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ABSTRACT 

T-Rex stands for Transuranic Storage Area Remote Excavator that is dedicated to the retrieval of 
above ground waste containers and overburden at the Radioactive Waste Management Complex 
(RWMC) located at the Idaho National Engineering Laboratory. There are a number of sites 
around the world containing (transuranic) (TRU), low level (LLW), and hazardous wastes that 
requires teleoperated, heavy lift manipulators with long reach and high precision to handle the 
materials stored there. Remote operation of equipment will reduce the risk to personnel to as-
low-as-reasonably-achieveable (ALARA) levels. The T-Rex is designed to fulfill this requirement 
at relatively low cost through the integration of a production front shovel excavator with a control 
system, local and remote operator control stations, a closed-circuit television system (CCTV), and 
multiple end effectors with quick changeout capability. This paper describes the conversion of an 
off-the-shelf excavator to a machine utilizing a modified hydraulic system, an integrated onboard 
remote control system, CCTV system, collision avoidance system, and a remote control station. 

EXCAVATOR 

The Caterpillar 235D excavator was selected to meet the retrieval requirements for the above 
ground stored waste. Several modifications to the excavator are required to meet the retrieval 
tasks. The T-Rex is required to perform multiple tasks which include removal of overburden from 
the waste containers, retrieval of the waste containers, positioning a work platform (used by a 
forklift to unload drums from cargo containers), loading waste containers onto a flatbed trailer, 
and in the erection of portable shroud panels used to form the retrieval containment area. The 
majority of these tasks will require the operator to precisely position the end effectors at arm 
extension up to 25 feet to within +. 2 inches vertical displacement, while loaded, and to within +. 
3 inches of the "Y and Z" axes (Z being the vertical axis) of a waste container during rotation of 
the boom. 

The conversion of the excavator involves the integration of closed-center, servohydraulic controls, 
installation of an electric motor in place of the diesel engine, precision joint angle sensors and 
sensors for excavator health and status, the addition of vision and audio feedback, interface to the 
remote operator's station, and umbilical power and data communication links. 

aWork supported by the U.S. Department of Energy, Office of Environmental Restoration and 
Waste Management (ERWM), under DOE Idaho Held Office Contract DE-AC07-76ID01570. 
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The production machine requires the changeout of the existing hydraulically operated pilot 
control valves with electrically operated servovalves to provide the interface for remote control 
and to obtain the desired increase in system response. This enables precise electronic control 
over all T-Rex motion by controlling the flow of hydraulic fluid and pressure to the various 
functions. The command current is proportional to the desired speed, or movement of the 
function and is under the control of the remote control system. The servovalves will be the high-
response, single-stage jet-pipe design, which are less susceptible to hydraulic fluid contaminants 
than the flapper-type servovalves. 

All excavator motion is at a reduced rate compared with the velocities of a production machine. 
The boom swing rate is proportional and is selectable between a high and low rate of 10 degrees 
per second and 36 degrees per second. 

Figure 1 illustrates the overall T-Rex system concept The excavator will perform all tasks with 
the operator either onboard or remotely located, with power and communications to the 
excavator supplied via umbilical cables. Both operator consoles will interface to the same control 
system, which is onboard the excavator, making operation of the system fly-by-wire, regardless of 
operator location. 

PLACE FIG. 1. HERE 

END EFFECTORS 

The excavator will be equipped with five end effectors and a quick change system allowing rapid 
changeout between end effectors. The end effectors include a bottom dump bucket, large (eight 
foot) forklift tines, small (four foot) forklift tines with 12 inch sideshift, a drum handler capable of 
handling 30, 55, and 83 gallon drums, and a crane hook. A coding plug will be provided on each 
end effector to allow the remote control system (RCS) to identify the end effector for computer-
controlled height limiting. 

A tool rack will be provided to store the end effectors and to facilitate changeout of the end 
effectors. It will be moved into position adjacent to the excavator and returned to a storage area 
using a forklift 

SENSORS 

Various sensors are utilized onboard the excavator to provide the necessary input to the control 
system and to enable effective teleoperation of the excavator. Precision absolute resolvers must 
be incorporated on the boom, stick, and bucket pitch axes to measure joint angles of each axis for 
closed loop control. Each resolver is made up of an outer stationary ring (the stator) and an 
inner ring (the rotor). As the joint moves, the angle of the rotor changes relative to the stator 
resulting in two outputs that change as a function of the sine and cosine of the rotor angle. The 
resolver outputs are communicated directly to the onboard controller where a 16-bit resolver-to-
digitai (R/D) converter converts the analog resolver output into digital position data for each 
joint A 16-bit R/D converter is required to provide the necessary resolution to the control 
system to meet the +, 2 inch positioning accuracy requirements of the end effectors. Absolute 
resolvers are utilized in order to eliminate the need for calibration of the arm on startup. Other 
sensors monitor the operational and health parameters of the excavator and provide valuable 
system status feedback to the remote operator. 
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PRIMARY POWER 

The electric motor will be 250-hp, and will utilize 4160 VAC, 3 phase power that is transmitted 
via umbilical cable to the excavator-mounted disconnect Power will be supplied by the motor 
starter and the medium voltage controller located behind the aft shroud. Other components on 
the excavator require 120 VAC 1 phase auxiliary electric power (e.g., the immersion heater used 
to maintain hydraulic fluid temperature). Auxiliary electric power is also supplied through an 
umbilical cable. 

