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Redundancy Control of a Free-Flying Telerobot
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Martin Marietta Astronautics Group, Denver, Colorado 80201

and
David L. Akin
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Manipulation from a free-flying vehicle has applications in space and undersea teleoperation. Both environ-
ments allow a vehicle to move freely in all six degrees of freedom. For many operations, such as inspection and
servicing, the ability to manipulate from an undocked teleoperator will be essential. The major contribution of
this research is the development of a control algorithm, coordinated control, which allows the simultaneous
reduced-order control of a vehicle and attached manipulator/The entire telerobot system is controlled by
commanding the end effector inertially with respect to the task. This is accomplished through a unified
treatment of the vehicle and manipulator as a single dynamic system, based on considering the free-flying
teleoperator as a redundant manipulator. The vehicle controller minimizes fuel expenditure while maintaining
a desirable manipulator configuration. The coordinated trajectory algorithm is a blend of two modes: gradient
pseudo-inverse trajectory control, which uses both vehicle thrust and manipulator motion, and reaction-com-
pensation trajectory control, which allows the base to react freely to manipulator interaction torques. Blending
between these modes occurs as a function of the teleoperator's configuration potential. The potential incorpo-
rates kinematic functions such as singularity avoidance, joint limits, and collision avoidance.

Introduction

THE space environment is inherently expensive to work in.
The complexity and cost of maintaining humans in orbit

preclude direct manual operations in some situations. Al-
though it has often been demonstrated that human presence at
a worksite is invaluable in emergencies, it is not always feasi-
ble to put humans there in the first place. As an example, high
Earth orbits are unsuitable for sustained human presence due

to radiation levels. Additionally the routine operational cost
of a remotely operated robotic system in Earth orbit may be
less than that of an astronaut. This is not to say that the
performance of such a system is necessarily superior to a
crewmember in a spacesuit, but that much more operational
time may be available for the teleoperator.

The process whereby equipment performs maneuvering or
manipulation tasks under the remote control of a human is
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Fig. 1 Beam Assembly Teleoperator.

called teleoperation. Other terms currently in use include tele-
robotics (emphasizing autonomous capability of the equip-
ment); telemanipulation (dexterous manipulation); and tele-
presence (realistic presentation of sensory information). This
paper will use the term teleoperation to signify the combina-
tion of manipulation and maneuvering. A remotely controlled
system capable of both maneuvering and manipulation is re-
ferred to as a teleoperator. Such a device is assumed to be
commanded by a human operator rather than by an autono-
mous computer program.

Current plans for space teleoperators separate the operation
of the system into two distinct phases: free-flying maneuvering
and docked manipulation. It is the premise of this research
that this constraint on the activity of the teleoperator unneces-
sarily limits its usefulness. There are many tasks, especially in
contingency operations, where the ability to manipulate from
an undocked teleoperator may prove essential. Examples of
near-terms tasks suitable for teleoperation include inspection,
surface treatment, and repair.1

Free-Flying Manipulation
Free-flying manipulation is applicable to teleoperation in

space and underwater. Both environments allow a vehicle to
move freely in all spatial degrees of freedom (DOF). Two
significant advantages (or disadvantages) of the underwater
environment are the presence of gravity and viscous drag. The
separation of the vehicle's center of mass from its center of
buoyancy creates a preferred orientation in two axes due to the

action of gravity, which allows more effective attitude stabil-
ization of the vehicle. Water drag is a significant factor in
maneuvering, providing natural damping for vehicle transla-
tion (and rotation). These vehicles are generally designed to
operate within a limited range of vehicle orientation, taking
advantage of the natural attitude stabilization.

