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In space teleoperation under time delay, performance differs significantly for the various control techniques, for
example, 1) compliance control by a position/orientation command and 2) force control by a force/torque command.
With the latter control technique, the robot arm moves toward the point where the external force/torque applied
to the end effector becomes equal to the commanded value. This technique is effective for tracking a restricted
trajectory orin peg-in-holeinsertion, even though the teleoperation is performed under time delay. The effectiveness
of force control is discussed. Experimental results for verification based on an on-orbit experiment for deploying
and assembling a truss structure on the Engineering Test Satellite VII (ETS-VII) are presented. To perform the
deployable truss operation task within the strongly limited experimental time on ETS-VII, it is necessary to choose
the timing of sending commands and the direction of forces in correspondence to the current truss configuration.
It is also shown that force control is effective for truss insertion during a truss assembly task, regardless of the time

delay.

I. Introduction

HEN performingcontacttasks with a space-basedmanipula-

tor teleoperated from the ground under the condition of time
delay, special attentionshould be paid to contactforces and torques.!
The space shuttleremote manipulatorsystem, used mainly to deploy
and capture satellites, does not comprise a force/torque sensor.2 The
robot arm in the German space robot experiment (ROTEX), which
was teleoperated both from within the space shuttle by an astronaut
and from ground by an operator, was equipped with a force/torque
sensor.’ In addition, ground-based experimental studies on teleop-
eration with time delay have been performed as in Refs. 4-6. From
those studies it became apparent that to avoid excessive forces and
torques during the contact task, either compliance control or force
control should be used. Under compliance control, the robot arm at-
tains the desired configurationbased on the commanded positionand
orientation. When contact is established, existing modeling errors
may lead to excessive forces and torques. These can be suppressed
by the compliance control algorithm, which relies on information
obtained from a force sensor attached to the end effector. On the
other hand, under force control, the robot arm moves toward the
point where the external force/torque applied to the end effector
becomes equal to the commanded force/torque. This control tech-
nique can be used when the motion of the robot arm is restricted
by external constraints, and it is effective from the viewpoint that
excessive forces and torques can be suppressed. Force control, how-
ever, cannot be used when the robot arm motion is unrestricted, for
example, in orbital replacement unit replacement tasks.

The National Aerospace Laboratory performed experiments for
teleoperating a truss structure’ (see Fig. 1) as a part of the robotics
mission on the Engineering Test Satellite VII (ETS-VII).? The
robotic satellite was launched in November 1997 by the National
Aerospace Development Agency of Japan. A truss is suitable for
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constructing large-scale structures in space because of its lightness
and compactness and because the truss can easily change its con-
figuration. On-orbit construction of a truss structure is based on
a sequence of mainly deploying and assembling tasks to be per-
formed by means of a space robot teleoperated from the ground.
The ETS-VII robot arm was equipped with a force-command-based
force-control function called force accommodation control. This is
quite a specific control law developed especially for the ETS-VII
robot arm.” Note that force controlis considered appropriate during
truss operation because the motion of the robot arm is restricted to
comply with the prescribed motion of the truss.

Our goal in this paper is, first, to clarify problems related to the
effectiveness of teleoperation under time delay and force control
based on force command input and, second, to discuss practical
aspects of this effectivenessbased on the truss teleoperationexperi-
ments on ETS-VII, using the force accommodation control method.
The structure of the paper is as follows. Section II is devoted to
the effectiveness problem. Sections III and IV explain the deploy-
able and assembly trusses on ETS-VII and show experimental re-
sults, respectively,especially focusingon the applicationof the force
accommodation control method.

II. Force Command in Teleoperation
A. Suppressing an Excessive Force

When performing a contact task under teleoperation with time
delay, attention should be paid to forces and torques. The reason
is that the actual forces or torques on the robot arm on orbit may
become larger than those monitored on ground. Also, note that ac-
curate trajectory tracking is required when compliance control is
used; otherwise, excessive forces or torques will be generated due
to the trajectory errors.

We refer now to Fig. 2. The solid line shows the restricted trajec-
tory, and the dotted line describes the trajectory obtained via simu-
lation. The difference between these two trajectoriesis assumed to
be the modeling error. Let us assume that the commanded position-
ing sequenceis (a) — (b) — (c) — (d), that compliance control is
used, and that the motion is monitored on the ground. Note first that
no force is generated when both the commanded and the current
positionare located at (a). When the command reaches position (b),
the current position remains at (a) due to the time delay. The current
position then moves to (B) along the restricted trajectory while the
commandreaches(c), and the on-groundoperatorobservesthe force
f». Then, the operator will adjust the commanded motion from (d) to
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Fig.1 Truss experimental unit on ETS-VIIL.
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Fig.3 Trackingarestricted trajectory usingforce command operation.

