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ABSTRACT — The Model M-2 maintenance system Is the
first completely digitally controlled servomanipula-
tor. The M-2 system allows dexterous operations to be
performed remotely using bilateral force-reflecting
master/slave techniques, and its integrated operator
interface takes advantage of touch-screen-driven menus
to allow selection cf all possible operating modes.
The control system hardware for this system has been
described previously.* This paper describes the archi-
tecture of the overall control system. The system's
various modes of operation are identified, the soft-
ware implementation of each Is described, system
diagnostic routines are described, and highlights of
the computer-augmented operator interface are
discussed.

INTRODUCTION

The Model M-2 maintenance system is the first
implementation of a master/slave servonanipulator
that utilizes a totally digital control system. The
M-2 maintenance system Is currently being used as a
prototype servomanipulator for the Remote Operations
and Maintenance Demonstration (ROMD) Project at the
Oak Ridge National Laboratory (ORNL) to demonstrate
the feasibility of remotely maintaining chemical and
mechanical process equipment in a mocked-up zero-man-
access nuclear fuel reprocessing facility. The ORNL
Fuel Recycle Division is developing this technology
for use in advanced nuclear fuel reprocessing, and
totally remote operation and maintenance of the facil-
ity are fundamental to its operation. The bilateral,
force-reflecting, master/slave servomanipulator will
be the principal tool used for maintenance. Photo-
graphs of the M-2 master station and slave package
appear in Figs. 1 and 2 respectively.

*Research sponsored by the Office of Spent Fuel
Management and Reprocessing Systems, U.S. Department
of Energy, under contract No. W-7405-eng-26 with Union
Carbide Corporation.



Fig. 1. M-2 maintenance system master station.



Fig. 2. M-2 maintenance system slave package,



The Model M-2 maintenance system consists of
several integrated components. The remotely operated
slave package includes two 23-k.g (50-lb) continuous
capacity slave manipulator arms, three color cameras
(two are mounted on four-degree-of-freedom camera-
positioning arms), and an integral 230-kg (500-lb)
capacity hoist for lifting heavy loads. The master
control station consists of two master manipulator
arms, three color TV monitors, camera-positioning and
lens controls, hoist controls, slave package azimuth
controls, and an operator interface that utilizes a
menu-driven CRT display with integral touch screen for
operator input. Overall system components are
described in detail in ref. 2.

The Model M-2 was developed jointly by Sargent
Industries' Central Research Laboratories (CRL)
Division, and ORNL. CRL designed the mechanical com-
•ponents of the M-2 and fabricated the entire mechani-
cal and electrical package. CRL also developed the
brushless dc motor/encoder packages, and ORNL designed
the control system hardware and software.1 This paper
will detail the software architecture and the result-
ing operational modes of the M-2 manipulator.

The control system of a master/slave manipulator
must provide two primary functions. First, stability
must be provided while maintaining a one-to-one geo-
metric relationship between master and slave. Second,
force-reflection sensitivity should approach whalik the
operator would feel if performing the task directly.
If these two objectives are met, the operator's
ability to perform tasks remotely is greatly enhanced.
A simplified block diagram of a single-degree-of-
freedom control loop is presented in Fig. 3. This
figure depicts the general signal flow in a typical
M-2 control loop. Notice that the control loop is
relatively straightforward. There are, however, a few
enhancements to improve manipulator response which are
made possible by the fact that the basic control
algorithms are implemented in software. For example,
a low velocity friction compensation technique is used
to increase manipulator sensitivity to light loads.

CONTROL SYSTE1 ARCHITECTURE

The overall control system hardware remains
essentially as described in ref, 1. Only one major
change has been implemented to improve manipulator
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Fig. 3. Simplified block diagram of a M-2
manipulator control loop.



response and stability: data from the analog tachom-
eters has been removed from the control loops and
replaced with a software derivation of velocity from
position data. The result is a totally digital con-
trol system. (The only analog sensor still in the
system is motor current, and this parameter is pro-
vided for future statistical analysis only and does
not enter into control algorithms.) Having total
digital control greatly enhances short- and long-term
stability. The analog tachometer sensor introduced
noise into the control loops, which necessitated less
than optimum tuning of motor response. It also
required special initialization techniques to compen-
sate for long-term drift. The software finite dif-
ference approximation of velocity has eliminated this
problem, and control system tuning has been pushed to
the limits of the system's mechanical response. The
result is increased sensitivity, no joint jitter, and
faster joint response.

