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Abstract
Autonomous robots for agricultural practices will become reality soon. These mobile robots could
WDNHRYHUUHJXODUWDVNVVXFKDVVFRXWLQJIRUZHHGVDQGGLVHDVHVSODQWVSHFL¿FDSSOLFDWLRQV\LHOG
DQG¿HOGPDSSLQJDQGIRULQVWDQFHWKHUHOHDVHRILQIRFKHPLFDOVIRUDWWUDFWLQJSUHGDWRUVRISHVWV
This paper presents WURking, a small sized sub-canopy autonomous robot that can be used for a
wide range of tasks on the farm of the future. WURking was designed for navigating within row
crops like corn. It consists of a mobile platform with three independently driven steerable wheels.
The robot carries ultrasound sensors and a gyroscope used for navigation between the crop rows,
end of row detection and headland turning. A camera is mounted to detect objects like weeds. High
level control of this robot was implemented using the visual programming language LabView. A
data fusion technique is used to extract the position and orientation of the robot relative to the
crop rows, from the redundant set of sensor data. Feedback linearization of the non-linear system
dynamics yielded a simple linear controller structure which was fed by state estimates generated
E\D.DOPDQ¿OWHUXVLQJWKHUDZXOWUDVRXQGVHQVRUGDWD7KHKHDGODQGWXUQLQJZDVEDVHGRQD
proportional controller using data from the gyroscope. This paper contains a description of the
robot as well as results of a performance test performed in 2008. This test revealed that the robot
ZDVDEOHWRQDYLJDWHWKURXJKWKHFRUQ¿HOGZLWKDPD[LPXPRIIVHWRIFPIURPWKHFHQWUHRI
the rows and an maximum orientation error of ±0.15 rad.
.H\ZRUGVrobot, crop scouting, performance, navigation
Introduction
Autonomous robots for agricultural practices will become reality soon. These mobile robots could
WDNHRYHUUHJXODUWDVNVVXFKDVVFRXWLQJIRUZHHGVDQGGLVHDVHVSODQWVSHFL¿FDSSOLFDWLRQV\LHOG
DQG¿HOGPDSSLQJDQGIRULQVWDQFHWKHUHOHDVHRILQIRFKHPLFDOVIRUDWWUDFWLQJSUHGDWRUVRISHVWV
Some examples are robots for plant scale husbandry (Tillet et al., 1997), weed control (Astrand and
%DHUYHOGW PDSSLQJLQ¿HOGYDULDELOLW\ *RGZLQDQG0LOOHU RUGHWHFWLRQRIYROXQWHHU
potatoes (Evert et al., 2006).
In 2003, in Wageningen, the Netherlands the Field Robot Event (FRE) was initiated as an
international design competition in Agricultural Engineering (Van Straten, 2004; Müller et al.,
2006; Van Henten et al., 2007). Essentially, the objectives of the FRE are twofold. First of all,
LWJLYHVDKLJKWHFKÀDYRXUWRWKH$JULFXOWXUDO(QJLQHHULQJFXUULFXOXPDQGFDQEHXVHGDVD35
instrument to attract students for a career in Agricultural Engineering so as to counter the stagnating
student numbers. Secondly, the FRE aims at stimulating the design of small robots for actual use
LQDJULFXOWXUDOSUDFWLFH6PDOOVL]HGOLJKWZHLJKWURERWV¿WLQWRWKHVPDOOVFDOHIDUPLQJDSSURDFKRI
4VIGMWMSREKVMGYPXYVI³



precision farming. They induce less soil compaction and offer the opportunity of a more weather
LQGHSHQGHQWDFFHVVWRWKH¿HOGV$QGGXHWRWKHLUVPDOOVL]HVDIHW\LVVXHVZLOOEHOHVVFULWLFDOXQGHU
autonomous operation than with large machines. Given the current and ever growing size of today’s
farm machinery, deployment of small scale machines would mean a paradigm shift in agriculture.