Teleoperators designed for space differ from their undersea
counterparts in that the vehicle has no preferred orientation;
all vehicle degrees of freedom must be actively controlled. The
task of controlling a teleoperator is generally more difficult in
space than underwater: in addition to the lack of a preferred
orientation, there is no natural damping of vehicle motion.
Space systems may be simulated on Earth underwater, in
neutral buoyancy, for development and verification. Neutrally
buoyant vehicles are balanced so that their weight matches
their buoyancy, eliminating the effects of gravity. Addition-
ally, the centers of mass and buoyancy must coincide to elim-
inate attitude preference. An example of such a telerobot
system is the Beam Assembly Teleoperator (BAT), shown in
Fig. 1 operating in the Neutral Buoyancy Simulator at the
NASA Marshall Space Flight Center. This teleoperator was
designed to perform structural assembly tasks in comparison
with humans. The vehicle is a free-flying mobility unit with a
full six DOF. BAT carries one dexterous manipulator and
interchangeable specialized effectors. This system is described
in detail elsewhere.2 This work focuses on teleoperation in the
0-g drag-free space environment, but the results are generally
applicable to undersea teleoperation as well.



MAY-JUNE 1990 REDUNDANCY CONTROL OF A FREE-FLYING TELEROBOT 517

With a vehicle/manipulator system, the human operator is
presented with a formidable task: to try and manually control
a system that might typically include 12 DOF or more. Typi-
cally this is done with separate controls for the vehicle and the
manipulator. It is reasonable to expect that a control system
that provides "task-relative" control, where only six DOF are
necessary to specify effector motion relative to the task, would
reduce the operator's work load. Independent continuous con-
trol of the vehicle and manipulator would require four, three-
axis joysticks, occupying significant console space and requir-
ing the operator to switch from one set to the other. One
existing example of such a system is the Space Shuttle Orbiter;
for satellite capture operations, the Shuttle is controlled from
the starboard aft control station, whereas the remote manipu-
lator system is controlled from the port aft station. This
category of operation is thus a two-person task, with each
person controlling two, three-axis hand controllers. It seems
likely that this degree of crew involvement would be impracti-
cal for routine teleoperation tasks; crew productivity would
improve if such a task were performed by a single person.

Six-axis displacement input devices are available for control
input,3 but currently available mechanisms occupy a signifi-
cant volume in the control station. Two of these devices would
be required, potentially causing workspace conflicts between
the two. Six-axis force input devices require much less room
but suffer from a modality mismatch between the force input
and the displacement command. A control algorithm that
allows an operator to command the entire teleoperator with
the same control inputs required for either the vehicle or
manipulator alone would be a significant advantage.

A free-flying teleoperator may be considered as a redundant
manipulator, in that both systems have more controllable
states than are necessary to specify the motion of the effector.
One significant difference between the two is the use of reac-
tion fuel for vehicle motion. In space this fuel must generally
be launched into orbit, at a large cost, whereas electrical
energy to operate the manipulator can be generated on-orbit.
Any control system for a space teleoperator must consider the
relatively large cost of vehicle motion.

Related Work
The development of computer-augmented supervisory con-

trol systems has been an active area of robotics research for
several years. One application of such controllers has been to
reduce the work load on the operator by assisting in the
specification of manipulator motion from the task definition.
During their review of man-machine interaction factors, She-
ridan and Verplank4 first noted the redundancy inherent in a
free-flying teleoperator. The resolved-rate control algorithm,
developed by Whitney,5 was an early instance of a computer-
aided control algorithm that allowed the operator to work in
a task-referenced coordinate frame. Much work has also been
done on redundant manipulation6'8—all directed at the case of
extra manipulator joints.

The complications introduced by a free-floating manipula-
tor base have been considered previously.9'13 Longman et al.10

developed compensated kinematics and reaction torques for a
Shuttle-mounted manipulator. A kinematic controller that
compensates for measured vehicle motion without utilizing the
redundancy is presented. Knowledge of the mass and inertia
properties of the manipulator and pay load is assumed. The
vehicle is assumed to be in an active attitude hold mode; the
vehicle's DOF are not actively used. Recently, Vafa and
Dubowsky11 defined a virtual manipulator that combines the
kinematic and dynamic properties of the manipulator and
vehicle. This virtual manipulator's kinematic properties are a
function of the real system's dynamic properties; the virtual
base is inertially fixed at the system's mass center. This must
be recalculated if the parameters of the physical system change
(e.g., grasping or releasing a payload) and is restricted to
noncontact situations. Yoerger and Slotine12 have discussed
supervisory control of redundant vehicle/manipulator systems

for undersea tasks, based on a task-referenced potential field,
but do not differentiate between vehicle and manipulator mo-
tion. Most recently, Alexander13 has extended the operational-
space control method to redundant systems and applied it to a
planar system with five DOF. This work experimentally

.demonstrated the control method using endpoint sensing,
however, the vehicle DOF were not actively controlled.

