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Background Information

The California Department of Transportation (CalTrans) has determined that there is a need for
some form of remote control system for the front-end loaders their workers use to clear landslides
and avalanches. Ideally, such a remote control system would allow the worker to clear an
unstable or hazardous road blockage from a distance of 300 to 500 feet away - far enough away
that the operator is not at risk of injury or death. CalTrans has worked with the University of
California at Davis (UC Davis) to research and develop a prototype radio controlled front-end
loader (referred to as the Tele-operated and Automated Maintenance Equipment Robotics
project, or TAMER project) to demonstrate the feasibility of the concept. In a technology transfer
contract with UC Davis, Unmanned Solutions, Inc. (USI) has undertaken the development of a
commercial grade TAMER system and has installed this system on two CalTrans owned Case
721B Front-End Loaders. The first system was delivered to CalTrans District #1 in February
1998. The second system was delivered to CalTrans District #5 in August 1998. This report
describes the process of development for the commercial TAMER system.

Project Description

USI TAMER Design

The project consists of three major elements - the loader itself, a "backpack™ mounted remote
operator control unit, and a “sit-down” simulated cab remote operator control unit (Figure 1).
Communication between the loader and the control units is via a spread-spectrum radio modem
operating in the 900-928 MHz frequency band. Only one controller at a time is able to deliver
control commands to the loader. The control units transmit data used to provide analog control
movement of the loader arm, bucket, clamshell, steering, throttle and brake. There are also
digital signals transmitted for starting and stopping the engine, choosing gears, choosing direction
of travel, operating the horn, Emergency Machine Shutdown/Stop, and four automatic ‘detent’
signals for leveling the bucket, raising or lowering the arm, or “floating” the arm on the ground.

Digital
I/0 Board

Battery
’Backpack’ Remote

Tractor
Power

Figure 1 _Front-end Loader Remote Control System
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Modification of the loader for remote operation consists of installing industrial grade digital and
analog I/O and a control computer in the cab behind the operators’ seat, and several hydraulic
valves underneath the cab. The remote control system hydraulic valves are piped in parallel with
the loaders’ normal control hydraulics and do not interfere with the use of the loader as a normal,
manually operated loader. As a design decision and safety consideration, US| chose not to
parallel the hydraulic system used to control the loaders’ brakes. We instead chose to actuate
the brake pedal in the cab using a small hydraulic cylinder with a proportion pressure control
valve and a linear feedback device. The equipment manufacturers’ original brake system
remains intact and operable manually when in local or remote control mode.

The remote operator control units are designed to be interchangeable. The system electronics
for each remote control unit are enclosed in a watertight aluminum suitcase with a 50-conductor
umbilicus that connects to either the backpack or sit-down units’ control interface. The remote
control units are powered by an internal rechargeable battery, but may also be run from an
external DC power source such as a truck battery. Connectors on the suitcase exterior provide
attachment for battery recharging or external power operation. A switch on the suitcase
determines whether the unit is recharging or operating from an internal or external power source.

Every piece of equipment used is able to withstand exposure to or enclosed to protect it from
physical damage, rain, snow, cold, dust, heat and sunlight.

Comparison to Original Work done by UC Davis

The contract for developing a commercial TAMER system and installing it on two CalTrans
owned Case 721B Front End Loaders stipulated that certain improvements and features beyond
the UC Davis design were to be incorporated. Additionally, differences between the physical
systems on the Case 621 loader modified by UC Davis and the Case 721 series loaders to be
modified by USI dictated a slightly different approach to the control system design.

Most of the control devices on the UC Davis TAMER are “digital” — the functions are implemented
by turning solenoid control valves on or off. This means that any positioning of the boom-arm, the
bucket, or steering is at a single set speed. Problems sometimes arise from this fact, especially
in steering the loader, as the ability to make fine adjustments to position or direction of travel
depends entirely on the ability of the operator to “bump” the loader to the desired location or
direction. “Jerky-ness” seems to be a common complaint. Most motions are made at a single,
preset speed. The USI installed TAMER system consists of mainly proportional hydraulic pilot
valves that parallel the existing tractor manual controls. The proportional valves allow a degree of
speed control to nearly all of the tractors’ functionality. The boom-arm and bucket can be
positioned with variable speed, as can the direction of travel. Steering in the USI system is
controlled by a software servo loop that uses information from the remote control unit and
feedback from a rotary encoder mounted on the tractors’ articulating joint to quickly set the tractor
moving in the direction that the operator desires.