For the 2006 FRE at Hohenheim University, Stuttgart, Germany, the Farm Technology Group and
the Systems and Control Group of Wageningen University decided to build a robot. The objectives
were twofold: (1) to participate in the Field Robot Event, (2) to have a universal platform to be used
for further research and education on small sized robots for agricultural applications. The developed
robot participated in the Field Robot Event contests of 2006, 2007 and 2008. In the present paper,
this robot is described in some detail. In addition, methodology and results of a performance test
RIWKHURERWLQDFRUQ¿HOGDUHSUHVHQWHGDQGGLVFXVVHG
Materials and methods
7KH¿HOGURERW
WURking is a small sized sub-canopy robot built to traverse row crops like corn (Figure 1). The
platform consists of an aluminium frame, a cover to protect the electronics, a battery pack, several
sensors and three independent wheel units. Two wheel units are placed in the front and one wheel
unit in the rear of the frame. Each wheel unit is able to steer left (+135o) and right (-135o). The
robot is equipped with six ultrasonic and two infrared sensors for row detection. A camera is
DWWDFKHGWRWKHURERWIRUGHWHFWLRQRIREMHFWVOLNHJROIEDOOVOLQHVDQGÀDJVGXULQJYDULRXVHOHPHQWV
of the competition. This camera might be used for weed detection as well. A gyroscope is used to
determine the orientation change of the robot.
The wheelbase is 500 mm and the track width between the front wheels is 320 mm. The total width
of the platform is 400 mm and the total length is 700 mm. The clearance of the platform is 120
mm. The weight of the platform including battery pack is 39 kg.
The wheel units (see Figure 1 right) were designed in cooperation with the Kverneland Group
Mechatronics BV in Nieuw Vennep, the Netherlands. The wheel drive is powered by a single 150
W motor at 24 volts (Maxon Precision Motors, brushed DC motor, model RE40). The maximal
torque delivered is 181 Nm at 7,580 rpm. This motor is connected to a planetary gear head with a
UHGXFWLRQRIDQGDPD[LPXPHI¿FLHQF\RI 0D[RQ3UHFLRQ0RWRUVPRGHO*3& 7KH

*MKYVI8LI;96OMRKVSFSX PIJX ERHSRISJXLI[LIIPYRMXW VMKLX 
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drive motor is equipped with an encoder to measure the speed in counts per turn (Maxon Precision
Motors, encoder, model HEDS 5540). Steering is realised by a 20 W motor at 24 volts (Maxon
Precision Motors, DC motor, model RE25) connected to a planetary gear head with a reduction
RIDQGDPD[LPXPHI¿FLHQF\RI 0D[RQ3UHFLVLRQ0RWRUVPRGHO*3& 7KHZKHHO
XQLWVDUHHTXLSSHGZLWKFRQYHQWLRQDOWXEHW\UHV PPPP 7KHW\UHVZHUHLQÀDWHGWR
approximately 3 bar for optimal traction. The maximum steering velocity of the unit is approximately
115 deg/s. The weight of the wheel unit including the motors is 4.1 kg.
Each wheel unit is controlled by a Motion Mind DC motor controller. Each controller is capable of
controlling two brushed motors, in this case one motor for driving and one for steering.
The platform is equipped with a battery pack containing three batteries located in between the
wheel units to realize a low centre of gravitation. Two 12V, 7Ah batteries are used to power the
driving and steering motors. Additionally there is one 12V, 12 Ah battery to power the PC platform,
controllers and the sensors. The total weight of this battery pack is 10 kg. This battery pack is
mounted on the platform in such a way that it can be easily exchanged with a spare battery pack
for continuous operation.
The platform carries a wide range of sensors. Six Devantech SRF08 ultrasonic sensors are mounted,
three at each side. These sensors measure the distance from the robot to the crop row. The range of
the ultrasonic sensors is from 3 cm to 6 m and the sound frequency is 40 kHz. The ultrasonic sensors
are connected to the I2C bus of a BasicATOM microcontroller. Besides the ultrasound sensors,
the robot has two Sharp GP2D12 infrared sensors also used to measure the distance between the
robot and the crop rows.