Despite these excellent research efforts, the topic of ac-
tively controlling the motion of both vehicle and manipulator
for space applications, with or without fuel minimization, has
not been previously addressed.

Teleoperator Modeling
The first step in the analysis of free-flying teleoperators is to

determine the equations of motion. The forward kinematics
describe the inertial position and orientation of the manipula-
tor gripper, or effector, in terms of the manipulator and
vehicle state variables. The inverse kinematics determine the
state variables necessary to obtain a given effector position
and attitude. The forward dynamics describe the motion of
the system in response to applied forces and torques.

Extension is made by considering the vehicular DOF as
extra manipulator "joints."9 These joints have kinematic
transformations, but only the terminal joint has mass proper-
ties. The advantage of this form is the simple extension of
existing serial linkage analysis techniques. A disadvantage is
the singularity associated with a three-parameter description
of three-dimensional rotation. A four-parameter kinematic
description of vehicle rotation (e.g., quaternions), does not
result in an inveritable inertia matrix. Analyzing the vehicle
motion using the same formulation as for the manipulator
simplifies the task.

The kinematics and dynamics of a two-dimensional system
are easier to visualize and present; therefore this paper models
a planar teleoperator. The vehicle and manipulator have three
DOF each, giving the teleoperator a total of six. Figure 2
defines the reference frames and geometric parameters associ-
ated with this teleoperator. The states of this system and the
effector location are

x = y =
XE

OtE

(1)

Inertial
Vehicle

\ Jtial- \vX\fl\XL_ie Ineitial-
Effector Y

Fig. 2 Planar six-DOF coordinate frames.
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Fig. 3 Independent control block diagram.

This telerobot was simulated by a computer program, writ-
ten in the C language, running on a Silicon Graphics IRIS
workstation. Symbolic evaluation of the recursive dynamics
formulation, using MACSYMA, reduced the real-time com-
putations to a minimum. The full equations of motion are not
presented due to space considerations; they may be found in
Ref. 14. With the full nonlinear dynamics and a graphical
display, the simulation ran at 7.5 Hz, fast enough for man-in-
the-loop experiments.

Trajectory Control
This section is concerned with trajectory generation: the

specification of a joint space trajectory to achieve the com-
manded effector trajectory. This involves a kinematic trans-
formation from an inertial or effector trajectory with m com-
ponents to a joint trajectory with n components. (In three
dimensions, m = 6; in two dimensions, m = 3.) The spatial
DOF m may be further divided into translational (mt) and
rotational (mr) DOF. The n teleoperator DOF may be divided
into vehicle (nv) and manipulator (nm) DOF. (Note that, for
space systems, nv = m, the spatial DOF. Available vehicle
DOF for undersea systems may be limited if the vehicle's mass
distribution is not rotationally neutral.) For all the teleopera-
tors considered in this report, n>m. This makes the teleoper-
ator redundant: the inverse kinematics are under determined.
For a fully redundant teleoperator, with a full spatial set of
arm DOF, n = 2m. A unique solution is thus possible only
when additional constraints are imposed. The joint control
problem is decoupled from the trajectory generation.

Independent Control Mode
Without supervisory control assistance, the vehicle and ma-

nipulator components of a teleoperator must be controlled
separately. This will be referred to as the independent control
mode. The vehicle will be directly controlled by the human
operator, either in the vehicle reference frame or the inertial
reference frame. The control of the vehicle is decoupled from
the manipulator.

Figure 3 shows the structure of the independent control
mode. The human operator provides one m-dimensional input
vector to control the vehicle and another m-dimensional input
vector to control the effector relative to the task. The con-
troller determines the necessary manipulator commands to
achieve the effector trajectory given the vehicle motion. In
three dimensions, the operator must provide a total of 12
DOF; in two dimensions a total of six DOF are required.
In this figure (and throughout the paper), boldface quantities
are column arrays. The subscript V refers to vehicle states,
M refers to manipulator states, and C denotes commanded
values.