Braking for the original TAMER is accomplished using three different valves, the valve or valves
being opened depending on the rate of braking desired. Additionally, the UC Davis brake system
is an “air over pneumatic” system, and required the installation of solenoid operated valves in the
tractors’ hydraulic system both to implement the braking and to switch between remote and
manual operation. The USI braking system design has left the existing brake system hydraulics
undisturbed. We chose instead to operate the brakes using a proportionally controlled
hydraulically operated pressure control valve that positions a small hydraulic cylinder to actuate
the cab brake pedal linkage. The USI system includes a linear feedback device for improved
brake control. The normal brake pedals remain undisturbed and functional at all times.

Throttle control on both the UC Davis system and the US| system is performed through use of an
electro-mechanical positioner. A proportional voltage signal is sent to the positioner and it does
the rest of the job. Both systems use yokes to actuate the throttle pedal in the tractors’ cab yet
allow a driver to override/use the same pedal for manual operation.
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3.0 System Details

3.1 Loader Remote Control System
The control system installed on the loader consists of the following elements:

Single-board 1486 computer

an eight-channel analog 1/0 board

a 24 position digital /0 board

five proportional control valve driver modules

two feedback potentiometers

a spread-spectrum radio modem

three DC/DC power converters to provide 5VDC, 12VDC and +/- 15VDC

NooroN~

The computer receives control commands via the radio modem, validates and interprets the
messages received, and executes the received commands through the analog and digital I/O
boards. Most.commands received by the computer are directly executed (shutting off the engine,
braking, steering, throttle, gearing and direction of motion, opening or closing of the clamshell,
raising or lowering of the boom, and dumping or curling the bucket). Other commands trigger
pre-programmed command sequences (Emergency Machine Shutoff, starting the loader,
automatic bucket rattle, leveling the bucket, moving the boom arm to dump, travel or float
positions). If the computer does not receive valid commands from a control unit within a preset
time period, the computer applies the brakes itself, puts the loader into neutral, stops all motion of
the boom, bucket, clamshell and steering. When this state is reached, the computer will wait six
seconds for a remote control unit to re-establish communication, and shut the engine off if
communication is not re-established. At this point the computer will hold the brakes on and wait
for a remote control unit to establish contact with the loader again.

Operation of the boom arm, bucket and clamshell are achieved through proportional hydraulic
control valves piped in parallel to the existing manually controlled hydraulic pilot vaives. There is
one pair of proportional valves for each function. Each valve pair shares one proportional valve
driver unit, which receives a control signal from one channel of the analog I/0 board. Selection of
which valve of the pair is “active” (which direction the boom, bucket or clamshell will move) is
made through selecting one of a pair of relays on the digital I/O board that correspond to the
valve pair.

Steering of the loader is accomplished via a Proportional-integral-Derivative (PID) control loop.
The steering “setpoint” is obtained from the remote control unit, and is basically a numeric value
ranging from 0.1 (full left turn) to 99.9 (full right turn) with a value of 50.0 corresponding to
“straight ahead”. This value and the feedback of actual loader articulation measured by a rotary
potentiometer connected to the loaders’ articulating joint are used to determine the control signal
that is sent to another proportional valve driver unit. The output of this driver unit is switched by
relays on the digital I/O board to one of two electric coils used to position the hydraulic steering
valve that has been installed in parallel to the manual steering system. By setting the wheel or
control bar of the remote control unit to the angle of articulation desired the loader articulates to
that angle, providing steering of the loader.

Throttle control is accomplished through use of an electro-mechanical positioning unit that is
linked to the gas pedal. A signal is sent to the actuator from the analog 1/0 board, and the
actuator moves to a position corresponding to the value of the signal. All control and feedback is
internal to the actuator.
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Various relays on the digital 1/0 board fill in the other control functions such as starting or
stopping the engine, gear and direction of travel selection, honking the horn etc.

