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The Use of Force Feedback Control for Robotic
Mating of Umbilical Fuel Lines

R. Fullmer, A. Dilpare, L. Davis

INTRODUCTION
NASA has long desired the ability to remotely
connect, disconnect, and reconnect the umbilical
fuel lines to the Space Shuttle Vehicle (SSV). The
Robotic Application and Development Laboratory
(RADL) at Kennedy Space Center has been
investigating the application of robotics to this
problem. A generic remote umbilical system has
been identified for a proof-of-concept demonstration, wherein a robot is used to mate an umbilical
connector with a moving target representing the
SSV. This task is a variation of the classic peg-inthe-hole problem, where the hole is undergoing
random motions.
For umbilical docking, the ability to minimize and
control contact forces between the umbilical lines
and the SSV is vital. These forces occur both
during the mating of the fuel line with the SSV
and also as a result of the relative motion between
the robot and the SSV after mating.
This paper describes work on the force feedback
control problems encountered by the RADL for
umbilical mating. An outline of a proposed
docking protocol is first presented, indicating the
role required offeree feedback. The use of active
force feedback control is described, along with the
performance requirements and experimental
results. Proposed modifications to the existing
force feedback controller, including passive
compliance requirements are described. Finally
description of future work is presented.
UMBILICAL GUIDANCE AND DOCKING
PROTOCOL
In a remote umbilical system, the tower-side
umbilical plate must track, align, and home into
the vehicle-side plate. The SSV is not fixed into a
precise location but is undergoing random wind
excitations or post-abort elastic springback. Thus
the tracking task in an umbilical mate/demate
process needs a closed loop control approach to
cope with a randomly moving target. This
requires vision for initial target acquisition and
tracking along with force feedback and tactile

sensor systems to control contact forces. A
combination of both active force feedback control
and passive compliance and mechanical guidance
techniques are expected to be required during the
contact phase of this task.
To demonstrate this capability, the RADL is
developing techniques to mate a generic umbilical
plate with a randomly moving target. To do this,
researchers have instrumented a six-axis ASEA
IRB-90 industrial robot with a sophisticated
three-dimensional vision tracking system and a
six-axis force/torque transducer. The target
consists of an independently controlled three-axis
table with mounting plate. Further details of the
RADL system are found in reference [1]. The
vision-based target tracking system is presently
capable of tracking position and orientation in a
plane, and experimental work is underway for full
three-dimensional tracking.
A two-phase approach for umbilical mating is
currently being researched. In the initial or
approach phase, target acquisition is performed by
a CCTV camera system using three-dimensional
object identification techniques. The positional
error between the robot work piece and the target
is used to drive the robot. The second phase deals
with contact between the umbilical plate and the
SSV. Tactile feedback is mandatory in the
terminal guidance and docking phase because of
the close tolerances required in the critical and
hazardous mating of the umbilical lines. Thus
vision can at best bring the tower-side plate
within a capture zone of the moving plate and
effect a smooth handover to terminal tactile
feedback.
The mating operation is thus seen to comprise
three events and two intermediate phases.
EVENT 1: GO signal to commence mate (or
demate) maneuver.
APPROACH PHASE:
CCTV vision system used for 6-DOF
tracking
SSV dynamics caused by wind gusts or
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abort oscillations
Constant approach velocity used under zero
force conditions
Robot dynamics determined by umbilical
mass and structural stiffness, uncounterbalanced weights, and so forth.

following performance specifications for the force
control system are stated:
IMPACT FORCE
The impact force between mating components
should not exceed the predetermined
maximum force for approach velocities of up
to 11 in./sec, with the mating plates remaining in contact (i.e., no bounce condition).

EVENT 2: Initial contact of mating elements with
impact forces developed as a function of respective
masses, approach velocity, displacement and
angular misalignments, passive compliance, and
robot's servo drive response for force feedback. (Of
course, peak impact force must be kept well below
the vehicles structural limit.)