The inverse kinematic trajectory generator converts the or-
der m effector command into an order n joint command; if the
manipulator is redundant (nm>m), then additional con-
straints must be applied by the controller. This is discussed
later in the paper. The single-input/single-output (SISO) con-
trollers drive the actuators. The nonlinear dynamics and kine-
matics of the teleoperator yield the actual system trajectory.

The control of the manipulator is kinematically much more
difficult than that of the vehicle, which (in space) is basically
an undamped second-order system responding to applied
forces. Manipulator kinematics, as will be shown in subse-
quent sections on trajectory generation, are one source of
these forces and torques.

Resolved-Rate Trajectory Generation
Initially proposed by Whitney,5 resolved-rate control ex-

hibits certain advantages for remote manipulation. This ap-
proach allows control of the end-effector with reference to
arbitrary coordinate frames. The method transforms the de-
sired effector rate, specified in inertial space, into correspond-
ing joint rates. Effector motion may also be specified in the
effector reference frame by reordering the equation; however,
the independent control mode developed in this report defines
effector motion in the inertial frame to match the operator's
veiwpoint. Similarly, the vehicle trajectory may be specified in
either the inertial or vehicle frames. The inertial frame is used
herein to match the effector control.

When we work with a continuous kinematic formulation,
the forward differential kinematics are

y = Jx (2)

The vector of end effector velocities y is of order m, and the
vector of joint velocities x is of order n. (Here the generalized
joint vector jc includes both manipulator joints and vehicle
DOF.) They are related by the differential forward kinematics
matrix, the Jacobian J (of rank m). If the system is exactly
determined, meaning that there is no redundancy and that the
configuration is not singular, then the necessary joint veloci-
ties may be directly determined from the desired end effector
motion

x = J~ly (3)

This method fails if the manipulator approaches a singular
configuration. In this instance, the rank of J is no longer m.

The independent control mode is an enhancement of the
resolved-rate strategy. Direct inverse position kinematics are
used to compute the desired joint angles. The desired joint
rates are computed via the Jacobian transform, using the
current manipulator configuration. The command joint posi-
tions and rates are used by the joint controllers, as described
later. It is convenient to separate the state vector and Jacobian
into vehicle and manipulator components:

JC =
xv

XM.
J — [Jy (4)

The block diagram of the inverse kinematic trajectory genera-
tor is depicted in Fig. 4. Note the independent solutions for the
necessary joint positions and rates. This is possible when the
manipulator is exactly determined: nm-m.

y = JyXy + JMXM (5)

Fig. 4 Inverse kinematic trajectory generator.
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Fig. 5 Reaction-compensation trajectory generator.

This may be inverted for the manipulator joint rates, as long
as the manipulator Jacobian is invertible (i.e., the manipulator
is nonsingular):

This allows determination of the required manipulator motion
(XMC) as a function of the command effector (j;c) and vehicle

i rates, and the current configuration J(x):

XMC = • (7)

The necessary joint positions are calculated using the appro-
priate manipulator-specific nonlinear equations. The base of
the manipulator is determined using the measured vehicle
position Xy.

Reaction Compensation Trajectory Generation
Reaction compensation is a special case of the independent

control mode. As is the case with independent control, the
effector is moved to the target point in inertial space. The
difference is that reaction compensation does not use the
vehicle's thrusters to maintain an arbitrary base position and
orientation. Thus the vehicle moves in reaction to the effector
forces and arm motion, and the manipulator trajectory plan-
ner must account for this motion to reach the inertial target
point accurately. The advantage of this case is obvious: it uses
no fuel. The disadvantage is that the effector workspace is
limited and is smaller than if the vehicle were fixed. The
dynamic effect that reduces the workspace is a function of the
relative masses and inertias of the vehicle and manipulator and
is configuration dependent. A suitable procedure for deter-
mining the effective workspace in reaction compensation
mode has been described in Ref. 11. One significant drawback
to this mode is its marginal stability. A free-flying teleoperator
completely controlled by reaction compensation cannot re-
cover if the center of mass is nonstationary.

