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Abstract Qq = generalized joint coordinates and
velocities, (n x1)
The purpose of this paper is to examire how a stiffness I = ime ) .
controller can be used to control a teleoperator system Xelb = eibow Cartesian position
having a redundant degree-of-freedom (dof) slave ;ngg = desired elbow Cartesian position
manipulator and a dissimilar master. No path planning Xm, Xs = master and slave position, respectively
was allowed because the uncerainty of the environment Y )
and computational limitations. The proposed controller = arbitrary real number
was implemented on the 7-dof Cen.fer for Engineering 6, = joint space point
Systems Advanced Research Manipulator (CESARm) T = joint force/torque vector (n x 1)
slavg manipulator with a 6-dof Kraf{ master Teric = frictional force/torque vector (n x 1)
manipulator. The overall performance of this scheme T o
and future directions are discussed. grav = gravitational force/torque vector (n x 1)
Tred = redundancy torque (n x 1)
Nomenclature
1. Introduction
n = number of dofs of the manipulator
C(9,9) = Coriolis and centrifugal terms (n x n) L1 Brief History and Overview of
Fext = contact force/torque vector (6 x 1) Teleoperation
gm = master transfer function matrix In the late 1940s, R. C. Goertz and his colleagues
s = slave transfer function matrix

at Argonne National Laboratory developed one of the

Gs.red = positive semi-definite matrix earliest recognizable mechanical master/slave
) : . . manipulators—first without force reflection and later with
Gisi - ml. si_e;nf: nctions for each of the cartesian force-reflecting capabilities. In the early 1950s, Goeriz
- iy . and his colleagues developed an electric master/slave
H - gc:;f" of constraints or performance manipulator in which each slave-joint servo was tied
i . directly to the master-joint servo because both the master
I = identity matrix . . o

_ . . and slave were kinematically similar [{Goertz, 54].

()] = manipulator Jacobian (6 x n) Th 1 for th .
T _ . £ the mani e control structure for these manipulators was the
= pseudpmverse of the manipulator classical position-position controller. A positional
Jacobian, J ’ . difference between the slave and the master is reflected
Im,Js = master and slave Jacobian, respectively back as a drive signal to the master to push the human
Jred = redundancy Jacobian relating elbow operator away from the object. The controller
cartesian motions to joint motion implementation was purely analog based on ac servo
Ksred = constant positive-definite matrix technology. The position-position control scheme has
M(g) = inertia matrix (n x n) been the basic controller for almost all master/slave

manipulators used by industry up to the present time,
with the only modification being the conversion of the
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analog controller to a digital controller., The primary
objective of a teleoperated system is to reflect the
impedance of the operator to the environment. This
objective is accomplished by means of large-joint-
stiffness coupling between the master and slave.
Positional accuracy has historically been of secondary
importance for two reasons. The first is that human
operators are poor positional controllers. Steady-state
master and slave positions can easily differ by a few
inches without the human operator's noticing the
difference. Only changes in positional difference are
noted by the human operator. The second reason is that
to reflect the operator's impedance to the environment,
the joint friction was minimized by accepting high levels
of backlash in the gearing/transmission systems to
reduce contact friction, thus reducing transmission losses
but increasing positional error. It should be noted that a
position-position control scheme is a passive type of
controller.

1.2 Goals and Design Objectives

The primary goal for this project was to determine
if a redundant teleoperator system with dissimilar
kinematics and a redundant dof for the slave manipulator
could be controlled in an unknown and a potentially
dangerous environment. No path preview was allowed
because the human operator would be making decisions
rapidly, and only modest computation power was
available. To resolve the redundancy issue, an elbow
sensor would be placed on the elbow of the human
operator. This sensor would give a signal proportional
to the positional change of the user and would be used to
control the elbow of the 7-dof CESARm slave. Because
of funding limitations, an elbow sensor was not
available; however, the elbow position change of the
user was implemented as an input command. This
implementation will be clarified later in this paper.