DYNAMIC TRACKING RESPONSE
After mating, the force control loop should
have a dynamic response capable of following
the motion of the SSV so as to avoid forces
exceeding the maximum value over the
bandwidth of the SSV motion.

CONTACT PHASE:
Tactile probe slides along conical target
cavity to provide force feedback control
signal for terminal guidance.
Contact continued until probe reaches the
vertex for full alignment.
EVENT 3:

STABILITY
The force feedback control system should be
stable under all conditions.

FORCE FEEDBACK CONTROL OF ROBOT
AXES

Final homing complete and
mechanical latches engaged;
umbilical elements contacted.

Two complementary approaches are presently
being investigated to deal with the contact force
problem: passive compliance and active force
feedback control. Passive compliance strategies
include mechanical linkage systems as well as low
stiffness elastic joints and grippers. Only the
elastic properties of these components will be
examined for integration with the active force
control capabilities. Further details on the role
played by passive compliance devices is
investigated in reference [3].

CONTACT PHASE:
Servo drives in the robot and in a "micropositioner" end effector released.
Passive compliance takes over to follow
SSV excursions.

REQUIREMENTS FOR FORCE FEEDBACK
CONTROL
The forces between the mating plates occur
because of the uncertainty in the location and the
motion of the vehicle-side umbilical plate.
Translational movements of the SSV with
amplitudes of up to 6 in. and at frequencies of up
to 0.3 Hz. can be expected [2], While torsional
motion can also occur, these values are expected to
be relatively small, on the order of 0.1°.

There has been a considerable amount of research
devoted to incorporating active force feedback
control with robotics. A large number of these
methods [4,5] are designed to allow simultaneous
position and force control along differing axes.
Still other methods control the relationship
between force and displacement (compliance)
about arbitrary axes [6]. All of these methods
require complex control algorithms and highspeed computational capability, and they have yet
to be included in the present generation of
industrial robots.

The maximum tolerable force generated during
mating has not been precisely determined;
however it should not be greater than the forces
presently encountered with manual mating. For
this study 60 Ibs will be used as a preliminary
estimate of the maximum contact force.

A simpler approach was chosen for this project,
however, which would take advantage of the
existing capabilities of the ASEA robot. This
approach, referred to here as the trajectory
perturbation method, allows the preprogrammed
trajectory of the robot to be modified on the basis
of external inputs. This has been used extensively
in contour tracing [7], where the approach velocity
has been modified by external forces, allowing the
robot to remain in contact during various
manufacturing operations.

The force control component of the umbilical
mating process must be capable of handling two
separate conditions. First, the impact forces must
be kept below a specified value during initial
contact while allowing both mounting plates to
remain in contact. In industrial settings the
impact forces can be minimized by using slow
approach velocities. However the motion of the
SSV can have translational velocities of up to
11 in./sec; such velocities place severe speed
requirements on the force control response.
Second, the robot motion must be allowed to follow
the random motion of the SSV with low contact
forces while the mating plates are in contact.

The "Adaptive Control" inputs of the robot
controller allow the velocity command to an
individual degree-of-freedom to be modified by an
analog voltage. By coupling a force sensor to this
input, a simple force control loop can be created to

In order for these conditions to be satisfied, the
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implement a trajectory perturbation scheme. The
effective force feedback gain and force setpoint can
be adjusted by use of gain and bias features of the
Adaptive Control programming in the robot
controller.
From a control design perspective, there are two
separate design variables that can be modified in
order to meet the performance specifications: the
controlled gain for the force feedback control loop
and the elastic constant of the passive compliance
element.
Ideally, the controller gain relating the contact
force to the resultant axis velocity should be set to
a high value to provide for rapid motion from
external forces. An estimate of the lower limit on
this gain value can be made by dividing the maximum velocity required by the robot (11 in./sec) by
the maximum force desired ( 60 Ibs), resulting in a
gain of 0.18 in./sec/lb. The stiffness of the passive
compliance device should be low enough to assist
with the force modification but not be so low as to
allow the tower-side plate to wobble and oscillate.
Estimates for the compliance values range from
50.0 Ib/in. to 200.0 Ib/in.
PRELIMINARY EXPERIMENTAL
RESULTS