7KHFDPHUDLVD8QLEUDLQ)LUHL¿UHZLUHFDPHUDZLWKDó¶&&' îSL[HOV DQGDSL[HOVL]H
of 5.6 μm in both horizontal and vertical direction. The frame rate is up to 30 frames per second
(uncompressed VGA picture).
The robot is also equipped with a XSens MT9-B gyroscope with a 3D compass, 3D accelerometer
and 3D gyro’s and yields by integration very precise values for yaw, roll, and pitch. The angular
resolution is 0.05º, the static accuracy is <1º, and the dynamic accuracy is 3º RMS (XSens, 2006).
For data acquisition and control, the robot contains two computer platforms, a BasicATOM40
and a VIA EPIA SP13000 PC. Part of the data acquisition is realised with the BasicATOM40
microcontroller with inputs from the two infrared sensors and the six ultrasonic sensors. The
microcontroller processes the raw sensor signals and creates a message with the calibrated values
which is send to high level control program.
For high level control, the VIA EPIA SP13000 PC is used as a low power compact motherboard
with built in CPU, graphics, audio and network. The PC has 512 MB RAM and a 40GB hard disk
with a Windows XP operating system supplemented with a WiFi connection for remote control
and monitoring purposes.
The high level control of the robot is realised by a LabVIEW program and involving several
processes that run independently from each other. Each process is represented by a VI (Virtual
,QVWUXPHQW LQFOXGLQJVHYHUDOVXE9,¶VWKDWUHDOLVHDVSHFL¿FWDVN7KHUHDUH9,¶VIRULQLWLDOLVDWLRQ
motor control, the kinematic vehicle model, camera control, communication with the BasicATOM,
communication with the gyroscope, and sensor fusion. A state machine controls the activation
and de-activation of processes and the VI’s exchange data with each other via global variables. A
schematic diagram of the different components of WURking is shown in Figure 2.
One VI was designed to compute the position and orientation of the robot relative to the row using
six ultrasonic sensor measurements. The VI basically employed a linear regression technique in
combination with information about the row width and robot dimensions. For end of row detection, it
provided a signal when one or several sensor measurements are inconsistent with these dimensions.
Navigation and control design issues were addressed in an advanced model-based design using a
kinematic mathematical model of the three-wheel vehicle (see Figure 3). The kinematic model is
a dynamic state-space model that is integrated using standard numerical integration as shown by
4VIGMWMSREKVMGYPXYVI³



*MKYVI7GLIQEXMGHMEKVEQSJXLIHMJJIVIRXGSQTSRIRXWSJ;96OMRK
Campion et al. (1996). In this way the next state, that is the next position and orientation of the
robot, is calculated using the current control inputs being the wheel velocities and wheel angles. A
VRFDOOHG.DOPDQ¿OWHUFRPELQHVWKHVHFRPSXWDWLRQVZLWKRQOLQHPHDVXUHPHQWVREWDLQHGIURPWKH
ultrasonic sensors to estimate on-line the future state, which is the next position and orientation of the
robot relative to the row. These estimates together with the state-space model are used to compute
on-line the next control values, which are the next values of the wheel angles and velocities. The
computation is performed by applying a feedback linearization scheme (Kwatny and Blankenship,
2000). Application of this scheme reduces the controller design to a simple linear controller design
WKDWLVSHUIRUPHGE\PHDQVRISROHSODFHPHQW7KHVWDWHHVWLPDWHVJHQHUDWHGE\WKH.DOPDQ¿OWHU
can also be used for higher level decision making such as what to do if the end of the row is reached.
