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ABSTRACT

Operating agricultural equipment accurately can be difficult, tedious, or even
hazardous. Automatic control offers many potential advantages over human
control; however, previous effortsto automate agricultural vehicles have been
unsuccessful due to sensor limitations. With the recent development of Carrier
Phase Differential GPS (CDGPS) technology, a single inexpensive GPS receiver
can measure a vehicle' s position to within afew centimeters and heading to within
0.1°. The ability to provide accurate real-time information about multiple vehicle
states makes CDGPS ideal for automatic control of vehicles.

In this work, a CDGPS-based steering control system was designed,
simulated, and tested on alarge farm tractor. A highly simplified vehicle model
proved sufficient for accurate controller design. After various calibration tests,
closed-loop heading control was demonstrated to a one-s accuracy of better than
1°, and closed-1oop line tracking to a standard deviation of better than 2.5 cm.
Future plans for research include the use of a pseudo-satellite to eliminate any
position bias and extending the current control system to control a towed
implement.

INTRODUCTION

Autonomous guidance of agricultural vehiclesis not a new idea, however,
previous attempts to control agricultural vehicles have been largely unsuccessful
due to sensor limitations. Some control systems require cumbersome auxiliary
guidance mechanismsin or around the field [1,2] while othersrely on a camera
system requiring clear daytime weather and field markers that can be deciphered
by visual pattern recognition [3,4]. With the advent of affordable GPS receivers,
engineers now have alow-cost sensor suitable for vehicle navigation and control.
GPS-based systems are dready being used in a number of land vehicle
applications including agriculture. Meter-level code-differential techniques have
been used for geographic information systems [5-7], driver-assisted control [8],
and automatic ground vehicle control [9].

Using precise differential carrier phase measurements of satdlite signals,
CDGPS-based systems have demonstrated centimeter-level accuracy in vehicle
position determination [10] and 0.1° accuracy in attitude determination [11].
System integrity becomes impeccable with the addition of pseudo-satellite
Integrity Beacons [12]. The ability to accurately and reliably measure multiple
states makes CDGPS ided for system identification, state estimation, and
automatic control. CDGPS-based control systems have been utilized in a number
of applications, including a model airplane [13], a Boeing 737 aircraft [10], and
an electric golf cart [14].

This paper focuses on the automatic control of afarm tractor using CDGPS
asthe only sensor of vehicle position and attitude. An automatic control system
was developed, smulated in software using a ssmple kinematic vehicle model, and
tested on alarge farm tractor.



Figure 1 - Experimental Farm Tractor

EXPERIMENTAL SETUP

The primary goal of thiswork was to experimentally demonstrate precision
closed-loop control of afarm tractor using CDGPS as the only sensor of vehicle
position and attitude. This section describes the hardware used to do this.

Vehicle Hardware

The test platform used for vehicle control testing was a John Deere Model
7800 tractor (Fig. 1). Four single-frequency GPS antennas were mounted on the
top of the cab, and an equipment rack was installed inside the cab. Front-wheel
angle was sensed and actuated using a modified Orthman e ectro-hydraulic
steering unit. A Motorola MC68HC11 microprocessor board was the
communications interface between the computer and the steering unit (Fig. 2).
The microprocessor converted computer serial commands into a pulse width-
modulated signal which was then sent through power circuitry to the steering
motor; the microprocessor also sampled the output of a feedback potentiometer,
the only non-GPS sensor on the vehicle, attached to the right front wheel. The 8-
bit wheel angle potentiometer measurements were sent to the computer at 20 Hz.
through the serid link.

GPS Hardware

The CDGPS-based system used for vehicle position and attitude
determination was identical to the one used by the Integrity Beacon Landing
System (IBLS) [10] (Fig. 2). A four-antenna, six-channel Trimble Vector
recelver produced attitude measurements at 10 Hz. A single-antenna nine-channel
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Figure 2 - Vehicle Hardware Architecture

Trimble TANSreceiver produced carrier- and code-phase measurements at 4 Hz.
which were then used to determine vehicle position. An Industrial Computer
Source Pentium-based PC running the LY NX-OS operating system performed
data collection, position determination, and control signal computations using
software written at Stanford.