(d’), but, nevertheless, the force f,. cannotbe avoided. On the other
hand, note that when using a force command, the aforementioned
excessive motion can be avoided because the maximum force is
determined by the commanded value.

B. Restricted Trajectory Tracking

Under force command control, continuous motion of the robot
arm is possible when tracking the restricted trajectory. As shown in
Fig. 3, the current position # moves from (A) along the restricted
trajectory, when the command position u, is set at (a). With com-
pliance control, the current position u stops around (B) because the
commanded position u,. remains at (a) due to the time delay, until
the next command is sent from the ground. When using force com-
mand control, however, the commanded position u, will be at (b)
when the current position u is at (B), and u. will be at (c) when u
is at (C). It becomes apparent that the robot arm motion continues
regardless of the time delay.

C. Peg-in-Hole Insertion

Force control by a force command is useful in such a restricted-
motion task as peg-in-holeinsertion. Note that a large friction force
will occur during the truss insertion task. Consequently, the robot
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Fig. 4 Peg-in-hole by force command operation with time delay.
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arm has to apply a force exceeding the friction force. At the same
time, however, any excessive force should be suppressed. Now we
refer to Fig. 4. The truss beginsto move when F' > 1, and the current
position moves from u to u’. Under compliance control, the com-
manded position #, is maintained until the next command is sent
from the ground. As a result, ' decreases to F_, and the motion
stops because F/, < . On the otherhand, under force control, when
the current position moves from u to u’, the commanded position
u, will move to u/, (using onboard computer calculation), and, con-
sequently, the motion will continue because F7, > . It becomes
apparent that under force control the insertion process will continue
regardless of the time delay.

Also note that the lateral force (which causes the friction force)
will be canceled using a zero force command. As shown in Fig. 5,
such a lateral force occurs under compliance control when the truss
moves along the tapered guide part.

III. Force Accommodation Control
of the ETS-VII Robot Arm

The ETS-VII robot arm comprises force control functions, based
oninformationfromthe forcesensorattachedto the end effector. The
force-feedbackalgorithm of the ETS-VII robot arm is described as

mii + @ — 1) +k(u —u,) = f M

where m, ¢, and k denote compliance parameters;u,. denotes a posi-
tion/orientationcommand; and f denotes the external force applied
to the end effector and measured by the force sensor. The onboard
computer calculates u, which is the end-effectorposition and orien-
tation of the robot arm.

Two main force control functions are compliance control and
force accommodation control. The respective commands sent from
the ground are u, for compliance control and f, (a forceftorque
command) for force accommodationcontrol. The onboardcomputer
calculates u ; as

ur=u+ f./k 2)

u, moves forward to u  at a speed v, and the motion of the robot
arm follows Eq. (1). Each control function can be independently
set on each of the axes of the end-effector fixed frame. At the same
time, a force/torque command should be determined for the force
accommodation control. The control function and the force/torque
command cannot be changed while the robot arm moves.

IV. Deployable Truss Operation
A. Trajectory of Deployable Truss
Figure 6 depicts the steps for deploying the deployable truss on
ETS-VIIL. The satellite base fixed frame and the end-effector fixed
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Fig.8 GPF orientation trajectory.

frame are denoted as ¥, and X, respectively. During truss opera-
tion, the robot arm grasps the grapple fixture (GPF), which means
that the X, frame will be affixed to the GPF. The GPF has one de-
gree of freedom (DOF) due to its hinge composition. The current
configuration of the truss can be verified by angle v at hinge 4,
measured by a potentiometer attached to the hinge, ¢ = 0, 40, and
52 deg at configurations a, b, and c, respectively.

Figure 7 shows the GPF translational trajectory in the three-
dimensional frame ¥,. Note that the trajectory represents a spline.
Figure 8 shows the GPF orientationin the ¥, frame, denoted as roll,
pitch, and yaw vs . Here, ¥ is determined from the GPF position
as shown in Fig. 7, hence, the GPF orientationshould be determined
from Fig. 8. Conversely, the GPF positionis determined by the GPF
orientation. Therefore, the GPF position and orientation have al-
ways only one DOF during the deployable truss operation. Because
the GPF translationaltrajectoryis a spline and also because position
and orientation are coupled, it will be difficult to obtain an accurate
trajectory of the deployable truss.
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Fig. 9 Direction of the GPF translational trajectory on end-effector
fixed frame.