1.3 Basic Problems with Dissimilar
Kinematic Teleoperators

When the master and slave are not kinematically
similar and the slave has a redundant dof, the design of
the controller is particularly difficult. Three major
issues are associated with this control problem: (1)
orientation representation, (2) accurate force refection,
and (3) redundancy resolution. The first two issues have
been addressed by the authors in a previous paper
[Jansen, 90]; therefore, only the last issue will be
addressed in this paper.

Redundancy resolution has been an active area of
research for a number of years. Because of real-time
implementation issues associated with a teleoperated
system, only redundancy resolution schemes using local
optimization methods are relevant. Two schemes
dominate: resolved motion rate control (RMRC) and

resolved acceleration control techniques [Nenchev,
89]. Both of these techniques require utilization of a
pseudoinverse when the slave manipulatcr has redundant
dofs. Problems with pseudoinverse techniques are: (1)
nonrepeatability [Klein, 83] of starting positions of a
manipulator after transversing a fix closed path, (2)
potential instability due to the fact that many
teleoperator tasks are close to the workspace boundary
(and therefore close to singularity points) and the slave
must make contact with objects in an unstructured
environment, and (3) difficulty in selection of local
optim;zation criteria that physically relate to the specific
tasks being performed. To circumvent these problems
and to exploit the fundamental difference between a robot
and a teleoperaior, a redundancy resolution scheme based
on passivity and stiffness concepts will be discussed
next.

2. Redundancy Resolution
2.1 Basic Idea

The slave manipulator which is being considered
in this paper has 7 dof. Six dof are required to obtain an
arbitrary position and orientation of a manipulator end
effector. A 7-dof slave manipulator is desirable because
the additional (or redundant) dof allows for numerous
manipulator configurations for a given end-effector
position and orientation, thus permitting the
manipulator 10 reach around obstacles to perform a task,
to avoid joint limits, or to optimize its configuration in
some other manner. The slave manipulator will
incorporate a stiffness controller [Salisbury, 80§ and
[Miyazaki, 86]. The basic idea is to add additional
constraints to the system so that the end-effector
Jacobian is extended to have full rank. Previous
researchers [Oh, 84; Colbaugh, 89] have applied
the criterion that additional constraints cannoct create
self-motion, where self-motion is defined as motion not
affecting the position or orientation of the end-eifector
(Bzillieul, 861.

The constraints are to be set such that: (1) a small
amount of positional error will occur, (2) passivity
condGitions will be applied to assure stability, and (3)
utilization of the redundant dof is accomplished by
means of an elbow sensor on the human operator.

2.2 Passivity
Passivity simply means that the energy input to a

component or system must be greater than some
negative number for all time, that is,

T
I ¢ tdt 2 -y VT20 . Q)
[+]



If the power flow is reversed, then the inequality is
reversed, and the nenative sign on the right is removed.
Passivity can be shown for a mechanical manipulator.
A sketch of the proof can be found in [Asada, 86],
and only the results will be shown. The dynamic
equations of motion for a rigid-bodied link manipulators
[Khatib, 87] is .

T=M@q+Cqdqg+

J (Q)T Fext + Tgrav + Thric . ¥))

For the rest of this paper, the functional dependency of
M, C, and J will be dropped to reduce notational clutter.
Subscripts m and s designate either master parameters or
slave parameters, respectively. Passivity gives the
following relationship:

f q" tdt 2 -0YM(q) ¢0) +

]

13
f [ 4 3@ T Fexe +9" tgrav +q" el dt (3)
0

The human operator and the environment will be
assumed to be modeled as passive systems. There are
limitations with representing the operator and
environment with passive models [Anderson, 89];
nevertheless, investigations using a passive model build
confidence with the proposed control techniques.
Because the external environment is assumed passive,
the first term in the integral of Eq. (3) satisfies the
passivity condition—likewise, for the last term inside the

integral. Exploiting the fact that Tgav =-V V,

where V is a potential function, passivity for Eq. (3)
can be shown,

R. Anderson [Arderson, 90] defined a control
law which satisfies the passivity constraint as a passive
control law. Both the master and slave controllers are
designed to be passive controllers. Because it has been
shown by numerous researchers [Asada, 86] that a
stiffness controller [Salisbury, 80; Miyazaki, 86]
is a passive controller, both the master and slave
controller will be modified stiffness controllers.
Passivity has been proposed for a nonredundant
teleoperated system by G. J. Raju [Raju, 89] and
others. Impedance control {Hogan, 85] was not
selected because of computational limitations of the
hardware used by the authors. A further hardware
limitation was the lack of velocity signals available at
the computer.