The ground reference station (Fig. 2) consisted of a Dolch computer, a
single-antenna nine-channel Trimble TANS receiver generating carrier phase
measurements, and a Trimble 4000ST receiver generating RTCM code differentia
corrections. These data were transmitted at 4800 bits/sec through Pacific Crest
radio modems from the ground reference station, which was approximately 800 m
from the test Site, to the tractor.

VEHICLE MODELING

Performing avalid tractor simulation required a good model of dynamics
and disturbances. Ground vehicle modelsin the literature range from simple to
complex, and no single model iswidely accepted [15]. The most sophisticated
models are not always appropriate to use [16], especially since controller and
estimator design require asimple, typically linearized, model of plant dynamics.

Kinematic Model

The ssimplest useful model for aland vehicle is a kinematic model, which is
based on geometry rather than inertia properties and forces. Assuming no latera
wheel dlip, constant forward velocity, actuation through a single front wheel, and
asmall front wheel angle, the latter two equations of motion shown in Figure 3
can easily be derived. The first equation of Figure 3 can be applied if we also
assume small heading deviations from a desired path. Although some of these
assumptions are violated for atractor making large turns on loose soil, the control
system based on this model was able to compensate for the small modeling errors.

The kinematic equations were derived in state-space form for ease of
controller and estimator design. The state vector is composed of the lateral
position deviation from anominal path (y), heading error (Y), and effective front
wheel angle (d).
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Steering Calibration

Initially, calibration tests were used to create two software-based “|ook-up”
tables, one which linearized the output of the steering potentiometer versus the
effective front wheel angle and the other which linearized the computer-
commanded wheel-angle rate to the actual whedl-angle rate (Fig. 4).

To calibrate the potentiometer readings of effective front wheel angle, steady
turn tests were performed to find the heading rate (dY /dt) of the tractor at various
potentiometer readings. For each test, the tractor was driven in a circular path
with a constant front wheel angle and constant forward velocity while GPS
heading data was taken and stored. By compiling all these tests, a function was
generated that related steady-state heading rate to potentiometer reading. The
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Figure 4 - Steering Inner Loop with “Look-Up” Tables



kinematic model described above suggests that the effective wheel angleis directly
proportional to the steady-state heading rate, so the data collected during the tests
was also used to generate the “ Table 1”7 shown in Figure 4.

Calibration of the commanded wheel angle rate was simpler. Constant
steering slews were commanded by the computer at varying levels of actuator
authority (u) while wheel angle data was taken and stored. The time rate of
change of the effective wheel angle was later estimated for each steering slew and
storedin“Table 2" (Fig. 4).

CLOSED-LOOP HEADING RESULTS

The first controller designed, ssmulated, and tested on the tractor performed
closed-loop heading. The computer code was written so a user could command a
desired heading using a keyboard input. The computer would then send the
appropriate commands to the eectro-hydraulic actuator to track the desired
heading. The first tests were closed-loop heading tests designed to verify the
kinematic vehicle model. Theseinitial tests also yielded a better feel for tractor
disturbances.

Heading Controller Design

A hybrid controller was designed to provide afast response to large desired-
heading step commands. A non-linear “bang-bang” control law generated
actuator commands when there were large errors or changesin the vehicle heading
or effective wheel angle states. Typically, these large changes occurred in
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Figure 5 - Closed-L oop Heading, Regulator Performance
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Figure 6 - Closed Loop Heading, Step Response

response to alarge heading step command. When the vehicle states were close to
zero, acontroller based on standard Linear Quadratic Regulator (LQR) design [17]
was used.

“Bang-bang” control is a standard non-linear control design tool based on
phase-plane technique [18]. Unlike linear feedback controllers, bang-bang
controllers use the maximum actuator authority to zero out vehicle state errorsin
minimum time just as a human driver would. For example, in response to a
commanded heading step increase of 90°, a bang-bang controller commands the
steering wheel to hard right, holds this position, and then straightens the wheelsin
time to match the desired heading. In contrast, alinear controller would respond
to the step command by turning the wheels to hard right, then slowly bringing
them back to straight, asymptotically approaching the desired heading.

The drawback to bang-bang control is that when state errors are close to
zero, the controller tends to “chatter” between hard left and hard right steering
commands. For thisreason, alinear controller was used for small deviations
about the nominal conditions.

Experimental Heading Results

During the heading tests, the tractor was driven over a bumpy field at a
nearly constant velocity of 0.9 m/s. The driver commanded an initid desired
heading and a number of desired heading step commands through the computer.