Reaction compensation mode may be directly implemented
by setting the vehicle actuator forces fv to zero. The vehicle
command position and velocity may be anything, as they have
no effect. The effector command drives the manipulator but,
without motion compensation, it will not reach the target. The
preferred implementation is to set the desired vehicle rate to
match the actual vehicle rate:

— Xy (8)

This method allows this mode to be combined with another, as
will be discussed later. The manipulator command is compen-
sated for the measured vehicle motion:

XMC - JM ( ~ JyXy) (9)

The system has nm active DOF and nv passive DOF with this
control mode, which is depicted in Fig. 5.

Although not generally an effective control mode due to the
limited workspace, reaction compensation mode does have
applications. It serves as a check on the accuracy of computer
simulations of the equations of motion because no external
forces are applied. Thus the center of mass of the teleoperator
should remain inertially fixed for ali manipulator trajectories.
This mode is also an essential component of the coordinated
control mode, which is described in a subsequent section.

Pseudo-inverse Trajectory Generation
In this section the vehicle-manipulator combination is

treated as a generalized redundant mechanism. The resulting
"manipulator" has nv + nm active DQF; joints are both vehi-
cle axes and actual joints. As noted by Whitney,5 redundant
joint motion may be specified by adding a constraint that the
joint velocities minimize a quadratic function. This was ex-
tended by Liegeois6 to minimize a function of the joint angles.

Since the vehicle/manipulator system is redundant, the Ja-
cobian cannot be inverted, as it is not square. The traditional
approach is to define the pseudo-inverse of the Jacobiari as

(10)

(11)

and then to calculate the necessary joint motion from

This serves to define the motion of all the joints and minimizes
the quadratic function XTX. Since the matrix /Ms n x m, but
only has rank m, it has a null space of dimension n — m.
Using a projection operator, an arbitrary vector </> (of dimen-
sion n) may be applied:

This has the effect of modifying the commanded joint motion,
without affecting the desired effector motion. The <t> may be
defined as

> = 0 Vx K(JC) (13)

where J3 is a negative constant, V* is the gradient with respect
to jc, and Vis a smooth potential function of the generalized

*~ Jr*
U k

I

J

T*
> <

J

fc.

+ '
]

7"
* Jdt *

XM
Y

Fig. 6 Gradient pseudo-inverse trajectory generator.
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joint variables. Individual terms of </> may be expressed as

dV
(14)

This definition of the null-space vector forces the joint motion
x to reduce F(JC), without affecting y. This feature of pseudo-
inverse gradient control is an essential component of coordi-
nated control, as will be discussed in the next section. A
schematic of the controller is pictured in Fig. 6.

The disadvantage of this control algorithm, as applied to
space teleoperators, is the excessive use of vehicle motion to
achieve effector motion. One property of the inverse Jacobian
approach is that the vehicle motion directly couples to effector
motion. Thus when the Jacobian is inverted, whether redun-
dant or not, the vehicle motion is the dominant factor. For
tasks occurring inside the reach envelope of the manipulator,
excessive vehicle motion wastes fuel. The advantage of the
pseudo-inverse mode is the ability to command the effector to
an arbitrary point with a single m-dimensional input vector.
The coordinated control mode, which is presented in the next
section, shares this advantage, but minimizes fuel use.

Coordinated Control
Without supervisory assistance, the operator must directly

control all vehicle and manipulator axes. This would, in prin-
ciple, require the control of nm + nv DOF. It is more common,
however, to resolve the manipulator and vehicle DOF into the
m DOF workspace. In general, therefore, this requires manu-
ally controlling 2m DOF. With computer assistance, the oper-
ator need only control the m DOF relating the effector to the
task; the coordinated controller handles the control of the rest
of the system. Figure 7 illustrates the concept of reducing the
number of channels controlled by the operator.

In this scenario the computer is acting as an assistant whose
function is to keep the vehicle in a favorable position and
attitude. The operator's control input device commands the
end effector of the manipulator relative to the task. The
vehicle is controlled by the computer supervisor without direct
input from the human operator. This strategy is also applica-
ble to hierarchical robotic control of a teleoperator. The spec-
ification of the effector trajectory may be separated from the
configuration of vehicle and manipulator.