The M-2 manipulator control system is comprised
of three basic components: the joint controllers (one
per joint, 28 total), the communications traffic con-
troller (one per arm, 4 total), and the system monitor
(one per system). In addition, the integral hoist is
controlled by a processor identical to the joint con-
troller, but with firmware appropriate to achieve
hoist velocity control instead of typical manipulator
motor position control. The two camera systems are
controlled by individual camera processors that use
the same microprocessor as the joint controllers.
This allows the use of the same communication firmware
used in the joint controllers. A simplified block
diagram of the system hardware is shown in Fig. 4.
All processors (except the system monitor processor)
are Intel 8031 single-chip microcontrollers imple-
mented as special-purpose, single-board microcom-
puters. Real-time, high-speed communication between
processors utilizes the high-speed universal asynchro-
nous receiver transmitter (UART) built into the Intel
8031 microprocessor. Low-speed communication between
the Zilog Z80-based system monitor (SM) and the master
arm traffic controllers is provided by simple RS-232C
serial links.
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The key processor In the system is the master
traffic controller (TC). The TC in each arm provides
orderly command and data exchange between all proces-
sors associated with its arm. In addition, the TC in
each master arm routes commands and data to/from the
system monitor and the joint controllers (JC). The TC
is also the system timekeeper. All data and command
input/output (I/O) occurs on specified time ticks.
This is especially important now that velocity data is
derived in software. To perform these tasks, the TC
provides sequenced address information (which initi-
ates loop data exchange) on the high-speed serial link
between joint controllers. The TC also receives and
transmits data and commands between the system monitor
and the joint controllers. The JC status data
received by the TC is checked for fault conditions and
routed to the system monitor. If a problem occurs,
the TC can be commanded by the system monitor to route
all data from the ailing JC back to the system monitor
for complete analysis. The operator can easily view
all parameters of the ailing joint and take appropri-
ate corrective action.

Address and command data from the master TC are
table driven. The system monitor fills a table in the
master TC's memory with joint address and task
description data, and all or part of the table can be
changed by the system monitor. Each frame consists of
12 channel times, and for each channel time there is a
corresponding location in the TC command/ data table.
Channel time zero is reserved to activate the remote
slave TC; channel times 1 through 7 normally control
the master and slave JCs for the arm associated with
that master TC; channel time 8 is used on the right
master TC only and controls the remote hoist proces-
sor; channel time 9 controls that arm's camera proces-
sor; and channel times 10 and 11 normally are not
used. Each channel time entry can be set up to con-
trol any particular processor in the system. Although
the above channel assignments are the norm, special
cases arise. For example, a set of constants must be
downloaded to each JC in the system to change force
reflection ratios, father than take a joint out of a
normal mode (such as master/slave) and replace the
table entry with constants data, the spare entries
(10 and 11) are used. This allows the change of con-
stants without having to interrupt master/slave con-
trol. Each joint's address and unique set of con-
stants is loaded into entries 10 and 11, one master/
slave pair at a time. Thus all joints continue to
operate in the same mode as before the constants load
mode was initiated. This scheme is possible because



each joint has a unique address and the command data
from the TC is obtained by encoding the address in any
of the 12 entries in the TC command/ data table. Each
JC is 'awakened' by receiving its unique address and
is not dependent upon what time data is received
within the frame.

Any particular JC could, in fact, be awakened and
commanded to execute a function as many a& 12 times
per frame. In reality, each JC is awakened by every
TC address transmission. However, if the transmitted
address does not match the particular JC's address,
the remaining data for the channel time is ignored.
In such instances the JC normally executes the local
data sampling module. If properly awakened, the JC
continues to receive the remaining data of that chan-
nel time and then executes the software module(s)
commanded by the TC. Each JC gets its unique address
by the motherboard slot it occupies. During power-on-
start of each JC, the address encoded by hardware
strapping of the motherboard is read and subsequently
used by the JC firmware to identify the JC's address.
The firmware in every JC is identical; it is made
unique by the JC's slot address and the unique set of
constants downloaded to it during system initializa-
tion. Having all JC firmware identical simplifies JC
software development and maintenance. Customination
of the system JCs is achieved by the programmable
table array in the master TC.