The majority of electrical components are mounted in a control box inside the loader cab behind
the drivers’ seat. The control box is small enough that it does not obstruct the operators’ view to
the back or sides of the loader. Mounted atop the control box are a keyswitch and a red
mushroom-head button. The keyswitch activates the remote control system (de-activating the
ability to manually start the loader: all other manual controls remain active). The mushroom-head
button allows someone in the cab to shut off the loader in the event that someone else starts it
remotely before the operator can get out of the cab.

Brakes

The loader braking system deserves special consideration when discussing the design areas
where we encountered significant difficulties. It was clear from the initial stages of the project that
no one really wanted to modify the existing brake hydraulic system. Everyone’s main concem
was liability. Even the installation of a parallel set of piping was deemed risky. US| came to the
conclusion that the best coarse of action was to somehow actuate the brake from a linkage to the
foot pedal in the cab. Several methods of actuation were evaluated, and what seemed like a
good fit for this application was chosen. The actuator chosen was a self contained electro-
mechanical servo actuator with a 3 inch stroke, a speed of 3 inches per second, up to 90 pounds
of force available, and requiring 12VDC power and a 1 to 3VDC control signal. An added bonus
was that the same actuator could be used to press the throttle pedal.

These electro-mechanical actuators were installed in the first loader to ship. Initially, the actuator
doing the braking seemed to work OK, but there was concern that the stopping distance was
unacceptably long. As testing continued, the braking distance grew longer and longer. Several
adjustments of position, linkage, and software took place before the unit shipped, yielding only
modest improvements. Once in the field, CalTrans operators decided that the loader simply did
not stop fast enough. VWe performed one more work-over of the braking system, and got a very
good, fast application of the brake. Limited use on the part of CalTrans saw a rapid deterioration
of brake operation.

At USI we came to the conclusion that an electro-mechanical unit would not be adequate for
actuating the brake. Working with our hydraulic subcontractor we settled on a hydraulic cylinder
to push the brake pedal down.

Loader braking is now controlled through a PID loop. The loop consists of a setpoint delivered
from either the remote control unit OR, in the event of communication loss, the onboard
computer, feedback from a linear potentiometer, and an analog signal from the analog 1/0O board
that is sent to a proportional valve driver unit that is mounted directly on the control valve. The
valve used for brake control is a proportional pressure control vaive. The output of the valve is
directed to a hydraulic cylinder that is linked to the brake pedal. This valve controls the amount of
force applied to the brake pedal in the loader cab, while the linear potentiometer provides position
feedback. The entire system is powered using the pilot lines of the tractor hydraulic system, and
has an accumulator that stores sufficient energy to operate the brake system up to three times
after the loss of system pressure. The tractor can nearly stop on a dime in an emergency
shutdown mode, and otherwise acts similar to the manually controlled brakes, allowing slowing as
well as coming to a complete stop.

Remote Operator Control Units
There are two configurations of Remote Control Unit; the Stationary Remote Operator Unit

{SROU) or “sit-down” unit, and the Mobile Remote Operator Unit (MROU) or “backpack” unit.
Each Remote Operator Unit consists of a control interface and a Control Suitcase.

Copyright 2011, AHMCT Research Center, UC Davis 6
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Control Suitcase

The suitcases for both Remote Operator Units are identical and interchangeable. Each suitcase
houses the following items:

Single-board 1486 computer w/analog input board and LCD driver board
24 point digital /O board

Power-Mode switch

12 Voit DC Battery

Undervoitage Relay

DC/DC Power converters for 5VDC and 12vVDC

External connectors for battery recharging and external power source
50-wire umbilicus to connect to either control interface

N ALN =

Once the suitcase is connected to the control interface the computer can begin monitoring analog
and digital input data from the interface and begin sending control messages to the waiting
loader. The control interfaces are different, so when switching a suitcase from one interface to
the other, it is always a good idea to re-calibrate the analog input information. Once this has
been done, the computer obtains analog signals from the interface, uses the calibration data to
“normalize” the analog signal, and then sends the normalized control values to the loader.

SROU Interface

The “sit-down™ unit partially mimics the loader cab. There is a seat from which the operator
“drives” the loader. Steering is done with a “steering wheel” attached to a rotary potentiometer,
brakes and throttle are floor pedals with their own built in potentiometers. Boom Arm and Bucket
control is from a joystick on the operators’ right-hand side that provides two analog voltage
signals.

