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RESUMEN

Resumen

Los sistemas de guiado autbnomo agricola son sistemas que permiten guiar a un
vehiculo agricola por diversas trayectorias predefinidas sin necesidad de intervencion
del conductor. Durante los ultimos 20 afios han sido muchos los estudios cientificos
gue se han realizado en este area. La mayor parte de estos trabajos se han centrado
en los sensores de posicionamiento y en las leyes de control, puesto que constituyen
los bloques de mayor complejidad dentro de los sistemas de guiado auténomo. El
sensor de posicionamiento mas empleado ha sido el GPS diferencial de fase (RTK-
CDGPS). Este sensor tiene la ventaja sobre otros sensores como camaras, laser,
sistemas de radiofrecuencia, etc de proporcionar un posicionamiento absoluto para
toda la parcela, con gran precision, y sin necesidad de balizas o marcas en la parcela.
Sin embargo, presenta el problema de tener un alto coste, incrementando de forma

significativa el coste total del sistema y limitando su difusion.

Por este motivo, en esta tesis se realiza el estudio del guiado con receptores GPS de
bajo coste y se desarrollan diversas leyes de control y metodologias para mejorar su
adaptacion. En primer lugar, se analiza la validez de estos receptores para el guiado
agricola. Para ello, se estudia el error de posicionamiento de este tipo de receptores,
el guiado en linea recta y la respuesta escalén de diferentes leyes de control
comunmente utilizadas en la literatura cientifica (Articulo 1 del compendio). En
segundo lugar, se desarrolla una ley de control para el guiado en linea recta y en
circunferencia, asintéticamente estable y convergente desde cualquier orientacion del
vehiculo (Articulo 2 del compendio). Finalmente, en tercer lugar, se estudia el
posicionamiento de la antena del receptor sobre el tractor y su influencia sobre el
guiado y se desarrolla un método geométrico para incrementar la estabilidad,
respuesta y tolerancia a ruido de los sistemas de guiado con receptores de bajo coste

(Articulo 3 del compendio).

Para la realizacién de los estudios experimentales se ha implementado un sistema
para el control de la posicién de la direccién de un tractor agricola. Este sistema
consistia en un motor eléctrico unido al volante del tractor mediante una polea, un
encoder para la realimentacién de la posicion de la direccidon y la electrénica necesaria

para su control.
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Como resultados, en el primer articulo del compendio se ha obtenido que es posible el
guiado auténomo agricola con receptores de bajo coste hasta velocidades de 9 Km/h,
con precisiones relativas totales de 1.25 m y que la mayor parte del error en el guiado
se produce como consecuencia del error del receptor. Estas precisiones pueden ser
suficientes para algunas tareas agricolas de gran ancho de trabajo como, por ejemplo,
el abonado.

En el segundo articulo del compendio se han desarrollado dos leyes de control, una
para guiado en linea recta y otra para guiado en circunferencia y se ha demostrado su
estabilidad tanto de forma tedrica, mediante los criterios de Lyapunov-LaSalle, como

de forma experimental, obteniendo precisiones en el guiado de 20 cm.

Finalmente, en el tercer articulo del compendio, se ha determinado que colocar la
antena del receptor en una posicién adelantada en el tractor mejora la respuesta y
estabilidad del sistema de guiado y se ha desarrollado un método geométrico para el
calculo del estado del tractor a partir de los datos del receptor. El guiado utilizando
este método permite una reduccion del error RMS de guiado de 32 a 4.8 cm a una

velocidad de 1 m/s con un adelanto del receptor de 5 m.

Palabras clave: Global Positioning System (GPS), Real Time Kinematics Carrier
Phase GPS (RTK-CDGPS), control, vector pursuit, fusion de sensores, guiado

auténomo agricola, tesis.



ABSTRACT

Abstract

The autonomous agricultural guidance systems are systems which allow to guide an
agricultural vehicle for certain predefined paths without the driver intervention. Along
the past 20 years, there have been great research on this area. Most of these research
have been focused on positioning sensors and on control laws, due to they are the
most complex blocks of these systems. The most employed positioning sensor has
been the real time kinematics, carrier phase differential GPS (RTK-CDGPS). This
sensor has the advantage over other sensors as cameras, laser, radiowave sensors,
etc of providing an absolute positioning for the entire plot, with great precision, and
without beacons or marks in the plot. However, they have the problem of their high
cost, which increases significantly the cost of the whole system, limiting their

expansion.

For this reason, this thesis is focused on the autonomous guidance of agricultural
tractors with low cost GPS receivers and in the development of control laws and new
methodologies for improving these systems with low cost receivers. First, the validity of
these receivers for the autonomous guidance is studied. For that, the positioning error
of the low cost receivers is studied and the straight line tracking and step response of
the guidance systems with different control law are analyzed (first paper of the
compendium). Next, a new asymptotically stable control law for the autonomous
guidance in straight and curve paths is developed. This control law is asymptotically
stable and converges from any orientation of the tractor (second paper of the
compendium). Finally, the placement of the antenna of the receiver over the tractor is
studied, developing a geometrical method that increases the stability, response time
and noise tolerance of the guidance system with low cost GPS receivers (third paper of

the compendium).