There are seven JCs for each of the four arms in
the M-2 system, giving each joint motor its own dedi-
cated JC. Within the firmware of these processors
lies the joint control algorithms. Each JC samples
all data associated with its joint (position, veloc-
ity, current, and status) and communicates these data
in real time to the corresponding remote JC. This
data sample/exchange has been fixed at 53 Hz. The
original paper indicated the mimiraum desired frame
rate of the M-2 to be 60 Hz,1 but it has been deter-
mined experimentally that frame rates as low as 45 Hz
are acceptable (causing no instabilities due to inade-
quate motor control rate). The 53-Hz rate was chosen
to simplify velocity derivation from position data.
The analog tachometer was adjusted to provide a veloc-
ity reading equal to the motor drive command when the
motor is unloaded. This setting permits simplified
drive command computation, given the desired torque
and motor velocity. The velocity derivation u.;es a
simple position change versus time algorithm. The
position change per frame (at 53 Hz) exactly equals



the motor driving command when the motor runs
unloaded, and thus the velocity derivation equals the
original analog tachometer reading without the noise
and drift problems. No changes were needed in the
control algorithms when the system was converted to
software vslocity derivation. The derived velocity is
actually an average velocity over one frame, and thus
some phase error is introduced. At low to medium
motor velocities this phase error is negligible, and
at high velocities phase error has little effect on
the computation of motor drive command. The small
velocity phase error introduced, therefore, causes no
special problems. The software-derived velocity elim-
inates tachometer analog drift and ripple problems.
As a result,-^the M-2 system can be tuned to obtain
near maximum \motor response with no stability
problems.

Real-time joint control is incorporated in the
firmware of the joint controllers; the lowest level of
system control resides here. Each JC can be commanded
to do one or more specific control tasks per frame.
There are 13 JC main software modules. It is the
combinations of these modules, as commanded by the
system monitor and traffic controllers, that effect
the various operating modes of the M-2 manipulator.
For example, the most important operating mode is the
bilateral, force-reflecting, master/slave mode. To
put a joint pair into this mode, the system monitor/
traffic controller commands three JC modules to exe-
cute at the frame rate: local joint data sampling,
data exchange between local and remote JCs, and
master/slave closed-loop control. Each individual JC
processor is provided with sufficient software modules
that can be called in a prescribed order to effect
whatever operating mode the manipulator operator
desires. This technique increases flexibility and
provides the control environment needed to achieve all
present and future operating modes of the Model M-2
manipulator. Actual manipulator operating modes are
implemented in a high-level language (currently com-
piled BASIC), while control level algorithms are
programmed in assembly language. Future changes in
the system software will probably occur only in the
high-level language of the system monitor. A current
effort is centered on translating the system monitor
software package to FORTH, the language, chosen for the
Advanced Servomanipulator Project at ORNL.3 Improved
operator interfaces now being developed for the
advanced servomanipulator will be readily transport-
able to the M-2 once the system monitor software has
been translated to FORTH.
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Of the 13 JC software modules, 10 are concerned
with joint motor control. The motor control modules
include position, velocity, current drive, closed-loop

. control, synchronize, status, index, calibration,
brake, and deadman. The remaining three JC software
modules, which are considered noncontrol modules, are
communications, data sampling, and mathematics sup-
port. The ultimate goal of the motor control modules
is to compute a motor drive signal based on local and
remote joint parameters (position, velocitys force
gain, etc.) The motor drive calculated by control
algorithms is intended to command motor current
(torque) in order to assure torque reflection through
the system. The amplifiers used to develop drive
current are pulse-width-modulated (PWM) voltage ampli-
fiers. This requires software determination of the
voltage required to produce the desired motor current,
which is calculated using motor characteristics and
motor velocity. This motor drive module allows the
system to function in a current-controlled mode even
though the amplifiers are of the voltage output type.
The JC can command PWM voltage to only 8-bit preci-
sion, and it was apparent during early testing that
more precision was needed for smoother, more resolved
control. A voltage dither scheme has been implemented
to effectively increase voltage drive precision. The
PWM voltage drive command that is time-multiplexed at
nearly 10 kHz adds approximately 3 more bits of preci-
sion. This dither rate is much higher than the system
mechanical response. The smaller discrete steps
between command changes result in smoother operation
and highly resolved torque control.

