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Abstract

The system discussed in this paper is an integrated
stand-alone system with the full functional capabilities

required of a telerobot system. It is complete with a

force-reflecting 6-DOF hand controller, driving a PUMA
560 or 762 robot, with an integrated force-torque sensing
wrist sensor and servo-driven parallel jaw gripper. A mix
of custom and standard electronics, distributed comput-
ers and microprocessors, with embedded and download-
able software, have been integrated into the system, giv-
ing rise to a powerful and flexible teleautonomous control

system.

Introduction

The telerobot system discussed in this paper was developed
at the GE Advanced Technology Laboratory under contract
from the Jet Propulsion Laboratory. It was developed for the
Goddard Space Flight Center (GSI'C) to respond to the needs
for an integrated laboratory system that could he used as a
baseline to compare with other teterobot systems available from

the market or rescarch community.

Tlis system is a teleautonomous system, capable of force
reflecting purce teleoperation at one end of the spectrum, and
capable of {ully autonomous farce compliant control on the cud
of the spectrum. A lincar blend of the two ends of the spectrum

can produce a powerful teleautonomous control system.

Being a rescarch system in an ever evolving techunological
environment, and also bound by certain project constraints,
this system comprises clectronics and software technology cle-
raents that were developed independently. In some ways, this
system is a hybrid between the JPL Advanced Teleoperation
System [1] and the JPL Telerobot Testbed Manipulation Sys-
tem [2]. Its architecture can also be unified into a more horuo-
geneous configuration such as in the Kali system '3]. In fact,
the initial project intent was that this system dcvélopment be
followed by an upward compatible conversion to the JPL Teler-
obot System and/or the Kali system as they both mature in

CY90.

The major components of this integrated system include:

(1) FRHC - a six axes force reflecting hand controller; (2) UC
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- a ‘Universal Controller’ for the low-level servo control of the
FRIIC and the hand trigger in the FRIIC; (3) VME high level
control electronics - for driving the UC and interfacing with the
robot clectronics; (4) RCCL - control software on a microVAX
for the robot high level controls; (5) Unimate Controller - the
low level servo controller for the PUMA 560 or 762 robot; (6)
PUMA 560 or 762 robot; (7) a ‘GSEE’ - a sensor-based end ef-
fector, which has wrist force-torque sensing and force-controlled
finger gripping; (8) graplics generator - displaying real-time
force-controlled hnformation; and (9) a user interface - a multi-

window 3-tier menu syvstem on a SUN 3/60 workstation.

Figure 1 shows the system configuration. In the foreground,
from leflt to right are the SUN terminal (with 5 windows dis-
played), a color graphics display of force-torque and GSEIS
data, 2 video monitors showing camera views of the worksite,
the UC driving the FRIIC, the FRIC (right-handed), an IBM
PC interfacing with the UC, and the VME electronics chassis.
In the background from right to left (some items not visible)
are the Unimate controllers lor the PUMA 560 and 762, the
microVAX driving the robots, a PUMA 762 robot with the
GSEE, and a PUMA 560 robot with a pneumatic gripper.

The overall capabilities of this integrated systemn can be

summarized as follows:

o It is a telerobot system capable of force reflecting telenp-

eration and shared /teleautonomous control (ie. teleop

mixed auto force compliant control).

s The teleautonomous capability allows gain mixing per ax-

isl gain (k) for teleop and gain (1-k) for auto control.

¢ The man-mmachine interface is a 3-tier menu system, for

models and parancters selection.
o Tt has a multi-window display on a SUN 3/60 workstation.

Teleoperation modes include: position (Cartesian) mode

in tool or mixed world-tool coordinates; rate (Cartesian)

mode; force reflection on/ofl mode; index on/off mode.

Control scaling includes: position, rate and force scaling;

force-torque biasing.

Color graphics provide a display of force-torque data,



the end-effector (GSER) grip force, GSEE grip opening,
GSEE internal temperature; graphics software also per-

mits axes transformation aud scaling.

o GSEE gripper control is integrated with the FRIIC hand
trigger; a hold button on the hand trigger commands the

GSEE to hold position.

o GSEE has position control mode, rate mode, and force
mode; a combined position/rate/force mode allows the
closing of the gripper until object contact, when force

control is effected.

For further details on the specilications of the GSEL and

the FRUHC, refer 1o {1, 5]

2 System Description

Figure 2 aud Figure 3 shows the overview hardware block di-
agram of 1he system and the corresponding algorithm flow re-
spectively.  For detailed board-level hardware configuration,

date flow diagram and software flow diagrams, refer to {6].