Turning by means of feedback linearization was unsuccessful due to the total absence of feedback
from the ultrasonic sensors. Therefore, a very simple proportional controller was used for turning at
WKHKHDGODQG,WXVHGWKH;VHQVHDEVROXWHDQJOHPHDVXUHPHQWIRUIHHGEDFNDQGEHQH¿WHGIURPWKH
fact that setting the three robot wheels at appropriate angles allows the robot to fully turn around its
midpoint. The output of the proportional controller was clipped to limit the angular velocity of the
robot. Filtering the last pair of measurements taken from the X-sense while traversing the previous
row provided a good estimate of the orientation of the end of the previous row. Relative to this
orientation, the robot turned into the next row using the clipped proportional controller. The turn
was performed in three stages. First, a 90o turn was made and next, the wheels were set straight to
GULYHVWUDLJKWRYHUD¿[HGGLVWDQFHFRLQFLGLQJZLWKWKHURZGLVWDQFH7KLVGLVWDQFHZDVPHDVXUHG
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*MKYVI'SRXVSPPIVWXVYGXYVISJ;96OMRK
by the wheel rotations and regulated also by a clipped proportional controller. Then a 90o turn
was made again. The end of row detection was performed using the VI (Virtual Instrument) build
around the six ultrasonic sensors. The VI provided a signal that indicates whether measurements
occur that are incompatible with driving through the row. If this signal was received for a certain
amount of time, this indicated the end of row.
The performance tests
,QWKHSHUIRUPDQFHRIWKH:85NLQJURERWZDVHYDOXDWHG,QVSULQJDFRUQ¿HOGZDV
SUHSDUHGE\VRZLQJZLWKDQLQWHUYDORIWZRZHHNV\LHOGLQJIRXU¿HOGVZLWKGLIIHUHQWJURZWKVWDJHV
of corn as shown in Figure 4 (left). To measure the accuracy of the robot in terms of position and
orientation between the rows, a measurement rig was designed as also shown in Figure 4 (right).
Using the T-shaped mould, the foot print of the robot was followed with intervals of 25 cm over a
total distance of 30 m. The mould was mounted on a slider and could rotate to allow measurement
of position and orientation of the robot from the centre between the two rows. During experiments,
data were recorded both by the WURking robot as well as afterwards with this measurement device.
%HIRUHWKHSHUIRUPDQFHWHVWWKHVRLOVXUIDFHZDVÀDWWHQHGRXW
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TSWMXMSRERHSVMIRXEXMSREGGYVEG]SJXLIVSFSX VMKLX 

Results
Field tests indicated that traversing straight and curved rows by means of feedback linearization
performed satisfactorily since no plants were damaged while the driving speed was below a maximum
of 0.75 m/sec. Accuracy of the robot in terms of position and orientation between the two rows is
LOOXVWUDWHGLQ)LJXUHVDQG)LJXUH¿UVWRIDOOVKRZVDQDGHTXDWHPDWFKEHWZHHQPHDVXUHPHQWV
performed with the ultrasound sensors on board the robot and the independent measurements
performed with the measurement frame. Secondly, the measurements reveal an average positive
offset of the robot from the centre between the rows. Maximum position errors lie between -7.5
and +10 cm based on ultrasound measurements and 0 and +7.5cm based on measurements with the
measurement rig. Earlier experiments had revealed that roughly 75% of the headland turns were
successful, meaning that no plants were damaged and no human interference was necessary.
'HVSLWHVRPHÀXFWXDWLRQVWKHRULHQWDWLRQPHDVXUHPHQWRIERWKWKHURERWDQGWKHPHDVXUHPHQW
rig relative to the centre line between the crop rows reveal a consistent orientation offset of the
frame of +0.05 rad. This is possible because the robot consists of 3 independently steerable wheels
which allow the straight line motions with a continuous offset in the frame axes. Based on the
measurement rig, the orientation of the robot frame varied between 0.025 and 0.075 rad. The gyro
VKRZHGVLPLODUUHVXOWV QRWLQWKH¿JXUH ÀXFWXDWLRQVEHWZHHQDQGUDGZHUHPHDVXUHG

*MKYVI4SWMXMSREGGYVEG]SJXLI;96OMRKVSFSXQIEWYVIH[MXLXLIYPXVEWSRMGWIRWSVWSJXLI
VSFSXERHXLIQIEWYVIQIRXHIZMGI
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*MKYVI3VMIRXEXMSREGGYVEG]SJXLI;96OMRKVSFSXQIEWYVIH[MXLXLIYPXVEWSRMGWIRWSVW
SJXLIVSFSXERHXLIQIEWYVIQIRXHIZMGI
&RQFOXVLRQVDQGGLUHFWLRQVIRUIXWXUHUHVHDUFK
,QWKLVSDSHUWKH:85NLQJ¿HOGURERWZDVGHVFULEHGDQGPHWKRGRORJ\DQGUHVXOWVRIDSHUIRUPDQFH
test were presented. The performance test revealed a success rate of 75% of the headland turns.