The sensor (position, velocity, status, etc.) and
motor drive modules support general manipulator opera-
tions. Status is especially important in diagnosing
system performance. Motor temperature, amplifier
temperature, and amplifier current trip status are
monitored at the frame rate. Corrective action (such
as setting brakes) enables deadman operation when a
nonstandard condition is detected.

Standard control loops are implemented by input-
ting sensory data to appropriate data processing mod-
ules. The output is then processed by PWM drive algo-
rithms. An integer mathematics subroutine package was
developed to simplify algorithmic module development.
The mathematics package includes addition, subtrac-
tion, multiplication, division, comparison, and
scaling for 8/16-bit signed integer arithmetic. The
mathematics package is used throughout by the various
software control modules.
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Position encoders on each joint motor produce a
pair of phased pulse trains from which the magnitude
and direction of rotation are determined. Relative
position is determined by pulse counting, while direc-
tion of motor rotation is determined by the sign of
the phase angle. A special hardwired circuit on the
JC processor board decodes the position pulse trains
into two mutually exclusive outputs. One output pro-
duces one pulse for each clockwise step of the motor
while the other produces one pulse for each counter-
clockwise step. The two 'up/down' outputs are input
directly to counter inputs of the 8031 JC microproces-
sor, and each one clocks its own up or down 16-bit
register. The position of the motor at any given time
is simply the difference between the up/down counter
registers. Scale factors are used to account for the
different gear ratios of the master and slave joints.
These scale factors ensure one-to-one correspondence
between master and slave joints. The scale factors
could also be used to magnify or reduce master joint
motions as seen by the slave.

Originally, motor velocity was determined using a
dc tachometer and an analog-to-digital converter, but
this arrangement introduced noise and drift into the
control loops. An approximation of velocity can be
obtained by counting motor position change versus
time. Since precise knowledge of position and time is
available in the M-2 system, derived velocity seemed
practical. A simple algorithm is used to approximate
velocity equal to the position change over one frame
time. As noted earlier, a frame time fixed at 53 Hz
produces a derived velocity equal to the original
analog tachometer reading. The implementation of
software-derived velocity has significantly improved
system stability and response. The added stability
allows higher loop gains, which produce better system
response. The derived velocity signal is scaled by
the same scale factors used for position to ensure
joint synchronization.

A synchronize module se«:s the master joint's
position equal to the current slave's position. This
module is used to lock the master to the slave any
time the joints become misaligned. On power-up, for
example, all master and slave joints are put in this
mode, so that the joints will be synchronized and not
try to seek random locations when motor power is
enabled. Calibration between master and slave can
then be obtained in one of two ways. An indexing
module can be invoked to place the slave in a hold or
brake mode while the master power is shut off. This
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allows the operator to move the master to a position
that appears visually to be the same as the slave's
position. On exit from the indexing module, the syn-
chronization module is called to lock the joints
together again. A second technique for joint calibra-
tion utilizes the calibration module of the slave
processor. When commanded to both master and slave
joints, this module causes different actions depending
upon the type of joint (master or slave). For the
master, the joint's motor is disabled and the joint's
position is synchronized to whatever position is
reported by the slave. Invoking the calibration
module in a slave processor causes a small constant
motor command to be applied until the joint reaches a
mechanical end of travel. At this instant, the slave
joint's position is set equal to zero. A special form
of the master/slave module is then used to drive each
slave joint back to a predetermined physical position
that leaves the slave arm in what is called a normal
starting stance. The operator then physically posi-
tions the unpowered master arms in the same normal
starting position, and the synchronization module is
invoked to lock the arms together.