When the world coordinate system (RECT mode)
of the robot was used, the orientation of the
umbilical plate was able to remain constant in
world coordinates (i.e., those of the SSV) as
desired for docking. Unfortunately, this
coordinate system has several kinematic
singularities in which the robot is unable .to
independently retain a constant orientation and
still position the mating plate. The robot
controller handles this situation by a shutdown of
the robot, a highly undesirable condition for force
feedback. Using TCP coordinates (MODRECT
mode) eliminates this problem but requires the
orientation to remain fixed in robot coordinates,it
effect allowing only the servoing of the three
proximal axes of the robot. Again this should
introduce only minor orientation errors that can
be addressed with passive compliance approaches,
Figure 1 shows typical force traces during the
lead-around test with a high value offeree
feedback gain. Notice that the robot was able to
respond with speeds of up to 20 in./sec, despite the
fact that the forces seldom exceeded a 20 Ib force
envelope. Note that both a high force feedback
gain and a very compliant human arm was used!
lead the robot around.

A six-axis force/torque sensor was installed on the
ASEA robot to allow a preliminary investigation
of this approach. The motion of three translational
degrees-of-freedom were set up for trajectory
perturbation with the "Adaptive Control" feature
of the robot. While in general it is desirable for all
six robotic axes to be used in a force feedback
control mode, the rotations of the SSV are very
slight when compared to the translational motions
and are expected to be handled by passive
compliant components. Thus only the three
cartesian degrees-of-freedom were used with
active force feedback control.
The use of force feedback with three degrees of
freedom was first tested in a lead-around mode.
This test simulates the ability of the robot to
follow the motion of the SSV after mating occurs.
In this experiment, forces were applied directly to
the mating pin attached to the robot. When forces
were applied to the pin, the robot moved in a
direction opposite to these forces. Since the
velocity of the robot was proportional to the
applied force, the robot behaved as a viscous
damper.
This approach was used in both the robot's tool
centerpoint (TCP) coordinates and in world
coordinates. The TCP coordinates are rigidly
attached to the robot and hence to the tower-side
umbilical connector. World coordinates refer to a
coordinate system that is independent of the
robot's position. Since the SSV is in motion,
however, this coordinate system does not
correspond to the vehicle-side mating plate.
However, since the torsional motion of the SSV is
so slight, the orientation of the world coordinate
svstem is very close to that of the tower-side plate.

— X AXIS (JR3)
——Y AXIS
Z AXIS

0.00 I 3.33 I 6.67
1.66
5.00

Figure 1.
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20.00

Force response during lead-around
test: 3 axes. Kf = 0.5 in./sec/lb.

In a related experiment, the point of the robot was
placed between two rigid blocks, simulating a peg
in a one-dimensional hole. When very low gains
were used, the system was stable and tracked the
constant set point force of 1.5 Ibs, as shown in
Figure 3. However, this low value of force
feedback gain does not permit the robot to meet
the dynamic tracking requirements of the SSV.
Increasing this gain by a factor often to achieve
good tracking response results in unstable
behavior, as demonstrated in Figure 4.

A second test was performed to see how force
feedback had affected the robot's behavior during
initial contact. The robot was assigned a small
force set point of 1.5 Ibs and was brought into
contact with a rigid object at a slow approach
velocity (2.0 in./sec). Results for two force
feedback gains are shown in Figure 2 and show a
similar behavior. Notice that the ratio between
the gains is approximately equal t6 the ratio
between the resulting peak forces. This is
probably due to the same ratio occurring for the
approach velocity.