$OVRWKHSHUIRUPDQFHWHVWUHYHDOHGWKDWWKHURERWZDVDEOHWRQDYLJDWHWKURXJKWKHFRUQ¿HOGZLWK
a maximum offset of ±10 cm from the centre line of the two rows and an maximum orientation
error of ±0.15 rad. Further experimentation is needed to verify the robustness and performance of
this robot platform.
The measurement device had the advantage that it produced an independent measurement of the
robot performance. However, such instrument can only be used if the soil is prepared properly.
There is a need to develop a generally accepted way to evaluate robot performance. It is suggested
to introduce a standard protocol for this purpose because only then can performance comparisons
between robots be made.
Acknowledgments
The authors would like to acknowledge Kverneland Group Mechatronics BV in Nieuw Vennep
the Netherlands for the cooperation in the design of the wheel units, XSens Motion Technologies
for providing the gyroscope.
5HIHUHQFHV
Astrand, B. and Baerveldt, A.J. 2002. An Agricultural Mobile Robot with Vision-Based Perception for
Mechanical Weed Control. Autonomous Robots 13, 21-35.
&DPSLRQ*%DVWLQ*DQGG¶$QGUHD1RYHO%6WUXFWXUDOSURSHUWLHVDQGFODVVL¿FDWLRQRINLQHPDWLFDQG
dynamic models of wheeled mobile robots. IEEE Transactions on Automatic Control 12, 47-62
*RGZLQ5-DQG0LOOHU3&+$5HYLHZRIWKH7HFKQRORJLHVIRU0DSSLQJ:LWKLQ¿HOG9DULDELOLW\
Biosystems Engineering 84, 393-407.
Kwanty, H.G. and Blankenship, G. 2000. Nonlinear Control and Analytical Mechanics: A Computational
Approach. Birhäuser Verlag, Basel, Zwitserland.

4VIGMWMSREKVMGYPXYVI³



Müller, J., Walther, S., Böttinger, S., Ruckelshausen, A. and van Henten, E.J., 2006. Field robot design contest
– a showcase in agricultural engineering education. Preprints of the 3rd IFAC International Workshop on
Bio-Robotics, Information Technology and Intelligent Control for Bioproduction Systems, Sapporo, Japan,
9-10 September 2006, pp. 276-281.
Van Evert, F., van der Heijden, G.W.A.M., Lotz, L.A.P., Polder, G., Lamaker, A., de Jong, A., Kuyper, M.C.,
*URHQGLMN(-.1HHWHVRQ--DQGYDQGHU=DOP7$PRELOH¿HOGURERWZLWKYLVLRQEDVHGGHWHFWLRQ
of volunteer potato plants in a corn crop. Weed Technology 20, 853-861.
Van Henten, E.J. and Müller, J., 2007. The Field Robot Event- An International Design Contest in Agricultural
Engineering. Proceedings of Land-Technik AgEng 2007 – Engineering Solutions for Energy and Food
Production, 9-10 November 2007, Hannover, Germany, pp. 169-174.
Van Straten, G. 2004. Field Robot Event, Wageningen 5-6 June 2003. Computers and Electronics in Agriculture
42, 51-58.
Tillett, N.D., Hague, T. and Marchant, J.A. 1997. A Robotic System for Plant-Scale Husbandry. Journal of
Agricultural Engineering Research 69, 169-178.



4VIGMWMSREKVMGYPXYVI³