The brake module, when invoked on a slave joint,
causes the slave position setpoint to be set equal to
the slave position at the time the brake module was
first invoked. The closed-loop control module then
maintains a constant slave position using an appropri-
ate motor PWM command. If the brake module is left in
effect for a predetermined time (approximately 2 min),
the slave electromechanical brake is activated and the
motor power is removed. The technique allows smooth
braking as needed, yet continuous long-term braking
automatically removes motor power to minimize motor
and amplifier heating. Invoking the brake module on a
master joint simply turns off master power and sets
the deadman condition.

A special deadman module is provided for operator
safety. The master grips contain an infrared optical
sensor to detect the operator's hand. When the opera-
tor is not grasping the grip, the proximity sensor
shuts down master motor power. This prevencs an
irregularity in the system that might cause the master
arms, if powered, to move abruptly toward the operator
and cause possible injury. The nongripped state is
reported to the joint controllers and invokes the
deadman condition. This condition causes special
action of the master and slave JCs before normal
operating power is reapplied to the master joints.
Deadman is a two-sequence condition. Master motor
power off occurs at the start. When the power is
commanded back on, it is limited to a safe level until

13



master/slave resynchronization is obtained. This
module is best demonstrated by the typical system
response to the operator's release of the master grip
and subsequent regrip. When the operator lets go of
the master grip while the system is i.n normal master/
slave mode, the slave locks up; and, if the slave arm
is supporting a load, the slave would continue to hold
that load even though the master arm becomes unpow-
ered (limp). (While released, the master arm will
tend to coast to a neutral position.) When released,
the master arms are placed in deadman condition
immediately as each master JC directly samples the
grip proximity sensor. When the operator engages the
master grip to resume master/slave operation, a gentle
tug is felt as the master JCs attempt to move
the master arm joints into the position they were in
when the grip was released. When synchronization is
achieved, full operating power to the masters is per-
mitted, and the system resumes master/slave operation.

Other conditions can occur which automatically
invoke the deadman state. For example, a temporary
amplifier shutdown can occur in either a master or
slave joint due to an unexpected large load change.
The joint controller detects the amplifier current
trip and invokes the deadman condition before attempt-
ing to repower the amplifier. This is necessary
because position correspondence is uncertain during
any loss of motor power, and recovery requires safe
resynchronization.

A special diagnostic status module is responsible
for overall joint motor and amplifier integrity.
Alarm conditions, when detected, are reported immedi-
ately to the TC/SM, and certain conditions are acted
on immediately at the JC level. Three types of status
data are sampled by the JC at the frame rate: ampli-
fier/motor temperature warnings, amplifier/motor tem-
perature faults, and joint sensor data (position,
velocity, motor current, etc.). The warnings are
routed to the TC/SM and displayed on the operator's
system control CRT. If ignored, a warning could
become a fault and the affected joints could be shut
down automatically by the associated JCs. Normal
operator procedure is to request the SM to display all
parameters of the afflicted joint(s) and then correct
the problem. A fault condition automatically shuts
down the faulty joint and invokes the deadman condi-
tion. Some types of faults are automatically
corrected by the local JC.



Many of the software modules developed for the
arm joint controllers are useful in other parts of the
M-2 maintenance system. The hoist controller, for
example, uses software almost identical to the JC,
and a slight modification of the standard master/slave
closed-loop control module achieves hoist velocity
control rather than joint position control. A self-
centering potentiometer on the operator's system con-
trol panel provides operator input of hoist velocity
commands. This potentiometer produces an analog value
which is sampled by the system monitor and then routed
to the right master TC along with the hoist processor
address and velocity mode command. The TC commands
the hoist controller at the frame rate to produce a
velocity proportional to the operator's hoist control
potentiometer output. The hoist controller receives
the requested hoist velocity and adds it to a special
setpoint position register. The hoist amplifier is
then commanded using the standard closed-loop control
module with the special setpoint position register
value as input. If the hoist velocity command is
constant, the setpoint position register will change
at the frame rate by the amount commanded. The effect
is a constant position change or constant velocity.
The sign of the velocity command can be positive or
negative, thus providing bidirectional velocity con-
trol. The resulting velocity of the hoist motor is
therefore proportional to the commanded velocity. The
hoist motor velocity is constant if the commanded
velocity is constant, regardless of the load, as long
as the commanded velocity does not exceed the velocity
of the hoist when loaded to full capacity.