3. Controller
3.1 Stiffness Controller

The master manipulator incorporates a modified
stiffness controller. The master torque signal is

Tm = Jh [Gm (X5 - Xm)] ) @
The slave manipulator incorporates a modified
stiffness controller. The slave torque signal is

s = J5 [Gs (Xm - Xs)] +Tred - &)
3.2 Stability Based on passivity

Figure 1 shows the bond graph of a teleoperator
system. Power flows and causality markers are shown
by the half arrows and causality strokes, respectively.
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Fig. 1. Bond graph of a teleoperator system.

Based on the idea of hyperstability, if the
controllers can be shown to be passive, then the whole
system will be stable because a linear time-invarient
system which is passive also satisfies the positive
realness conditions. From B. D. O. Anderson
[Anderson, 68], a rational transfer-function G(s) is
positive real if the following conditions are met: (1) all
elements of G(s) are analytic in Re[s] > 0; (2) the
denominator polynomial of G is a Hurwitz polynomial
or may have zeros on the j axis; that is, G must be
analytic in the right half-plane; (3) if G has poles on the
j axis, these poles must be simple and have real and

- positive residues; and (4) the condition

Re[G (jw)] 2 O for all & must be satisfied.

The controllers will be designed to have the
property of positive reainess. If each controller satisfies
the positive realness condition, then based on Popov's
hyperstability condition, the overail system is stable.

The problem becomes one of ensuring that
T

.T T
(G Tm+ G T)dt<y? VT>0 . (9
[
The dashed boxes in Fig. 1 lumps the master and slave

controllers together to make them scparate passive
systems. Power i3 the input in the definition of



Eq. (3), whereas power is the output of the master and
slave controllers of Fig. 1; therefore, the inequality and
sign have been reversed. The slave and master dashed
boxes have been shown to be passive; thus,

T

-Y%SJ (4% Tm Jdt VT>O0and

T
-Y%gf (@T15)dt VT>0, (7&8)
0

where Y2 and ¥3 are arbitrary real constants. Using Egs.
(7) and (8), Eq. (6) can be rewritten as
T

f (k¢htm+ df T)dt<y2 VT>0, (9

where X is any arbitrary real positive constant and Y4 is
an arbitrary real constant. Inserting the master and slave
controller equations into Eq. (9) results in

jr LN qu[JE; Gm (xs - Xm)]‘*‘
’ (10)

ds [37 Gs (Xm - Xs) + Tea]
Using the relationship that Jm 4m = Xm, Js 4s = Xs,
Gs =xGp , and z = Xs - Xm, the following two
conditions are required:

T

dtsy? VT>0

zT G, U zdf;[ dt2-v VT>0 (11a)
0

0

T
and f A Teq A SY2 VT>0 (11b)
0

where Y5 and Y6 are arbitrary real constants because V4
is an arbitrary real constant. The design goal is to
determine G and T;eq such that Eqgs. (11a) and (11b) are
satisfied. Obviously, if the conditions stated in Egs.
(11a) and (11b) are satisfied, then the condition stated in
Eq. (10) is satisfied. Based on the positive real lemma,
the condition stated in Eq. (11a) will be satisfied if

S t
SOocfaf)
0
is a positive real matrix, where L is the Laplace
operator. The next two sections will discuss how to

satisfy the redundancy condition of Eq. (11b) and the
condition speciﬁed by Eq. (12).