The primary task of the controller is to achieve the com-
manded effector position and attitude. Secondary tasks are to
avoid joint limits, to maintain the vehicle within an allowed
operating area, and to avoid the use of thrusters whenever
possible. The approach taken in synthesizing a control system
to satisfy these goals is to use a cost-function approach to do
as much as possible on the secondary tasks while always
performing the primary task.

Dynamic Blending: Coordination
It is desirable to combine the use of multiple actuators in a

manner that avoids the use of actuators requiring propellant
to produce force. A block diagram of the control structure
developed to achieve these goals is shown in Fig. 8. This
coordinated control mode, developed for the control of the
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manipulator-vehicle system, is based on two modes presented
in the preceding section: reaction compensation and pseudo-
inverse control. Reaction compensation mode (allowing the
vehicle to freely respond to manipulator motions) uses no fuel
at all, but results in a limited manipulator workspace. Pseudo-
inverse mode (controlling both vehicle and manipulator in
attitude and position) provides an infinite workspace but uses
a lot of fuel. Both modes require measurement of the vehicle
state, as does any closed-loop vehicle controller.

The coordinated controller combines the contributions to
the commanded state velocity from each submode, based on
an overall potential function. Each subcontroller indepen-
dently determines a desired state velocity which achieves the
commanded effector motion. A suitable way to achieve the
best of both modes is to transition smoothly between modes as
an undesirable manipulator configuration approaches. This
method, called "blending," is based on potential functions,
which are presented in a subsequent section.

The blend method forms the commanded velocity based on
the configuration potential a. This potential is an arbitrary
function of the system state and increases as the teleoperator
approaches an undesirable configuration, such as manipulator
singularity. The ability to define this potential function is an
important feature of the coordinated control mode. At the
same time, the selection of the proper potential function is
essential to the successful functioning of this algorithm.

Coordinated control is based on a linear combination of
control outputs of the two parallel systems to synthesize the
control signal to the teleoperator. The rates commanded by
the pseudo-inverse and reaction compensation controllers are
jccp/ and JCc/?c» respectively. These are weighted by corre-
sponding terms WRC and WPI. The synthesized command can
be expressed as:

xc = (15)

Note that the two weights WRC and WPI must sum to one to
achieve the commanded effector trajectory. When the weights
are determined by blending, the terms are determined as fol-
lows:

where 0< a<oo

(16a)

(16b)

Fig. 8 Coordinated control block diagram.

When the potential is small, a < ^ l , the command signal
approaches the reaction compensation command. When the
potential is large, a > 1, the command sijgnal approaches the
pseudo-inverse command. Figure 9 plots the weights as a
function of the configuration potential.

This combination of two commands to produce the applied
command is possible because rates add linearly. This approach
would not be feasible with the nonlinear equations relating
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effector trajectories to state positions. Consequently, the
SISO controllers integrate the command rate for the command
position. The accuracy of this process is verified by comparing
the inertial target position obtained by the forward kinematics
to the position obtained by integrating the target rate.

System Potential Functions
The overall potential function is a kinematic function of the

state variables with continuous first derivatives in all the vari-
ables. This function may consist of separate components re-
lated to specific kinematic functions/These may be defined
based on the specific teleoperator design or as a function of
the task. The potential function V(x) developed for the planar
system is constructed from three components:

Y(x) = (17)

referring to manipulator dexterity, joint positions, and vehicle
position within an allowed zone. This group includes single
and multiaxis functions in both joint space and the inertial
reference frame. The only limitation in the choice of terms for
the potential function is the requirement for continuous first
derivatives. Each of these contributing potential terms is de-
fined in the following subsections for the specific case of a
planar telerobot.