OPERATING MODES OF THE M-2

The overall goal of the M-2 control software
architecture is to provide a set of real-time control
and communications modules sufficient to permit opera-
tion of the M-2 manipulators in any one of several
operating modes. Once the low-level set of modules
was completed and tested, the command and execution of
these modules could be accomplished by a single high-
level program running on the system monitor. The SM
provides a simple interface between the operator and
the sometimes complicated module commands needed to
control the system. A set of M-2 operating modes was
developed to assist the operator in performing remote
maintenance tasks. All operating modes are commanded
by push buttons on the master grips or by touch-screen
input to the operator's CRT control panel. (A photo-
graph of the operator control panel appears in
Fig. 5.) The various operating modes will be dis-
cussed, with some examples of how they are achieved.
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Fig. 5. Operator console for the M-2
manipulator.
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The most important operating mode is the standard
bilateral, force-reflecting, master/slave mode.
Several low-level modules must be invoked before the
system can be placed into the master/slave mode.
However, all low-level commands needed to effect
master/slave operation are essentially transparent to
the operator. On power-up and subsequent system
initialization, system integrity is analyzed and
reported to the operator. If all is well, the opera-
tor simply touches the CRT at a specific location and
the high-level system software takes over the task of
commanding joint synchronization and then master/slave
control mode. Once the system is operating, the
operator has options to

1. Change force reflection ratio;
2. Index master relative to slave;
3. Perform slave absolute calibration;
4. Set slave brakes;
5. Operate hoist;
6. Position cameras and control camera power,

lighting, and lens; and
7. Request system status report.

Future planned options include

1. Robotics mode for the slave,
2. Automatic camera tracking of an arm's end

effector, and
3. Complete system data logging for statistical

analysis.

The operator can choose from one of five force reflec-
tion ratios. Four of them collectively provide a good
range of bilateral force reflection ratios (1:1, 2:1,
4:1, and 8:1). The fifth is infinity, or unilateral
master/ slave control, which is provided for future
studies that will address operator efficiency when th<
manipulator system provides force reflection or no
force reflection. To change the force reflection
ratio, the operator merely touches the desired ratio
on the face of the CRT and the high-level system pro-
gram uses an index into a force constants array to
download the new constants to the TC and ultimately to
the JCs. As stated earlier, this is done using the
spare table entries of the TC, and thus this function
is transparent to the operator. The operator notices
only the change of force in the master as the
constants loading ripples through the joints.

17



The index mode is normally applied to only the
upper six degrees of freedom. (Rarely would the
operator want to index the tong joint.) Although the
operator can selectively index one or more joints
(through the CRT/touch screen), the upper six degrees
of freedom also can be commanded by pressing a small
push button on the master grip of whichever arm the
operator wishes to index. As long as the switch is
depressed, the SM instructs the TC to command the
upper six joints to execute the index control module.
When the index push button is released, the SM com-
mands the synchronize mode and then places the six
joints back in the master/slave mode. All of this is
done by manipulating a command data array in the SM
and then loading the array into the TC control table.