The UC (Universal Countroller, also known as UMC, Uni-
versal Motion Controller in [1]) provides the control and direct
interface with the FRIIC. It contains two NS 32016 processors,
and one XYCOM

parallel interface card. One NS 32016 processor (also named

two joint interface cards, power amplifiers

UC processor) is in charge of executing servo algorithms ai’
internal user interfuce, whereas the other NS 32016 processor
(also known as the UC COMM processor) is in charge of com-
munication with the VME chassis. In position nicide, the UC
receives six joint encoder positions and other analog readings
from the FRITC, The UC processes and transmits this data wo
the VME processors via the XYCOM parallel interface. In the
return loop, the UC receives the joint setpoint (encoder counts)

from the VML processors, and drives the FRIC.

An IBM PC provides the development environment and
downloading facilities to the UC processors. Software for the

two UC processors are written in assembly language [1].

The VME chassis consists of three Motorola 68020 proces-
sor cards, one Ethernct card, one XYCOM parallel interface
card, one BIT3 shared memory card, and a set of two Par-
allex graphics cards. The main 68020 processor card, known
as the HHACS processor ot is mainly responsible for comput-
ing the forward kinematics ol the FRIIC, hence the Cartesian
incremental positions/orientations for the PUMA robot. This
same card also converts the robot force/torque sensor data to
pscudo robot incremental setpoints, and computes the inverse

kinematics of the FRUC to produce the desired joint positions
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for creating force reflection in the FRUC. The sccong 63020
processor card, known as the Interpolator 1/0 card (also called
the UC/COMM card or FRIIC/Moper Card), divects T/0 with
the UC via the XYCOM card, and computes the interpolated
Joint encoder setpoints for the FRHC. The third 68020 pro-
cessor card knowun as Graphics processor card, is in charge of
the graphics display, driving the two Parallex graphics cards.
The BIT3 shared memory card provides the communication
medium among the VML cards and the microVAX on the robot

side.

The data sharing and computation in the VME chassis are
performed in the following manner. The Tnterpolator 170 pro-
cessor receives the FRIC encoder values and anaiog readings
(digitized in the UC) from the UC via the XYCOM interface
and deposits them on the BITS shared memory. Thea the
HACS processor reads them [rom the shared memory, and conm .
putes the corvesponding Cartesion incremental transforn tions
to derive the PUMA robot setpoints. i the retura foop. 1he
HACS processor veads the force-torque sensor reasdings on the
shared memory, as deposited by the RUCL/microVAX. A force
gain matrix transformation provides the incremental pueudo
PUMA setpoints, cortesponding to the force/torque “position
accomodation” errors. The HACS then computes the FRIC
inverse kinematics to obtain the corresponding desired IR
Joint positions. The Interpolator 1/0 processor then provesses
and interpolates these joint encoder setpoints, and returns thon

to the UC, backdriving the FRUC

A SUN 3/60 computer running on the VxWorks comuner-
tial operating system provides the developmoent enviromment
for the VME processors. All programs were written in *C™ and

downloaded to the processors cither vin the Filiernet or via

scrial ports.

Tor the robot control software exeention and development .
a microVAX running on the UNIN operating system and in-
stalled with RCCL [7] is used. This micro VAN consists of one
main CPU and one slave CPUL The main CI'U provides the
UNIX program development euvironment and the user intor-
face to the operator/programmer. The slave CPU executes the
real time portion of the RCCL code on a modified UNIX ker
nel. The interface with the VMIE chassis (and hence FRICY)
is through the BIT3 shared memory. The interface with the
PUMA Unimate countroller, specifically the LST-11 processor in
the controller, is through a DRV-11 parallel interface. Every
cycle (normally 20 milliscconds), the stave CPU jnterrupts the
VME system and gets the Cartesian setpoint for the PUMA
robot 1t also computes the inverse Kinematics, converting the
Cartesian setpoint to the joint setpoints, then sending them
over to the LSI-11 PUMA processor via the DRV-11 interface,

In the return loop, the slave CPU receives the force [ftorque



data from the LSI- 11 processor and deposits them on the shared
memory to be Jr'nceivc(lhby the VM processors. Notice that no
forward kinematics of the robot is performed on the mictoVAX,
because the design does not specify force reflection due to robot
position lag (rom the FRHC commanded position. That is, the
present design derives the FRIIC force reflection purely from

the robot wrist sensor.