B. Deployable Truss Operation Using Force Accommodation Control
1. Characteristics of Deployable Truss Trajectory

Note here that force and torque applied to the GPF will be cou-
pled during the truss deployment operation task because both po-
sition and orientation are restricted. Therefore, the strategy used is
as follows: The truss is operated applying a translational force, and
at the same time, the orientation is adjusted to suppress the torque
coupled with the translational force.

Depending on the deployabletruss configuration, the direction of
the translational trajectory will change. Likewise, X, changes with
changesin the orientationaltrajectory, as shownin Fig. 8. The desir-
able force command should be set along the tangential direction of
the translational trajectory. Figure 9 shows the unit vector compo-
nents in the direction of the translational trajectory in the X, frame.
Note that the force command should be set mainly along the y and
z axes because variations along the x axis are relatively small. Note
also that the translational trajectory directions are different for the
stowed and deployed configurations. This can be easily understood
from Fig. 6, when the orientationof the X, frame in configurations
a and b are compared.

2. Teleoperation Aid for Sending a Force Command

To achieve the deployable truss operation task in the limited ex-
perimenttime for ETS-VII because of its communication, the desir-
able force command, whose direction is along the deployable truss
trajectory, should be sent when the robot arm motion becomes slow.
The following two visual aids are used for assistance when send-
ing a force command. First, the end-effector velocity of the robot
arm is displayed to monitor the robot arm motion. When this ve-
locity becomes one-quarter of v, then the next force command is
sent. Second, trajectory history and current orientation of the end
effector are displayed. The operator selects a force command with
about 77 /4 accuracy. This accuracy is sufficient because force con-
trol by force command does not require high-accuracy trajectory
information.

C. Experimental Result of the Deployable Truss Operation
and Deployable Truss Deployment

Figures 10 and 11 show the results of the truss deployment and
stowage operation tasks, respectively. In both tasks, force accom-
modationcontrol has been used. Force telemetry data from the force
sensor are denoted as F,, F, and F, along the x, y, and z axes, re-
spectively. Angular telemetry data of the deploymentobtained from
the potentiometerare denoted as ¥ . Here, v denotes the end-effector
velocity calculated from the time history of the joint angles of the
robot arm. Force accommodation control has been applied along
the three translationalaxes x, y, and z. The speed of approach of u..
toward u ; is set as v, = 1 mm/s. The orientationis controlled via a
joystick to suppress unnecessary torques.

For the deploymentoperation task in Fig. 10, the following force
commands were sent: step 1, x =0, y =—10, and z =10 N; step 2,
x=0,y=0,andz=15N; andstep3,x =0,y =10,and z=10N.
Note that due to the time delay, it takes a few secondsin each step to
start the robot arm motion after the ground command is sent. Note
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Fig. 11 Telemetry data of the truss stowage operation task using force

accommodation control.

also from the force telemetry data that the force increases gradually
to reach the commanded values. This is because force command
direction deviates from the GPF translational trajectory. The end-
effector velocity is about 1 mm/s when no external force is applied;
it becomes small when an external force is applied and finally be-
comes zero when the force telemetry data reach the commanded
value. Therefore, we can conclude that monitoring the end-effector
velocity was useful for evaluation of the robot arm motion. Dur-
ing step 1, the end-effector velocity becomes small when the force
F, from the telemetry data reaches the force command, although

Fig.12 Design of assembly truss.

0 320

2% 5 1.5
0 Y [mm]

Fig. 13 Telemetry data of the truss insertion with compliance control
in experiment 1.
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the force F; from the telemetry data does not reach its commanded
value. The reason is that each axis is controlled independently.

For the stowage operation task in Fig. 11, the unlock operation of
the GPF was required during step 1 in Fig. 11, and the operation to
overcome the stowed lock mechanism was also required during step
4 in Fig. 11. Force accommodation control was used for operation
in steps 2 and 3, and the force command values sent were step
2, x=0,y=-3.5,and z=3.5 N and step 3, x=0, y=3.5, and
z=—3.5 N. From the result during step 2, it becomes apparent that
the end effector kept its velocity after the force from the telemetry
data reached the commanded value. Also note that in the stowage
task a force smaller than that in the deployment task is needed. The
reason is that the torque due to the rotational springs attached to
hinges 4 and 5 acts toward the stowed configuration.

V. Assembly Truss Operation

A. Design of the Assembly Truss

Figure 12 shows the design of the assembly truss. When the robot
arm grapples the GPF, the X, frame will be fixed to the GPF, as
shown in Fig. 12. Note that the rotation around the hinge and the
translation along the slide mechanismrestrict the GPF motion in the
direction of the y and z axis, respectively. The assembly truss has
two DOF in the yz plane within the X, frame. The sequence of the
truss assembly is as follows:

1) The truss is rotated around the hinge about 35 deg.