All position sensors in the manipulator arms are
relative sensors that lose calibration whenever power
is shut off. Situations arise in which it is desir-
able to have an indication of the absolute position of
the slave joint motors. The technique used to cali-
brate the slave position sensors is first to drive the
slave motors at reduced power toward a mechanical end
limit. Tliis position is then temporarily set equal to
zero, and a special master/slave mode is commanded to
drive the slave motors to a predetermined position
relative to the mechanical end limit. This 'normal
stance' position is then set equal to zero and can be
determined at any time. This absolute calibration
mode is entered by simple touches on the CRT touch
screen. The high-level program in the SM first com-
mands the TC/JCs into calibration mode, then checks to
see that all joints requested for calibration have
reached the end limits, and, finally, uses the limited
velocity master/slave mode to move the slave arm into
normal stance. The limited velocity master/slave
module in the slave JC is identical to the standard
master/slave module but has a 20% limit imposed on the
maximum motor command sent to the motors. The result
is limited velocity. Movement of just the slave is
obtained by not addressing the master JCs. The
equivalent of a master data packet is sent to the
slaves from the SM/TC and allows robotic control of
the slave. After the slave joints are positioned in
normal stance, "synchronize master and slave joints"
is commanded followed by master/slave mode with the
deadman condition in effect. This sequence of events
seems complicated, but the high-level subroutines
developed permit such complicated sequences with just
a few subroutine calls.
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The operator can set the slave brakes in one of
several ways, the simplest of which is to release the
master grip. In this case, the optical deadman tensor
directly shuts off master power and informs the JCs
that the deadman condition exists. The JCs1 internal
software handles the condition transparent to the
high-level software in the SM. As stated earlier,
system brake setting for the master implies master
power off; for the slave, it implies closed-loop con-
stant joint positioning for about 2 min and then
mechanical brake setting with slave motor power off.
If the operator is holding a critical load that may be
dropped by slight motions while releasing the grip, a
second method of brake setting can be used: pushing
one of two push buttons on the master grip. One push-
button locks only the slave tong, while the other
locks all seven degrees of freedom. Thus the brake
set/deadman modes can be initiated safely while the
operator has a solid grip on the master. The operator
can then release the master grip and after regrip-
ping it can operate the same push buttons to release
the system. The third and final method of system
brake setting is available from the operator's CRT
touch screen. This method provides individual or all-
joint brake setting. When it is invoked, a menu
appears that allows the operator to select all or only
a single joint.

The integral hoist is controlled by a hoist con-
troller (HC) in the right arm slave electronics pack-
age. The HC is a single-board computer identical to
the JCs but with special hoist control firmware. The
hoist motor/amplifier package is the same as the slave
motor/amplifier packages. A single self-centering
potentiometer located on the operator system control
panel allows velocity control of the hoist. The SM
high-level software package reads the hoist control
potentiometer approximately three times per second.
If the reading is outside a small deadband centered on
zero, the value is passed directly to the right TC and
ultimately to the HC. If the reading is within the
deadband, a zero command is sent.

The three camera systems are controlled by a set
of self-centering potentiometers. Digital controls
(camera power and lighting) are obtained by selecting
the camera menu on the operator's CRT touch screen and
touching the desired function. Individual camera lens
potentiometers are provided to control zoom, iris, and
focus. Camera positioning arm controls are four-
degree-of-freedom joysticks. Like the hoist potenti-
ometers, the camera controls are sampled at approxi-
mately 3 Hz by the SM. A deadband of potentiometer
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output prevents motion when the controls are not being
pushed. The SM high-level software scans the camera
controls continuously and routes the commands to the
TCs. The camera controllers (CC) receive the commands
and produce proportional analog signals for the camera
control motor amplifiers. The on/off digital control
of camera power and lighting is also sent with the
analog commands and results in digital outputs on the
CCs. The digital outputs control solid state ac
relays and directly operate the camera ac power and
light circuits. The CCs have only two operating
modes. The one used for normal camera control has
just been described and is called the velocity control-
mode. A closed-loop position control mode also has
been developed for the four-degree-of-freedom camera-
positioning motors. These camera joints are fitted
with potentiometers that encode the camera joints into
12-bit absolute positions. Future efforts will use
this mode and the slave's end-effector position to
automatically point the camera at the slave's end
effector. This automatic camera tracking ability will
be very useful for 'finding' the arms when the opera-
tor activates the system or needs to reposition the
camera and does not have time to do it manually.