In the event of loss of 120 VAC power to the excavator, the data will be preserved. The 
excavator-mounted controller will provide for the orderly shutdown of the system. 

REMOTE CONTROL SYSTEM 

The T-Rex remote control system (RCS) is composed of three major components; the system 
controller (comprised of the operator console computers and onboard controller), the collision 
avoidance system, and the audio system. These components of the T-Rex remote control system 
are required to safely perform teleoperation of the excavator in the vicinity of other equipment 
while maintaining the necessary degree of precision and dexterity for handling radioactive and 
hazardous waste materials. 

The RCS system controller is distributed across three separate and distinct computer systems. 
These systems include a console computer system located in the remote operator console (ROC), 
an onboard "local" control computer system for operation of the excavator from the local operator 
console (LOC) in the cab, and an onboard real-time controller that executes the commands issued 
by the ROC and the LOC. 

The heart of the remote operator console is the console computer system which is an industrial 
PC-based system used to read the status of operator controls, serialize these data into packets, 
send the packets to the onboard real-time controller across the serial fiber optic link, receive 
status packets from the onboard controller, and display excavator status to the operator. It is 
equipped with a 12-MHz 80286 processor, 2-MB RAM, 64 channels of digital I/O, 16 channels of 
analog input, 2 channels of analog output, 2-MB flash EPROM, VGA graphics, 315 watt power 
supply, and two 120 CFM cooling fans. 

The LOC computer is identical to the ROC computer in order to minimize software development 
and to maximize hardware commonality between the two systems. 

The onboard real-time controller is a VME-based, tightly coupled, multiprocessor computer 
system that receives commands issued by either of the control stations, executes the required 
excavator functions, and communicates status back to the operator. This system consists of a 6U-
10 slot VME chassis and a 3U-10 slot VME chassis containing two processor boards and multiple 
data acquisition and I/O boards. The processor boards include two Motorola 68020 CPUs, one as 
the primary processor for communications, the other as the secondaryprocessor for executing all 
the control functions. Both processor boards run under the vxWorks b real time operating 
system. The primary processor handles communications with either the ROC or the LOC, 
collects excavator sensor data, transmits status back to the operator, issues coordinated motion 
commands to the secondary processor, maintains calibration data and monitors system operation. 
The secondary processor communicates with the primary processor and executes closed-loop joint 
control tasks. The secondary processor reads resolver data and monitors joint positions, performs 
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Cartesian coordinate and kinematic calculations, commands the servovalves to perform joint 
motions, and reports and enforces spatial interlocks. Under tool space control mode, the 
secondary processor receives joint angle set points from the primary processor, calculates the 
desired kinematic solution and trajectory with set points required to move the end effector in 
Cartesian space from its current position to where it needs to be next, and drives the joint to their 
command positions. The primary control loop will be joint mode (position loops will be closed 
around each joint separately) and the joint angle sensors (resolvers) will be mounted coaxially on 
the boom stick, and bucket pitch joints. 

COLLISION AVOIDANCE SYSTEM 

Remote operation of large equipment requires the use of a collision avoidance system. Ultrasonic 
ranging detectors were selected because they are low cost and are suitable for the environmental 
considerations. Accuracy requirement is 1 part in 100. The detectors will be controlled by the 
remote control system which can adjust the ranging out to 35 feet. A software tracking of 
detections will minimize false alarms. All detections at ranges greater than 12 feet in the 
direction of travel while the vehicle is in motion, will generate a collision warning. All detections 
closer than 12 feet will cause the RCS system controller to inhibit further motion of the vehicle in 
that direction. 

AUDIO SYSTEM 

To assist in monitoring operation of the end effectors, electric motor, and hydraulics an audio 
system consisting of dynamic microphones, two loudspeakers, and a set of headphones will be 
provided. An omnidirectional microphone will be located near the electric motor, while a 
cardioid microphone will be positioned to pickup sounds from the end effectors. The 
loudspeakers and headphones will be located on the remote console. 

CCTV SYSTEM 

Performance of precision material handling equipment can only be accomplished with sufficient 
sensing of the material to be handled. Six cameras and a computer-controlled video switcher will 
be mounted on the excavator. Video monitors located at the control consoles will be provided. 
Five 2-D cameras will be mounted on the deck of the upper structure, in the cab, and three on 
the end effector mounting. A 3-D camera will be mounted on top of the cab. The computer 
video switcher will be mounted on the excavator to permit full operation with access to all 
cameras regardless of the presence of the remote operator console. 