2) The truss is inserted into the hole along the z axis about 15 mm.
During sequence 1, the robot arm has to apply the force to the truss
because of the rotational spring attached to the hinge. Because of
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Fig.14 Telemetry data of the truss insertion with force accommodation
control in experiment 2.

the spring torque, the truss will be stowed by itself, if the robot arm
releases the GPF just after sequence 1. The hole has a tapered guide
part. The truss moves along this guide, as in sequence 2.

B. Experimental Result of Truss Insertion

The following three experiments were performed: 1) compliance
control at u, =2 mm/s, 2) force accommodation control with the
maximum speed v, = 1 mm/s, and 3) force accommodation control
with the maximum speed v, = 0.3 mm/s.

Experiment 1 was performed to compare the performance un-
der force accommodation control and compliance control. A
translational force is required in the yz plane to insert the truss
into the hole. The force command value for force accommodation
controlis y=0and z = —20 N in the X, frame. Telemetry data for
force and position along the direction of truss insertion (denoted by
the z; axis), along the vertical direction (denoted by the y; axis), and
the GPF trajectory in the y;z; plane are shown in Figs. 13-15 for
experiments 1-3, respectively.

It becomes apparent that the truss repeats the inserting motion
twice in experiment 2. First, the force F; increases gradually. Then
the truss begins to move along the z; axis when F; becomes large
enough to overcome the friction force. At the same time, force F;
begins to decrease. Soon, the truss motion slows down. When force
accommodation control is used, as soon as F,; decreases, the mo-
tion speeds up again. Hence, the truss begins to move again, which
constitutes the second motion of truss insertion. Note, however, that
when using the compliance control, the force F, does not increase
because the commanded position does not change. Therefore,
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Fig.15 Telemetry data of the truss insertion with force accommodation
control in experiment 3.
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we can conclude that the force command operation is useful in
teleoperationwith time delay, from the viewpointof time efficiency.
Also note that the GPF initially moves toward the stowed configu-
ration, +y;. The reason is that the rotational spring acts toward +y;,
and the force command is set to zero. After the tip of the truss hits
the tapered guide part of the hole, the GPF moves toward the de-
ployed configuration, —y;, along the tapered guide. Such a motion
is easily observed in the y;z; trajectory.

In Fig. 15, experiment 3, it takes 350 s to insert the truss at v, =
0.3 mm/s. On the other hand, in experiment2, the time requiredis 45
satspeed v, = 1 mm/s. Note that the elapsed time is in proportionto
the commanded velocity. The reason for this is that at low speeds the
static friction force influences significantly the robot arm motion.
The truss has been inserted about 10 mm in the first motion for
around 7 = 80 s. After the first motion, the lateral force F); starts
oscillating around zero whereas the truss keeps its position. Fy; is
positive when the spring force toward the stowed configuration is
applied to the truss. It becomes negative when the truss contacts
with the tapered guide. As a result, the truss has been inserted about
15 mm, and, hence, the assembly of the truss has been completed.
Also note from the y; z; trajectory that the truss motion in the lateral
direction is large because of the lateral force.

VI. Conclusions

We discussed problems related to the effectiveness of teleoper-
ation under time delay and force control, based on force/torque
command input. The method is effective for tracking a restricted
trajectory without the need for accurate trajectory information. Par-
ticularly, it has been shown that the method is useful for peg-in-hole
insertion regardless of the time delay. The effectiveness was con-
firmed through an experiment of space truss teleoperation, as a part
of the space robotics missions on the ETS-VIL

In truss deployment and stowage operation tasks, the timing of
sending commands and the direction of the force correspondingto
the truss condition are important. We displayed and used the end-
effector velocity and the trajectory history and current orientation
of the end effector to evaluate the timing of sending commands and
to set the direction of the force command, respectively. As a result,
truss deployment and stowage tasks were performed well within
the limited experimental time. Also, we could conclude favorably
about the usefulness of force commands for truss insertion in a
truss assembly task because we could obtain a continuous motion

regardless of the time delay, regardless of the frictional force, and
because a null force command was effective for suppressing the
lateral force.

Then, we can summarize the characteristicsof force control by a
force/torque command as follows:

1) Excessive forces and torques can be avoided by the onboard
control algorithm.

2) Trajectory information is not essential when the trajectory is
continuous.

3) Continuous motion is possible even if a large friction force is
generated, regardless of the time delay.
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