36.6

From observations of the impact test, there
appears to be a distinct time lag of approximately
0.25 sec between initial contact and the motion
which relieves the contact force. This lag also is
relatively independent of gain. This lag behavior
appears very similar to integration saturation in
one of the control modes (i.e., reset windup),
although further testing will be required to make
certain of this estimate. Other possible causes can
include mechanical stiction and backlash and
software time delays in both the force/torque
sensor and the robot. Not shown in this figure is
the positional motion of the link, where the robot
jumps back from the surface a considerable
distance, with the distance again being dependent
on the force feedback gain.
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Figure 4.

Impact test with force feedback: (a)
Kf = 0.5 in./sec/lb; (b) Kf = 1.5
in./sec/lb.
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Unstable elastic contact with high
force feedback gain. Kf = 0.5 in./sec
Ib.

As of the date of this report, the FFTF has been
fully set up on the 3-axis simulator and is
operational. The analog and digital
instrumentation required to obtain experimental
readings are still in the process of installation and
calibration, however.

The classical control dilemma of balancing
between stability and tracking response speed is
seen. For low force feedback gain values the
system is stable but has insufficient dynamic
response. Conversely, increasing the gain to allow
the robot to be led around with relatively low force
values results in unstable operation when the
robot is in contact with a rigid object (i.e., the
SSV).

Preliminary tests have been run and qualitative
results have been obtained; these are sketched in
Figure 6. The simulator was set to run a twodimensional motion with a cycle time of 14 sec,
while the force feedback controller was used to
allow the robot to track the motion. Low values of
feedback gain led to very poor tracking response,
Increasing the feedback gain greatly improved ti«
tracking and had a behavior typical of a 0.5
damping ratio.

THE FORCE FEEDBACK TEST FIXTURE
Further experimental work on the contact phase
of docking requires the ability to instrument and
test the connection between the umbilical mating
plates while protecting the test equipment from
damage. This instrumentation can also be used
for experimental identification of the dynamic
model of the robot. A test fixture known as the
Force Feedback Test Fixture (FFTF) was designed
and built to perform these quantitative
measurements. The configuration of the FFTF is
shown in Figure 5. The fixture acts as an
interface between the robot and the SSV
simulator. It is driven in two dimensional motion
by the SSV simulator, and applies a known,
constant force to the robot's force/torque probe.

1/4"

The fixture's probe arm is a 2-axis gimbal
mounted to the simulator plate, with
potentiometers along each axis to detect tracking
lag errors between the simulator's motion and the
robot's tracking response motion. The fixture's
key features are as follows.
Figure 6.

Absolute force isolation and overload
protection for the ASE A robot: the force
transmitted across the tactile contact
interface is strictly limited to an adjustable
preset value of between 0 and 20 Ibs.
The curved conical cavity is calculated to
yield a constant restoring force independent of
position (angle or direction).
The probe arm has about ± 10° or six in. of
travel; the parallax error is less than 1.5 %.
The position sensors on the arm provide an
accurate measurement of the positional
tracking error.

Maintaining a high feedback gain but with a
slight change in velocity constants along with fine
tuning the y-axis drift achieved acceptable
tracking, as graphed on the polar plot of the distal
extremus of the fixture probe. The error vector
was contained within a 0.25 in. diameter circle,
but with increased oscillation frequency and
reduced damping ratio.

A ROBOT'S

OFT SENSOR

Force feedback test fixture results
(simulated).

.SIMULATOR
tINPUT

{DYNAMIC
TRESPONSE

^MOTION

COUNTER
WEIGHT
BIAS SPRING

120° CONE

Figure 5.

Force feedback test fixture.
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The conclusion is that force feedback can be fully
effective as a control technique for the final
docking phase if it is implemented carefully and
fine-tuned for the application.

This is the model which governs the behavior of
the robot when operating in a lead-around mode
because of the lack of coupling between the motion
of the SSV and the generated force. This results in
stable behavior for all gain values.