3.3 Redundancy Condition Satisfaction
The basic idea is shown in Fig. 2. A spring is

added to the elbow. As mentioned before, an elbow
sensor on the human operator is anticipated to provide

the datum position to the slave position. The human
operator will have direct control over each of the dof of
the slave manipulator., A fictitious, low-stiffness
spring is attached between the elbow and the ground
poirt. This elbow spring is usually antagonistic to the
hand spring as shown in the figure. The hand- spring
stiffness is set to a much larger value than the elbow
spring stiffness to reduce the positional error. This is
discussed in the next section.

Fixed datum input
from elbow sensor

hand
Kp —00

Fig. 2. Elbow constraint.

Adding a constraint to the elbow can be conveniently
expressed as
Ted = J\'Ted [Gs-red (’ngts) - ?elb)] | (13)

Jred has the property that qus='f?en,' where

I=[I3 0s]%, Iz = 3X3 identity matrix and 03 = 3X3
zero matrix. Substituting Eq. (13) into Eq. (11b)
results in

T ‘
f \"Zlb G elb (V) dt=- 'Y% vT>0 , (14)
0

where V = Rejp - X and X555 is fixed. Similar to the
previous case, the condition stated by Eq. (14) will be
satisfied if

Gl [Gll] 0o

is a positive real matrix. Because of high levels of
friction and the low values of elbow stiffness that were

required, Gg_req Was set to K red, a constant positive-
definite matrix.

3.4 G Selection

The master and slave transfer function matrices,
for simplicity, are both selected to be diagonal matrices.
Only the slave compensator equation will be written
because the master and slave compensators are
proportional. Thus,



G(s) = diag[Gs1(s) Gs2(s) Gs3(s)
Gs4(s) Ggs(s) Gse(s)] - (16)

The ohjectives of the joint servo compensators are
to stiffen the joint servos (i.e., increase static accuracy),
improve system stability margins, and improve system
insensitivity to high-frequency noise. Only the static
accuracy will be addressed in this paper because a
detailed discussion of the other two objectives can be
found in [Chen, 89].

A lag-lead compensator can meet the previously
mentioned objectives. A lag-lead compensator is given
by

Gei(s) = K, (s +oy)(s +02) '
(s +B1){s +B2)

where 011, Ol2, Bl , and Bz are corner frequencies with

0<PB; <oy <oy <fr and K is a positive gain
term. The lag-lead compensator can be designed to
minimize the dynamic range of the joint servo. Because
the frequency content of human operator motion is less
than 1 Hz for most real tasks [Noakes, 90], the
frequency response of a teleoperator system will not be
significantly affected by this type of compensator.

amn

To satisfy the positive real condition, all four
previously discussed conditions must be satisfied. The
first three can be easily shown to be satisfied.
Condition 4 can be shown to be satisfied if

Re [sti(jm) / Jm] 2 0 which is equivalent to

(Br- o) (2 + 02 Bo) + (B - @)

(@ + 01 By) 20 , Vo . (18)

), Gsi@)

Using the approximation that S = %(
becomes

Gsi(z) = K (2 al.)(z +a?) . (19)
(Z+l31)(2+l32

z-1
z+1

where

L _oqT-2 ©_T-2 ' _BT-2

T2 oyT 2+ apT 2 paT
K; =K (2+ alT)(2+0‘.2T)

]

(24 B1T)(2 +B27)
The stiffness of the lag-lead compensator must be much
larger than the stiffness of the elbow constraint. At
® = (), the stiffness of the lag-lead compensator is

stiffness = K, 4%2 - (20)
B1B2
This value must be selected to be a fairly large number
to satisfy the stiffness requirements. It should be noted

that high levels of stiffness are required for Gy a s
compared to the elbow to minimize the steady-state
positional error. Because of the passivity constraint of
Eq. (18) and to limit cycles [Gelb, 68] resulting from
unmodeled dynamics, infinite stiffness is obviously not
possible; however, we were able to selc.t values that
increased the overall steady-state accuracy, or stiffness,
50 times higher than with a standard proportional-
derivative controller.

4. Application to CESARm/Kraft -
Manipulators ‘

4.1 Implementation

The master controller was implemented on the
Kraft master arm. The Kraft KMC 9100-MC is a
lightweight 6-dof master arm designed, manufactured,
and sold by Kraft Telerobotics, Inc., of Overland Park,
Kansas. Position is measured at each joint by
potentiometers. The first five joints are actuated by ac
servomotors for force feedback. Wrist roll is not
actuated. The Kraft arm is sold with the KMC 91008
electronics interface unit.