The tractor tracked the commanded headings very accurately, even in the
presence of ground disturbances. Figure 5 shows a plot of CDGPS heading
measurements during the longest closed-loop heading trial recorded. Over about
one minute, the mean heading error was 0.03° and the standard deviation was



0.76°. From separate tests, the expected sensor noise was zero mean with
approximately 0.1° standard deviation, so the true system heading error standard
deviation was amost certainly lessthan 1°.

A plot of the time response for a 90” step in commanded heading is shown
in Figure 6. The rise time of the controller for this particular command was
approximately 7 seconds, and the settling time was less than 10 seconds. An
small overshoot of about 4° occurred at the end of the heading step response.

CLOSED-LOOP LINE TRACKING RESULTS

After performing closed-loop heading, the next step toward farm vehicle
automation was straight-line tracking. These series of tests were designed to
simulate tracking arow. To track astraight line, vehicle position was fed back to
the control system along with heading and effective wheel angle.

Line Tracking Controller Design

As in the closed-loop heading case, the line tracking controller was
implemented as a hybrid controller with various modes. To get the vehicle close
to the beginning of the “field” and locked on to each line or “row”, a coarse
control mode was used based on the closed loop heading controller described
above. Once a line was acquired, a precise linear controller based on LQR
techniques took over.

Experimental Line Tracking Results

Two line-tracking tests were performed on the same field as the closed-loop
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Figure 7 - Trajectory for Closed-Loop Line Following
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Figure 8 - Line Following Experimental Results

heading experiments. The vehicle forward velocity was manually set to first gear
(0.33 m/s), and the tractor was commanded to follow four parallel rows, each 50
meters long, separated by 3 meters (Fig. 7). Throughout these tests, the steering
control for line acquisition, line tracking, and U-turns was performed entirely by
the control system. CDGPS integer cycle ambiguities wereinitialized by driving
the tractor as closely as possible to a surveyed location and manually setting the
position estimate.

It isimportant to note that Figure 7 shows the CDGPS measurements taken
during the two tests, not the “true” vehicle position. In fact, there was a small,

Table 1 - Summary of Line Following Control System Errors

Measured 'ﬁ%"’" Row #1 Row #2 Row #3 Row #4
Trial 1, mean 0.10 0.85 032 1066
Trial 2, mean 0.27 058 035 0.68
Tridl 1, 1-s 1.98 201 133 245

Trid 2, 1-s 1.86 2.13 1.39 1.93




steady position bias (about 10 cm) between the two trias due to the
unsophisticated method that was used for GPS carrier phase integer cycle
ambiguity resolution. A more sophisticated method involving pseudolites or dual
frequency receivers would have diminated this bias and is a topic of future
research.

Line tracking measurements for both trials are shown in Figure 8 and
summarized in Table 1. Since the plots show CDGPS measurements and not
“truth”, they represent the error associated with the control system and physical
vehicle disturbances. The tractor controller was able to track each straight line
with a standard deviation of better than 2.5 cm., the vehicle lateral position error
never deviated by more than 10 cm, and the mean error was less than 1 cm for
every trial.

CONCLUSION

Thisresearch is significant because it is the first step towards a safe, |low-cost
system for highly accurate control of aground vehicle. The experimental results
presented in this paper are promising for several reasons. First, afarm tractor
control system was demonstrated using GPS as the only sensor for position and
heading. Only one additional sensor—the steering potentiometer—was used by
the controller. Second, a constant gain controller based on a very ssimplevehicle
model successfully stabilized and guided the tractor along a straight, pre-
determined path. Finally, it was found that a GPS controller could guide a tractor
along straight rows very accurately. The lateral position standard deviation was
lessthan 2.5 cm. in each of the 8 line tracking tests performed

Trangitioning from automatic control of alone farm tractor to automatically
controlling the same tractor towing an implement is a large step since the
combined system will have more complex dynamics and larger physical
disturbances acting on it. Guiding avehicle aong curved paths will also present a
chalenge that has not been addressed. This work describes a control
methodol ogy that was successfully employed to control areal farm tractor to high
accuracy. This same methodology, combined with a more sophisticated dynamic
model may be sufficient to control the more complicated tractor-implement
system. Further research is currently underway to explore this possibility.