The LSI-11 processor in the PUMA controller performs 1/0
functions for the PUMA robot. Tt reads joint sctpoints {rom
RCCL/ microVAX and sends them over to the lower fevel 6503
processors. Conversely, it reads the joint encoder positions of
the PUMA’s six joints and send them over to the microVAX.
The LSI-11 also collects the force/torque data from either the
GSEL (which has its own integrated force/torque sensor) on
the PUMA 762, or from the Lord force/torque sensor on the
PUMA 560. The datais shipped to the microVAX. Finally, the
low level 6503 microprocessors provide the direct nterfice with
and control over the individual robot joints. They perform joint
interpolation, run the servo algorithms, and drive the robot
joints. Tley also process the data coming from the PUMA
encoders, compite the encoder values and make them available

for the LSI-11 processor to read.

3 System Operation and Performance

This teleautonolous system is designed to be a turn-key system,
to be used by application users who are not system program-
mers nor development programmers. Facilities are, however,
very flexible and available to programmers for software modi-
fications. All software for the VME processors can be edited.
compiled and downloaded from the SUN workstation operating

under VxWorks development enviromnent.

The user interface is a multi-window menu display on the
SUN workstation (sce Figure 1). These windows iuclude the
(a) FRIICMAIN (also known as the HACS, ITAnd Controller
Software) user window, (b) RCCLMAIN user window. (c)
VME_UC_MAIN user window, and (d) Graphics window. Two
other windows arc the editing window and the console window

(for system messages).

The user windows allow the user to change operation modes
and specify parameters and configuration. Ixamples include
the choice of position versus rate mode, manual non-force re-
flecting control versus shared control versus teleautonomous
control. Iorce/posi- tion loop gains, tool transformation pa-
rameters, end-cffector grip force, rate, cte. are all selectable
and chaugeable from the menus. Typical robot align, visit,

and move commands are available at the RCCI window,

Figure |1, 5 and 6 show the 3-tier menu input system for the
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FRHC_MAIN, RCCL-MAIN, and VME.UC_MAIN processes.

Por further details, refer to [6].

Very satisfactory, nontlicless limited, operational expericnce
has been gained in the use of this telcautonomous system in
the performance of generic telerobotic tasks, such as expected
for the NASA’s Flight Telerobotic Servicer. These tasks in-
clude peg-in-hole jusertion, contour following, and door open-
ing. Certain combination of gains, teleautonomous scaling, and
choice of shared control axes, have been determined to be effi-

cient in the performance of these tasks (see reference [6]).

The performance of this system is mainly constrained by the
speed of the microVAX RCCL hardware/software. The bottle-
neck there requires the whole system to be basically synchro-
nized 1o 50 lz. When the entire control goes around the foap,
from the hand controller to the robot controtler/end-eflector
and back to the hand controller (for force reflection), a Time
latency of some 100-125 milliscconds is estimated. For pure
teleoperation control, such a time latency of some 100-125 mil-
liseconds is estimated. Tor pure teleoperation control, snch a
time latency is not desivable. T fact, experiments on this sys-
tem have shown potential control stability problems - not iu
the sense of control stability when the systew is o its own,
or even aflected by outside disturbances. Potential problems
arise when the human operator is in the loop, depending on
.

the operator’s expesience and “impedance™ iun his grip of the

force-reflecting hand controtlers.

It is expericiced, as alsa predicted by the theory, that the
teleautonomous capability of the systen can overcame such po-
tential instability problems. A Luear combiation of the teleop
control input with the auntonomous force control has provided
very satisfactory system response in the performance of the
above tasks. Note that the autanomous mode of coutrol is
Control

there is local 1o the microVAX/RCCL, which has 50 Hz cycle

not performance limited by the same latency rate,
rate. Low level servo rates are even higher, close to 1 Kz,
The teleantonomous performance has consistently ranked bet-
ter than teleoperation or shared (hybrid force-position) control

perform;m(‘t‘.

4 Summary

A powerful and flexible telerobot control system has been inte-
grated and tested, which has a teleautonomous capability that
outperforms telcoperation systems and shared (hybrid force-
position control) systems. Tt is complete with hand controllers,
electronics, and integrated with the PUMA robots equipped
with a custom servo driven end-effector. This system is also de-

signed to be upward compatible with a higher-performance sys-



tem, where the compitation Hisiteiion of the micro VAX/RCCT,
isreplaced by a faster compuior ar chustor af distiibuted pro-
cessors. s iso this systens can seive as a llexible telerabot
testhed whnreby the hinman factors aspects and application ox-

perirtents can be extensively fnvesiisated
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