The slave algorithm is implemented on the
CESARm [Babcock, 87], which is a custom-
designed 7-dof arm and is not a production-grade
manipulator but a research manipulator used to
determine feasibility and performance of various
redundancy algorithms. Its joints are (from base to
gripper) waist, shoulder pitch, shoulder roll, elbow,
wrist pitch, wrist yaw, and wrist roll. The waist,
shoulder pitch, and shoulder roll are actuated with dc
servomotors coupled to gear reducers. The elbow is
actuated by a dc servomotor coupled through a 4-bar
linkage. Wrist pitch and yaw are actuated by dc
servomotors connected through cables to a 2-dof
differential. Wrist roll is actuated by a dc servomotor
connected via cables. Position is measured at each
motor by optical encoders, and velocity is measured for
analog feedback by tachometers mounted on the motors.
Three components of force and three components of
torque are measured at the CESARm wrist by a JR3
universal force sensor communicating through a parallel

interface (not used for this study). Both the CESARm
and the Kraft are shown in Fig. 3.

The master and slave control algorithms were
programmed in C language and implemented on three
Motorola 68020s having 68881 floating point
coprocessors. The algorithms were partitioned as



Fig. 3 CESARm and Kraft manipulators.

follows. CPU 1 had all low-level routines. This
included low-level control routines (e.g., sending motor
signals, enabling motors and brakes, reading encoders,
etc.), simple joint and cable limit checks, and
input/output routines. CPU 2 had the stiffness and
redundancy resolution algorithms and an obstacle
avoidance routine. CPU 3 had the master stiffness

routine, the JR3 forceftorque sensor routine, and master
and JR3 communications.

The master controller is currently implemented on
the 6-dof, force-reflecting Kraft master manipulator and
runs at a loop rate of ~20 Hz. The relzatively low loop
rate of the master side of the controller is a result of
high communications overhead between the CPU and
the Kraft control electronics. The slave algorithm is
implemented on the 7-dof CESARm and runs at a loop
rate of ~100 Hz.

4.2 Experimental resuits

The controller was tested on the CESARm
performing a number of simple tasks. These included
slow and fast motion in free space, motion at the limit
of the operational space, contact with rigid objects (such
as steel) and non-rigid objects (wood and rubber
materials), and simple stacking operations. The arm
remained stable during all modes of operations with fair
(because of time limitations only a crude visual
measurement was possible) transient response. Each of
the joint servos had roughly 1.5- to 2-Hz. bandwidth.
The low bandwidth is due primarily to the compliance
in the cable drives and the gear boxes. Positional
accuracy bounds were measured by sending a signal to
the slave requesting the slave to move back and forth
along a straight line of length 0.4 m with a 5-s. period.
The peak positional errors were below 1.25 cm for an
elbow spring deflection of roughly 0.2 m.

5. Conclusion and Summary

Controlling a redundant manipulator has been and
still is a very challenging problem. This paper
addressed the problem of controlling a redundant
teleoperator system with dissimilar kinematics and a
redundant dof for the slave manipulator in an unknown
environment. No path preview was allowed, and only
modest computation power was available. A stiffness
type of controller was selected because it could be easily
modified to be passive and avoided the use of
pseudoinverse methods and, more importantly, the
stiffness of the slave could be easily changed.
Exploiting the fact that positional accuracy is not the
primary goal of a teleoperator system, small positional
errors were allowed to provide a fairly simple and
physically appealing control. The modified stiffness
controller worked well on the Kraft master and the
CESARm slave manipulator in a number of different
teleoperated tasks.

Future work is envisioned using redundancy
criteria different from the elbow constraint condition
along with consideration of hurnan factors issues in the
selection of redundancy conditions. An elbow- tracking
sensor could be implemented and tested. Replacing the
stiffness controller with impedance control schemes
(Hogan, 85] is also being examined.
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