In general, the function V(x) is not a desirable quantity for
the configuration potential: the minimum value is often
nonzero due to conflicts between the various potential func-
tions. A more useful form is the norm of the gradient of V(x)
with respect to x; this function is guaranteed to become zero
for some system configuration. The gradient </> of the penalty
function V(x) is defined as

(18)

The transpose is necessary since the gradient <£ is a column
vector and the derivative of a scalar with respect to a column
vector is a row vector. The configuration potential may then
be defined as the norm of the gradient:

(19)

whiqh is zero at the minimum of V(x).

Manipulability
The term "manipulability" has been defined as a quantita-

tive measure of the dexterity of a manipulator.15 This is de-
fined to become zero at the edge of the workspace and to reach
some maximum positive value inside the workspace. This has
been previously applied to pseudo-inverse control as a means
of defining the motion of redundant manipulators.15'16 The
manipulability wm serves as an excellent penalty function for
manipulator singularity:

= Vdet(/M J^ (20)

where JM is the manipulator Jacobian and is defined for
manipulators with nm > m. For computational efficiency, the
square of this definition is used; this simplifies the derivation
of the gradient

w = WM = \Jm JM\ (21)

The manipulability potential function is defined to approach a
large potential at the workspace edge. This is accomplished by
inverting the squared manipulability w and multiplying by a
gain kM\

VM = kM/(w + e) (22)

Numeric overflow is prevented by choosing a small positive
value for the e term. The gain kM weights the effect of the

ELBOW ANGLE, 02 (RAD)

Fig. 10 Manipulability potential function.

manipulability potential relative to the other potential func-
tions. The gradient of the potential is

— k dR
dx (w + e)2 dR dJM dx

(23)

where R = JM^M- Tne components of each term may be deter-
mined symbolically and then evaluated numerically for faster
computation. The computation required can be reduced fur-
ther by noting that R is symmetrical and has only m(m + l)/2
unique terms.

As an example, the manipulability is derived for the case of
the planar teleoperator depicted in Fig. 2. The manipulator
Jacobian is

JM —

(24)

where, for brevity, substitutions such as SBU = sin(0# +
0i + 02) are used. Applying Eq. (21), the manipulability simpli-
fies to

= (/! /2 s2)2 (25)

This means that the manipulator becomes singular when the
first and second links align—when 02 = 0, ± TT. The potential
function and its derivative are plotted in Fig. 10. Since the
potential is a function of only one state variable, there is only
one component in the gradient for this case

-2£M/2/2V2

d02 + e]
(26)

The parameter e controls the flatness of the gradient in the
center of the range. When the norm of the gradient is used as
the potential, there are stable equilibrium points at 02 = ± ?r/2
and unstable equilibrium points at 02 = 0, ± TT. The joint will
drive away from singularity as long as dVM/dB2 is negative for
0<02<7r/2; it is not necessary for the gradient to become
infinite as 02— 0.

Joint Limits
Manipulators have physical joint limits that prevent them

from achieving arbitrary configurations. Incorporating a
limit-related term into the cost function will force the con-
troller to move other joints or the vehicle before the manipula-
tor becomes "stuck." Another application is to restrict the
vehicle rotational DOF within specified limits. A barrier func-
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tion useful for quantifying proximity to the joint limits may be
written as

joints

where

- xLi)(xHi -

(27)

(28)

is the barrier function for each individual joint, p is a positive
rational number, and xHi,xLi are the upper and lower joint
limits. An individual gain &// may be specified for each joint.
This is an "edge-based" potential. As the joint approaches a
limit, the potential becomes infinite; in the center of the range,
the potential is essentially flat. The gradient terms for the
function are decoupled and are of the form

- l(xHi + xLi)/2]
- XLi)(XHi -

(29)

The gain &/, determines how close to the limit the controller
will allow the joint to go before applying pseudo-inverse con-
trol. Note that the effects of the power p and gain kj\ are
combined. Figure 1 1 shows the pseudo-inverse mode weight as
a function

