well controlled to keep the wire vertical through the experiment.
Figure 12 shows the wire angle while the manipulator is moving in
the vertical plane, and the results for the inclination of wires from
their vertical line are illustrated. Figures 12a and 12b show the wire
angle from side view of the manipulator and from front view of the
manipulator, respectively. The broken and solid lines denote the in-
clination of the wire connected at the tip of the manipulator and the
inclination of the wire connected at the second joint of the manipu-
lator, respectively. Note that the inclination of the wire is very small
and the effect of the gravitational force caused by the inclination of
the wire is shown to be negligible. The time responses of the tension
of the wires are shown in Fig. 13. Figures 13a and 13b show the
tension of the wires connected at the tip of the manipulator and the
tension of the wires connected at the second joint of the manipulator.
These values in Fig. 13 represent the variation in the tension from
the equilibrium values. Figure 14 shows the experimental result of
the tension of the wires in frequency domain. The natural frequency
of the suspension system is seen to be 7.8 Hz, as shown in Fig. 14.

Tension [N]
<o

‘Tension {N}
o

5 L " N s " "
0 0.2 04 0.6 0.8 1 1.2 14 1.6 18 2

b) Time {sec.]

Fig. 13 Tension of wire: a) connected at tip of manipulator; and b)
connected at second joint of manipulator.

103 . e
Z 104¢
3 E
£
B
E
<
107
100 101 102
Frequency [Hz)
Fig. 14 Tension of wire in frequency domain: - - - -, wire connected at
tip of manipulator and ——, wire connected at second joint of manipu-
lator. )

V. Conclusions

A method to actively compensate gravitational force is presented
and analyzed to simulate experimentally the dynamics of a space ma-
nipulator on the ground. The manipulator is hung vertically through
the wires on the ground to cancel the gravitational force, and the
space environment microgravity condition is simulated.

The wires suspending the manipulator must be controlled to be
vertical to simulate the microgravity condition. From results of the
experiment, the effect of the gravitational force caused by the incli-
nation of wires is shown to be negligible for the present experimental
device since the suspending arms follow the movement of the ma-
nipulators satisfactory.

The model treated in this paper is a manipulator with two rigid
links with two DOFs moving in vertical plane. It is shown that the
tension of wires to suspend the manipulator with the rigid link must
be controlled as constant value to simulate the microgravity condi-
tion and to demonstrate the dynamic behavior of a space robot. It
is verified experimentally that using the present method it is pos-
sible to simulate the motion of the manipulator in space on the
ground.

The present experimental system is expected to be used for sim-
ulation of the three-dimensional motion of a space robot and the
dynamic behavior of the flexible manipulator.
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