Monitors available to the operator include 2-19 inch color video monitors and 1-19 inch computer 
graphics display in the remote operator's console. The in-cab operator has 1-9 inch video monitor 
and 1-9 inch, computer graphics display. Any of the camera video signals can be directed to any 
of the monitors at any time. 

The use of voice activated camera control is being considered as a design feature to allow the 
operator hands-off control of vision feedback. 
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OPERATOR CONTROL STATIONS 

T-Rex can be operated from either a remote operator console (ROC) or from a local operator 
console (LOC) located in the cab. The ROC is the primary operator location, and the excavator 
controls are in common with those at the LOC. Both control consoles are in accordance with 
MIL-H-46855B and MIL-STD-1472D. 

A major consideration in the operation of T-Rex is operator stress and safety. The design of the 
ROC and the LOC is directed toward reducing the complexity of the man/machine interface, 
thereby reducing operator stress. Operation of the T-Rex is made possible by interfacing all 
excavator controls on the ROC and the LOC to computers, making both operator consoles fly-by-
wire. 

The ROC provides full operator control over all excavator functions. It is equipped with 
monitors and various operator controls, including 2 three-degree-of-freedom electric joysticks with 
integral push button switches, two foot pedals, various momentary contact switches for mode 
switching, auxiliary functions and emergency conditions, and a standard Caterpillar operator's seat. 

The excavator controls are designed to SAE J1177-80 in order to maintain similarity with OEM 
excavators under joint space control. 

The joystick functions are switchable between joint space control and tool space control (see 
Table 1) when coordinated tool frame motion of the end effector is desired. Under tool space 
control, in which an X-Y Cartesian reference frame is attached to the end effector, computer-
controlled motion of the end effector (within the plane of the excavator arm) is obtained from a 
single joystick action. Coordinated motion between the boom, stick, and end effector pitch axes 
will be performed by the control system in order to achieve the commanded path of the end 
effector. An example is that of inserting the tines of a forklift into a pallet Joint space control 
requires coordination of hoist, crowd, and curl functions (three independent joystick functions), 
while tool space requires x motion only (single joystick function). 

TABLE I 

The joysticks can provide conventional function mapping (SAE Jl 177-80) or can be reconfigured 
to tool space by simply flipping a switch. 

Table 1A. 

Left joystick Joint space function Tool space function 

Forward/back 
Left/right 
Twist 
Switch 1 

Switch 2 

Arm crowd 
Base swing 
Barrel yaw 
End effector 
open/close 
Tool^oint space 
mode switch 

±X 
Base swing 
Barrel yaw 
End effector 
open/close 
Tool/Joint space 
mode switch 



Table lb. 

Right joystick Joint space function Tool space function 

Forward/back 
Left/right 
Twist 
Switch 1 

Switch 2 

Boom hoist 
Bucket curl 
Barrel roll 
End effector 
open/close 
Tool/joint space 
mode switch 

End effector pitch 
Barrel roll 
End effector 
open/close 
Tool/joint space 
mode switch 

Two foot pedals control the left and right tracks and, indirectly the release of the brakes (brakes 
are automatically applied when the machine is not in motion). 

The ROC utilizes momentary contact switches strategically arranged and grouped according to 
function and standard human factors practices. Momentary contact push button switches are used 
to eliminate the need to check for invalid switch positions upon system startup. Commonly used 
switches and emergency switches are located for easy access. Switches affecting personnel and 
equipment safety utilize protective covers to prevent inadvertent actuation. 

The ROC status displays have warning lights which are colored and flash. The status of the 
system parameters will flash when thresholds have been exceeded, and operational "space" (tool 
or joint) will be displayed along with excavator travel speed. A computer generated proximity 
diagram shows the position of the upper structure relative to the tracks. The status of all 
interlocks as well as any emergency, warning, and error conditions are also displayed. 
Loudspeakers for the audio system are mounted on either side of the center monitor. 

The LOC, installed in the cab of the excavator will also have full control overall all excavator 
functions. The cab is equipped with monitors and a switch panel that provides the same functions 
available at the remote operator control station and the standard operating controls for excavator 
functions. A remote/local (ROC/LOC) operating switch is provided on the excavator to lock out 
control from the ROC when the excavator is operated from the cab. 

SUMMARY 

The use of remotely operated heavy equipment at TRU, LLW, and hazardous waste sites will 
reduce the risk to both personnel and the environment. One approach to a low cost, heavy-lift 
manipulator system is to convert an off-the-shelf front shovel excavator into a remotely controUed 
manipulator system, operable from both the cab and a remote station. 
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