Vehicle Position and Attitude
The vehicle is maintained in a permitted zone that specifies

position, attitude, and a gradient. This zone is specified by the
human operator analogically. This may be done using a hand
controller or mouse and a graphics display; the control system
maintains the specified center of the zone. This zone may be
defined inertially or relative to the task, which may be moving.
It is necessary to have sensory information about the position
of the teleoperator vehicle for both cases; for the relative zone
case information about the target is also required. The intent
here is to allow the operator to define a zone of allowable
vehicle motion that the controller will obey. This zone will be
interactively defined by the operator with a graphics overlay
on the task display. An advantageous method of generating a
closed contour is to use cubic splines to connect control
points. This method can be extended to three or more DOF,
but three is the most that can be readily visualized. The vehicle
rotational DOF may be decoupled from the translational, with
either single-axis or coupled DOF limits. This potential func-
tion may be extended to treat the vehicle-zone interaction as a
contour-contour problem, resulting in range from the nearest
point on the vehicle to the contour, rather than as point-con-
tour. The disadvantage of this is the computational complex-
ity. This difficulty may be reduced by implementing the com-
putation in hardware rather than software.

Results
The performance of the coordinated control mode was com-

pared to the independent mode through simulations and man-
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Fig. 11 Joint limit potential function.

ual control experiments. The performance was calculated
based on time elapsed and fuel consumed. Detailed experi-
mental procedures and results are presented in Ref. 14.

Simulation
The best performance achievable with the coordinated con-

trol mode is not as good as the best possible independent mode
performance. This is because the coordinated controller, with
the same effector trajectory, does not recreate the optimal set
of independent control inputs. Similarly, the best independent
mode performance is not as good as can be achieved with
open-loop control. The reason for this is the limited perfor-
mance of the closed-loop controller. If a controller with in-
finite bandwidth and no actuator saturation were possible, the
independent mode performance would approach the open-
loop optimum.

For tasks in the usable workspace, the coordinated mode
performance is superior to the independent mode in position/
attitude hold and approaches the optimum independent mode.
The performance advantage of the coordinated mode within
the initial workspace increases with the trajectory velocity. For
tasks beyond the initial workspace, the independent mode
outperforms the coordinated mode with regard to fuel con-
sumption. As the trajectory velocity of the large task de-
creases, the coordinated mode performance approaches that
of the independent mode. The advantage of the coordinated
mode is the smooth transition between modes with a spatial
input; the independent mode requires more inputs to achieve
the same range of motion.

Experimental
The experiment with human subjects indicated that the per-

formance with the coordinated mode was only slightly worse
than the independent mode. This was true for both tasks,
although the difference between modes was not statistically
significant. As an exception, the subjects with the worst over-
all score performed better with the coordinated mode at the
more difficult task. Both tasks used the extended workspace
of the teleoperator and required a roughly equivalent amount
of vehicle motion in both coordinated and independent
modes.

Based on the simulation results, it was expected that the
subjects would perform significantly better with the indepen-
dent mode than the coordinated mode. The experimental re-
sults indicated that the independent mode performance was
only slightly better. This discrepancy indicates that the sub-
jects generally were not able to take full advantage of the
potential performance of the independent mode. The analysis
strongly suggested that less experienced subjects performed
better with the coordinated mode—especially at more difficult
tasks. Thus, coordinated control will likely be advantageous in
contingency operations where the operator has not been ex-
haustively trained beforehand.

As the complexity of the teleoperator system increases (e.g.,
from two dimensions to three dimensions), the advantage of
coordinated mode's reduced-DOF inputs is expected to in-
crease. Since the coordinated control mode only requires that
the effector motion be specified relative to the task, the human
operator's work load is independent of the number of teleop-
erator DOF. The ability to manipulate in an extended
workspace, with only a single control input device, should
prove invaluable.

Summary
The space environment introduces the possibility of per-

forming manipulation tasks from a free-flying vehicle in addi-
tion to a more traditional docked configuration. Such free-fly-
ing manipulation capability raises new issues, such as vehicle
fuel consumption and operator control work load. This paper
has presented a new algorithm, referred to as coordinated
control, for teleoperated control of such a vehicle and manip-
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ulator system. This algorithm attempts to combine the best
features of two alternative control modes which only require a
spatial command set from the operator. Results to date indi-
cate that the coordinated control algorithm improves the per-
formance of the human-teleoperator system. It must be noted
that this paper only presents results for a planar system.
Verification and refinement for the three-dimensional case is
necessary to determine real-world applicability.
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