The “sit-down” unit begins to differ from the cab of the loader at this point.
Forward/Neutral/Reverse are selected via a toggle switch mounted at the top of the Bucket/Boom
joystick. Also mounted at the top of the joystick and actuated via toggle switches are the bucket
clamshell Open/Close toggle, and toggles to activate the four “detent” or “pre-programmed”
Bucket/Boom positioning functions (Bucket Level, Boom to Dump or Travel height, and Boom to
Float). There is a trigger on the joystick that actuates another “pre-programmed” function —
rattling the bucket. The choice of 1 or 2™ gear is a toggle switch on a box mounted on the
SROU “dashboard”. Itis also from this box that the operator “Starts” and “Shuts-down” the
loader, as well as performing a recalibration if a new suitcase has been installed in the SROU.

MROU Interface

The “backpack” unit consists of a backpack frame on which the control suitcase is mounted and a
“chestpack” box on which all of the control devices are mounted. Steering is done with a
“steering bar” attached to a rotary potentiometer mounted on the left-hand side of the box.
Attached to this steering bar are a brake bar and a throttle bar, each with its’ own potentiometer.
The three bars swivel together (for a total range of motion of about 90 degrees) on a pinin a
horizontal plane, and the steering value sent to the loader is derived from the rotation about the
pin. The brake bar pulls up towards the steering bar to generate the brake signal, and the
throttle bar pulls down to the steering bar to apply throttle. Bucket/Boom control signals are
derived from a joystick mounted on the chestpack box. All of the toggle switches noted in the
description of the SROU are in the same locations for the “backpack” unit. . The same
arrangements are made on this box for the operator to “Start” and “Shut-down” the loader, as well
as perform a recalibration if a new suitcase has been placed on the backpack frame.
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FIGURE 2 FIGURE 3

Mobile Remote Operator Unit (MROU)

FIGURE 5

Stationary Remote Operator Unit (SROU)
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Perhaps one of the most critical elements of this project is the actual radio based control linkage.
When USI first undertook this project we chose a spread spectrum radio modem unit that had 21
channels (selectable via DIP switches) in the 902 to 928mHz range. This radio modem is
capable of reliable communication at rates of up to 9600 baud. Its’ outdoor range easily
exceeded the 500ft operating range calied for in the project specifications. We developed a
communication message that provided for positive identification of sending and intended
receiving stations, easily parsed command structures, and a simple message validation via a
cyclic redundancy check character added to the end of a message.

Throughout our development efforts with the first loader communications between the loader and
the remote control units seemed to work reliably. Even early testing with both of the loaders
operating in the same area seemed to work fine, demonstrating no interference between the two
systems. [t was pretty late in the day, in an open field behind our facility, when we finally
encountered a significant amount of interference that basically had the two loaders stopping and
starting and stopping again. Even when the loaders were responding, the response was
extremely sluggish. In investigating what was happening it was determined that there was so
much radio noise in the area that the computers in the loaders were being overwhelmed with
processing and rejecting what amounted to a great deal of garbage.

We decided to replace the radio modem in hopes of finding another style of unit that could reject
most of the noise. A radio modem was found that communicates at 38400 baud, has its’ own ID
name, can be told the ID name of the radio modem at the other end of the link it is supposed to
establish, and has its’ own error detection/rejection. This new radio modem has proved quite
successful so far. It takes a great deal of the communication processing load off of the loader
computer as most of the local radio noise is rejected by the radio modem before the computer
everreceives it. Itis limited to four channels in the 900mHz range, but as each set of radio
modems can be given unique ID names and told only to communicate with certain other named
radio modems, this does not seem to be a limitation. Additionally, the power consumption of this
new unit is significantly less than the first radio modem, allowing extended battery life in the
remote operator units.

Safety System Description

Safety, of course, is the main reason for the existence of this project. It would therefore be
unseemly for a TAMER equipped front-end loader to “run away” due to a computer or software
failure. In ourdesign we included several safeguards to prevent such an occurrence. On bootup,
the software onboard the loader activates a watchdog timer built into the computer motherboard.
This timer needs to be reset every 1.5 seconds or the software re-boots, resetting the loader
control system to a non-running state, equivalent to an Emergency Shutdown command. In
addition to the built-in computer watchdog timer, there is a watchdog module wired into the
TAMER control packages’ remote ignition circuit that must be reset every 2.0 seconds or less, or
again an Emergency Shutdown event takes place. The commands that reset these two watchdog
timers are located in different control loops of the TAMER software, insuring that even if the
software gets stuck in the control loop that resets one of the timers, the other timer will shut off
the loader.