SINGLE DEGREE-OF-FREEDOM FORCE
FEEDBACK MODEL

When in contact with rigid objects, the interaction
between the robot and an external motion
becomes coupled and is modeled as a stiff elastic
member. The stiffness reflects the composite
elasticity of the robot linkage, the passive
compliance, and the contact stiffness of the object.

A simple single degree-of-freedom model using
force feedback is developed to describe the
observed behavior of the robot and examine
possible controller modifications for improved
performance. This model is only approximate, but
it will serve as a guide to further experimental
work.

) when in contact X > 0
f1 K(X - y
^ SSV

F

The ASEA robot uses a D.C. motor system and
gear reduction unit driven by a pulse-widthmodulated (PWM) voltage. The controller uses
both velocity and position feedback signals in a
conventional manner [8], with a PID inner
velocity feedback loop surrounded by a position
control loop. By ignoring the higher bandwidth
effects such as motor inductance and structural
vibrations, a simple model of a single robot axis
can be written in Laplace transform notation as:
l]X =

w*

sp

-CSF

K +K

with Yssv representing the motion of the SSV, K
the composite stiffness, and Kr and Kc linear
approximations representing the stiffness of the
robot and the compliance element.

(1)

If this stiffness term is incorporated, the model of
the relationship describing the contact force
generated when contact occurs is shown below:

with X representing the position of axis, Xsp being
the trajectory setpoint, and F the contact force.
The second term on the right-hand side represents
the effect of the contact force on the position
servosystem. Values assumed for the constants
for this model are provided in the Appendix.

r

- KS(S 2
KK f W 2
f

n

(5)
A diagram of this system model is shown in
Figure 7.
This model is used to simulate the impact of the
robot with a rigid object for two separate gains, as
shown in Figure 8. Notice that for small values of
gain, the robot impacts and remains in contact
with the surface, while for larger gains the robot
will jump away from the surface in an oscillatory
pattern. This pattern agrees qualitatively with
the behavior of the ASEA robot presented in
Figure 2. Notice, however, that the predicted
time-in-contact is considerably less than that
actually observed. One possible explanation for
this discrepancy is an integration saturation in
the ASEA's controller. This effect will need
further investigation.

- F)
V sp = V r + Kf(F
f set
(2)
sp

n

n set

F=

Using the force dependent voltage from the
force/torque sensor allows the ASE A's Adaptive
Control software to generate a change in the
velocity based on an error between the observed
force and a bias value representing the force
setpoint value. Therefore, the force feedback
modification to the position servo loop is modeled
as an integral control mode whose error signal is
used as an trajectory perturbation input to the set
point command of the position servo system:

X

(4)

otherwise
K rK c

= X + -!- (F -F}
'
g> ^ set
r

The transfer function between the contact force
and the external motion of the SSV describes what
forces are generated during contact on the basis of
the motion of the SSV. Setting the force and input
command values to zero results in:

where Xr and Vr represent the preprogrammed
position and velocity of the robot and Kf
represents the trajectory perturbation gain for
force feedback. With this final model element, the
operation of the robot acting under force feedback
control is:

S(S 2/W2
-I (F

- F) - CSF

(3)

K f (S^
•

f

n

KCW 2n )S 2/KW 2n + S/KK.f
(6)
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Block diagram representing model of
force feedback control structure.
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10

Frequency response of contact force to
SSV motion.

Further, with this model information,
approximate performance requirements can be
more precisely defined in terms of a frequency
response plot. Specifically, the contact force
should be set below a maximum value for a
maximum input displacement and bandwidth of
SSV motion. From a control design perspective,
this undesirable region can be mapped into the
magnitude Bode plot, by use of the previously
determined worst case values, also shown in
Figure 9. Notice that the zero appearing at the
origin in the transfer function in equation (6)
indicates that this undesirable region can be
avoided for very low frequency inputs. Notice also
that increasing the force feedback gain has the
desirable effect of shifting the magnitude response
curve downward with increasing gain, indicating
that the higher the force feedback gain, the lower
the contact forces for a given SSV motion. From
Figure 9, values; of Kf greater than 0.25 in./sec/lb
are seen to provide sufficient dynamic response to
SSV motion.