System diagnostics are performed continuously by
the individual processors in the M-2 maintenance sys-
tem. A reserved location on the operator's CRT dis-
play shows overall system status. If all is well, a
simple 'OK' message is displayed. Whenever one or
more joints report a warning or fault condition, the
TC routes the condition to the SM. The reserved loca-
tion for overall system status on the operator's CRT
display then identifies the faulty arm with a high-
lighted, flashing 'WARNING' or 'FAULT' message. The
operator can then touch the status bar on the CRT
touch screen and interrogate the system for the com-
plete status of the faulty joint(s). Warnings are
usually the result of heating because the operator has
used the arm above its rated continuous capacity long
enough to cause amplifier or motor overheating. Oper-
ation can continue for some time, but if it is ignored
too long, the fault temperature sensors could activate
and shut down the overheated joint(s). System faults
are sometimas intermittent in nature and are corrected
automatically by the JCs. For example, if a warning
is ignored and the overheated joint shuts down
(faults), the jofnt cools rapidly. When the tempera-
ture cools below the fault level, the joint is brought
back on-line with the deadman condition set. However,
a warning will continue to be displayed until the
joint has a chance to cool to its normal operating
temperature. A special feature of the M-2 status
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routines is recording joint usage. If a joint is
powered and has a minimum preset velocity and/or posi-
tion error, a special bit set in the status word
indicates that the joint is being used to do work
(i.e., it is being moved and/or is supplying torque).
This status bit is recorded by the TC and sent to the
SM, which uses a real-time clock to time joint usage.
The output of the timing routines drives a set of
electromechanical timers (one per joint in the
system), which indicate minutes of actual joint usage.
The time data collected can also be displayed
dynamically in units of seconds on the operator's CRT
display. This type of data will be used in time-
motion studies of various maintenance system tasks.
The data provide some insight into which joints will
require the most maintenance and how often.

Future enhancements to the M-2 maintenance system
are being planned in three stages. A multiprocessor,
68000-based microcomputer system is being developed to
replace the single-processor system monitor microcom-
puter currently in use. The new SM will first be used
to collect all data for all JCs in both arms at half
the present frame rate. The data will be collected on
magnetic tape while typical remote maintenance tasks
are being performed, and statistical analysis of this
data base will be used to answer questions about
operator efficiency. A second enhancement will be the
translation of the high-level system software from
compiled BASIC to FORTH. The converted FORTH package
will run on the same Z80-based SM microcomputer using
the same assembly language support package used with
the current compiled BASIC program. When the new
FORTH high-level system package is running, the assem-
bly language support package will be translated to a
combination of high-level FORTH and 68000 assembly
language. At that same time, the multiprocessor
68000-based system monitor microcomputer will be hard-
ware interfaced to the M-2 manipulators and operator
control panels. With an improved SM computer system,
automatic camera tracking .and robotics operations will
be the first enhancements to the M-2 system. The
third stage of improvements to the system will involve
the addition of some of the operator interfaces
currently being developed for the Advanced
Servomanipulator Project at ORNL. Color graphics dis-
plays and voice input/output will be major features of
the improved operator interface.
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SUMMARY

The M-2 maintenance system has been in use at the
ROMD facility at ORNL for more than six months, and
operating experience has verified that M-2 performance
exceeds original expectations. Sensitivity is better
than expected, and response is adequate to perform
various tasks requiring dexterity. Comparison of the
M-2 manipulators to other remote manipulator systems
using analog control verifies the improved performance
obtainable by a microcomputer-based digital control
system. Since the M-2 maintenance system has been
installed, several software enhancements have been
added at little engineering cost. Modularization of
the control algorithms and sequenced execution of
these modules by a single high-level program provides
a simple vehicle for software changes. Ideas can be
coded with a minimum of effort and made a permanent
part of the system if appropriate.

In retrospect, much has been learned concerning
the architecture and digital control aspects of a
servomanipulator system. The use of graphic, menu-
driven operator commands has improved operator learn-
ing efficiency and system flexibility. Demonstration
of stable loop closure at 45 Hz proved to be well
below the range of original estimates (60 to 100 Hz).
The ever-expanding capabilities of digital electronics
will allow more joints to be controlled from a single
microcomputer in future applications. Also, single-
board computer systems are now available 'off-the-
shelf to function as joint controllers, whereas
during the controls development of the M-2, special-
purpose systems had to be designed from the chip
level.

The value of intelligent diagnostics has been
witnessed in debugging and maintenance troubleshoot-
ing. Data logging and special robotic communication
needs have made the use of parallel communications in
a tightly coupled system appear to be the path to
pursue for future systems as opposed to the high-speed
serial method implemented in the M-2. The advantages
of noise-free encoders appear to be significant,
especially in velocity measurement.

The Model M-2 maintenance system will continue
to be used to demonstrate remote repair and replacement
of equipment in the ROMD facility. Significant studies
of reliability and operating experience will be carried
out as experience increases. With a sensitivity to a
peak load ratio of 1:100, this entirely digitally con-
trolled servomanipulator is an example of servomanipu-
lation which will set the standard for future systems.
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