Another protective measure we have taken involves monitoring the frequency and quality of the
communication link between the loader and the remote control units. Once a communication link
has been established between the loader and a remote control unit, the loader must continue to
receive valid control messages from the remote unit on a regular and timely basis. The validity of
a control message is verified by use of a 16-bit Cyclic Redundancy Checksum calculation. The
result of the calculation is compared with the last two characters of the control message being
verified. If the message is validated, the message is then parsed, interpreted, and executed. To
continue operating, the loader MUST receive at least one valid message every 0.5 seconds.
Should the loader not receive a valid message in the allotted time or receive six consecutive
invalid messages, the loader shifts into neutral, applies the brakes, releases the throttle, and
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waits six seconds for valid communication with the remote control unit to re-establish. If
communication is not re-established in six seconds, the loader automatically stops the engine,
applies the brakes, and waits for a remote control unit to establish a new communication link.

As a final protective measure in this current design a secondary radio modem dedicated strictly to
an Emergency Shutdown signal has been incorporated. The signal is generated by the control
computer in the remote control unit, and sent to the loader via this secondary modem. In the
loader, the receiving modem is connected to a separate monitoring computer whose only function
is to initiate an Emergency Shutdown of the loader if such a command is received.

Evaluation of System

Factory testing was successfully performed at USI before any of the Skip Loaders were shipped
to Districts 1 and 5. Final testing and training was performed at each district. Different terrain
conditions were selected for testing. The response of the braking system was successfully tested
on flat and inclined positions. Conditions of e-stop were also successfully tested to assure “brake
holding™. Steering performance was tested as well as all functions of shifting, bucket operations,
and “shut down “.

Recommendations

There are many improvements that can be made to the USI TAMER design. The MROU unit in
particular is quite heavy, and could be lightened significantly with what US| has learned from
construction of the first two units. Also, since design work and construction of the remote control
units was undertake there have been interesting developments in low power consumption
devices that simply were not available to US| before. Ultimately, anything US| can do to cut down
on remote control unit power consumption can reduce the weight of and extend the life of the
batteries that power the units. Another potential weight saver would be selection of a different
joystick for control of boom-arm/bucket functions.

On the loader potential improvements over the existing USI design are minor. A re-evaluation of
hydraulic valve sizes/flow rates could provide modest performance improvements to most of the
remotely controlled systems. The braking system could benefit from a lower flow rate pressure
control valve, while the steering might benefit from a larger valve. Boom and bucket proportional
control valves currently have similarly sized flow rates for both directions of operation, and could
benefit from having lower flow rate valves in the “gravity driven” directions - lowering of the boom
arm and dumping of the bucket — to make operation in those instances smoother and more
controllable.

A significant improvement in battery life and weight for the remote control units could be achieved
by elimination of the second radio-modem used for the backup Emergency Shutdown signal. The
implementation of parallel watchdog timers, as well as the strict requirements imposed by the
control communication scheme we have implemented make the backup Emergency Shutdown
signal an unnecessary extra load both on the remote control unit batteries and the operators’
backs. An additional argument involves the very reason for the existence of the project — the
TAMER package is for remotely operating a loader under conditions where it is too hazardous for
people to be present. With the two watchdog timers and the communication monitor functioning,
the loader at absolute worst case will, on loss of control signals, stop in 0.5 seconds and wait for
control to re-establish. If a catastrophic failure of the software occurs, the loader will at absoiute
worst case go into a complete Emergency Shutdown on its own in 1.5 seconds. A worst case
analysis would be to postulate a catastrophic software failure (looping in the motherboard
watchdog reset routine) at the same time that the operator is driving the tractor at full speed in
second gear at someone or something. Assuming top speed in second gear is 25 MPH (faster
than | believe the loader will go in second gear) the farthest it couid travel before the second
watchdog timer moduie initiated an Emergency Shutdown would be 73ft. By using a 0.5-second
watchdog module instead of the two-second module currently installed, that worst case distance
becomes 18.25ft. It is entirely conceivable that the operator will not even notice that control has
been lost before the loader shuts itself off.
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