10

0

Hz

FORCE VS. SSV DISPLACEMENT

7.5

SECONDS

25

1

"

Simulated impact tests with force
feedback control.

The frequency response behavior is shown in
Figure 9 for several values of Kf. The application
of the final value theorem to this model predicts
that the force will eventually go to the force set
point as desired (for stable systems remaining in
elastic contact) for a constant SSV displacement.
For higher frequency motion, the Bode magnitude
plot reaches a constant value equal to the
combined stiffness of the system, indicating the
reasonable result that the force servosystem is
effective only over a limited bandwidth.

A second major problem to be examined is the
stability of the system when in contact with rigid
objects. A root locus diagram for the overall
system gain, when this model is used, is shown in
3-22

0.5

Figure 10, where the system gain is a product of
the force feedback control gain and the effective
stiffness of the system. For large system gains, the
system becomes unstable. Attaining stability
with this model requires the product of Kf and K
to be less than 30.0 in./sec/lb. This indicates that
gains of greater than 0.12 in./sec/lb will be
unstable when only the compliance of the robot is
used. With high stiffness values, a relatively low
force feedback gain must be used to insure
stability, but this results in the inability to meet
the dynamic tracking requirements.
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//////

5)
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Figure 10. Root locus of force feedback control
system.
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With the existing system, the control design
problem can be divided into selecting both a
compliance value and a force feedback gain to
meet both the stability and dynamic response
requirements. Both stability and dynamic
response conditions can be met first by selecting
the minimal force feedback gain that satisfies the
dynamic response condition and then by determining the amount of compliance to add to provide for
a reasonable gain margin. For this model, setting
the force feedback gain at 0.25 in./sec/lb and
including a stiffness in the compliant element of
47 lb/in.,which results in an overall system
stiffness of 40 lb/in., will provide sufficient
tracking response as well as a gain margin of
three; this insures stability. Simulations
depicting the impact response of this system are
compared with those of a system with no passive
compliance components in Figure 11. This
explains the experimentally observed ability of
the robot to track the SSV simulator table by use
of the force feedback test fixture. The passive
compliance introduced by the FFTF allowed
higher feedback gains to be used, allowing rapid
tracking dynamics.

Figure 11. Effect of passive compliance on impact
tests, Kf= 0.25.
with the addition of a strong phase lead term
centered about the phase crossover frequency is
also shown on the same figure. Notice that
stability can be achieved without modifying the
passive compliance term and thus allows this
value to be determined by mechanical rather than
stability considerations. Figure 13 demonstrates
the improved performance of the leadcompensated system during impact tests, where
the maximum force of contact is lowered
considerably.

0.4
0.2

"! a)

0.0

I (ii.oi)

1-0.2
|-0.4
-0.6

CONTROL COMPENSATION

!

-0.8

Additional flexibility can be added to the force
design problem by applying classical control
compensation techniques to the force control loop.
Figure 12 shows the Nyquist plot of the
uncompensated system using the minimum gain
to meet the dynamic response requirements but
without any compliance addition. The system is
unstable. The Nyquist plot of a similar system

-1.0

-1.8

-1.4

a) UNCOMPENSATED
b) LEAD COMPENSATED
-1.0
REAL

-0.6

-0.2

Figure 12. Nyquist Plot of system: Kf = 0.25
in./sec/lb.
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sensory integration software. Work on this
overall problem is continuing at the RADL
laboratory.
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APPENDIX

The larger picture of developing a working
simulation of an umbilical mating requires that
the force feedback controller be carefully
integrated into an overall strategy, as described
earlier. This will require three-dimensional
vision tracking ability, clever mechanical design
of the docking mechanism, and supervisory

Parameters used in simulation study:
Wn = 5 rad/sec - system natural frequency
£ = 1.0-system damping ratio
C = 0.0032 in./sec/lb - contact force effect
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