ACKNOWLEDGMENTS

The authors would like to thank several groups and individuals who made
this research possible. At Stanford, Ben Jun, Andy Barrows, Dave Lawrence,
Stu Cobb, Boris Pervan, and Clark Cohen were all extremely helpful. Trimble
Navigation provided the GPS equipment used to conduct the experiments.
Funding was provided by the FAA and by Deere and Company.

REFERENCES

1 Young, S.C., Johnson, C. E., and Schafer, R. L. A Vehicle Guidance
Controller, Transactions of the American Society of Agricultural Engineers, Vol.
26, No. 5, 1983, pp. 1340-1345.

2. Pamer, R. J. Test Results of a Precise, Short Range, RF
Navigational / Positional System, First Vehicle Navigation and Information
Systems Conference - VNIS '89, Toronto, Ont., Canada, Sept. 1989, pp 151-
155.



3. Brown, N. H., Wood, H. C., and Wilson, J. N. Image Analysis for

Vision-Based Agricultural Vehicle Guidance, Opticsin Agriculture, Vol. 1379,

1990, pp. 54-68.

4, Brandon, J. R., and Searcy, S. W. Vision Assisted Tractor Guidance

for Agricultural Vehicles, International Off-Highway and Powerplant Congress

and Exposition, Milwaukee, WI, Sept. 1992. Publ by SAE, Warrendale, PA,
. 1-17.

gp Lachapelle, G., Cannon, M. E., Gehue, H., Goddard, T. W., and

Penney, D. C. GPS Systems Integration and Field Approaches in Precision

Farming, Navigation, Vol. 41, No. 3, Fall 1994, pp. 323-335.

6. Pointon, J., and Babu, K. LANDNAV: A Highly Accurate Land

Navigation System for Agricultural Applications, Proceedings of ION GPS-94,

Salt Lake City, UT, Sept. 1994, pp. 1077-1080.

7. Lawton, Kurt. GPS System in a Box, Farm Industry News, Vol. 28,

No. 8, July/August 1995, p. 10.

8. Vetter, A. A. Quantitative Evaluation of DGPS Guidance for Ground-

Based Agricultural Applications, Transactions of the American Society of

Agricultural Engineers, Vol. 11, No. 3, 1995, pp. 459-464.

0. Crow, S. C. and Manning, F. L. Differential GPS Control of Starcar

2, Navigation, Vol. 39, No. 4, Winter 1992-93, pp. 383-405.

10. Cohen, C. E., et a. Autolanding a 737 Using GPS Integrity Beacons,

Navigation, Vol. 42, No. 3, Fall 1995, pp 467-486.

11.  Cohen, C. E., Parkinson, B. W., and McNally, B. D., Flight Tests of

Attitude Determination Using GPS Compared Against an Inertial Navigation

Unit, Navigation, Vol. 41, No. 1, Spring 1994, pp 83-97.

12. Pervan, B. S., Cohen, C. E., and Parkinson, B.W. Integrity

Monitoring for Precision Approach Using Kinematic GPS and a Ground-Based

Pseudolite, Navigation, Vol. 41, No. 2, Summer 1994, pp 159-174.

13 Montgomery P.Y. and Parkinson, B. W. Carrier Differential GPSfor

Takeoff and Landing of an Autonomous Aircraft, Proceedngs of ION National

Technical Meeting, Santa Monica, CA, Jan. 1996.

14 O’ Connor, M.L., Elkaim, G.H., and Parkinson, B. W. Kinematic GPS

for Closed-Loop Control of Farm and Construction Vehicles, Proceedings of

ION GPS-95, Palm Springs, CA, Sept. 1995, pp 1261-1268.

15. Owen, G. M. A Tractor Handling Study. Vehicle System Dynamics,

Vol. 11, 1982, pp. 215-240.

16. El-Gindy, M. and Wong, J. Y. A Comparison of Various Computer

Simulation Models for Predicting the Directional Responses of Articulated

Vehicles. Vehicle System Dynamics, Vol. 16, 1987, pp. 249-268.

17. Bryson, A.E., and Ho, Y.C., Applied Optima Estimation, Hemisphere

Publishing Corp., 1975.

18 Graham, D., and McRuer, D., Analysis of Nonlinear Control Systems,

John Wiley & Sons, Inc., 1961.