A control system for the steering of the tractor was implemented for the experimental
tests. This system consisted of an electrical motor joined to the steering wheel of the
tractor by means of a pulley, an encoder for the steering position feedback and the

electronic for its control.
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As results,in the first paper of the compendium, it has been obtained that it is possible
the autonomous guidance of an agricultural tractor with a low cost receiver as only
positioning sensor at a speed up to 9 Km/h. The pass to pass accuracy in the
autonomous tracking of a straight trajectory with this kind of receivers is 1.25 m and the
mayor part of the error is due to the receiver accuracy. This pass to pass accuracy can
be enough for some agricultural tasks with large width of work, as for example,
fertilizers application.

In the second paper of the compendium, two new asymptotically stable control laws
have been developed, one for straight trajectories and the other for circumferences.
Stability of these control laws have been demonstrated theoretically by means the
Lyapunov-LaSalle criterions as well as experimentally, obtaining a guidance accuracy
of 20 cm RMS.

Finally, in the third paper of the compendium, it has been determined that placing the
antenna of the receiver in a forward position of the tractor improves the response time
and stability of the guidance system. Moreover it has been developed a geometrical
method for calculating the tractor state from the data of the receiver in an advanced
position. From experimental test, it has been obtained that with this algorithm, the
guidance error is reduced from 32 to 4.8 cm at a speed of 1 m/s with the receiver

placed at a distance of 5 m from the real wheel axle of the tractor.

Keywords: Global Positioning System (GPS), Real Time Kinematics Carrier Phase
GPS (RTK-CDGPS), control, pursuit vector, sensor fusion, autonomous guidance,
thesis.
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PARTE |: INTRODUCCION

1. Introduccidon

La agricultura ha sufrido una gran evolucién en los ultimos 20 afios. Esta evolucién ha
estado propiciada por el desarrollo que han sufrido ciencias como la Mecanica, la
Electronica, la Informatica, la Quimica, la Genética, la Biologia y la Agronomia y su
consecuente aplicacion a la agricultura (Tillet, 1991; Willson, 2000).

El desarrollo de las herramientas de disefio y andlisis mecéanico y estructural, asi como
de las técnicas de fabricacion, han permitido la mejora en el disefio de la maquinaria,
optimizando materiales, haciéndolas mas eficientes y con un mayor rendimiento y
posibilitando un abaratamiento en los costes de produccion, asi como una reduccion

de fallos y una mayor homogeneidad en las mismas.

El desarrollo de nuevos sensores y actuadores, el aumento de potencia y el
abaratamiento de los microprocesadores, junto con el desarrollo de nuevas técnicas
de control, han permitido la optimizacion de muchos paradmetros, como por ejemplo la
gestién de potencia y el consumo de los vehiculos. El desarrollo de los sistemas de
posicionamiento y de los sistemas de comunicacién y gestién de la informacion han
permitido una monitorizacion y control de la maquinaria en tiempo real y la

interoperacion entre los equipos y sistemas de los diferentes fabricantes.

El desarrollo de variedades mas resistentes y productivas, de herbicidas mas
selectivos y eficientes, de fertilizantes mas productivos y el conocimiento de las
necesidades fisiolégicas de las plantas a lo largo de todo su ciclo de vida, junto con la
sensorizacion del terreno y de las condiciones ambientales o del propio cultivo y el
desarrollo de la maquinaria estdn permitiendo la mejora de la produccién y el
abaratamiento de los costes a través de la aplicacion de las cantidades necesarias de
semilla, agua, fertilizantes y herbicidas en cada punto del terreno. Esto es lo que se
conoce como agricultura de precisidn y constituye la nueva revolucién agricola del
siglo XXI.

Dentro de la agricultura de precision una de las areas de investigacion mas importante
la constituyen los sistemas de guiado agricolas (Auernhammer, 2008). Estos sistemas
ademas de descargar al agricultor de la pesada tarea de conducir el vehiculo permiten
optimizar el tiempo, el combustible y los insumos aplicados. La dificultad de estos

sistemas radica en las duras condiciones en las que trabaja la maquinaria agricola.
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Los sistemas de guiado han sufrido una gran evolucion a lo largo de las ultimas
décadas (Reid, et. al., 2000). Los primeros sistemas estaban basados en artilugios
mecanicos, que por medio de cables o accionamientos mecénicos o hidraulicos
guiaban al vehiculo o a la propia maquina por las filas de cultivo (Widden & Blair,
1972). Eran sistemas engorrosos y en muchos casos poco practicos y debian ser
desmontados y montados para cada una de las filas de cultivo. Posteriormente, en los
afios 80 surgieron con sistemas basados en radio (Bonicelli & Monod, 1987; Searcy et.
al, 1990) o laser (Harries & Ambler, 1981; Lawson, 1985) y que mediante triangulacién
o el seguimiento del laser realizaban el guiado del vehiculo. Con el desarrollo de las
camaras Yy los algoritmos de procesado de imagen surgieron los sistemas basados en
vision artificial (Reid & Searcy, 1988; Pinto et. al., 2000; Han et.al, 2004; Kise et. al.,
2005). Estos sistemas requieren diferencias visibles entre las zonas tratadas y sin
tratar o las propias filas de cultivo por lo que no pueden ser utilizados en cualquier
situacion. Muchos de estos sistemas se han utilizado para el guiado en plantaciones
de arboles (Cho & Ki, 1999; Subramanian et. al.,, 2006) o por las filas de cultivo
(Billingsley & Schoenfish, 1997). Posteriormente, el desarrollo del sistema de
posicionamiento por satélite (GPS) por parte del ejército americano y la posterior
evolucion del mismo hacia los sistemas diferenciales de fase y doble frecuencia con
precision centimétrica (RTK-CDGPS) han hecho que estos sensores sean unos de los
mas empleado en la literatura cientifica (Li, et. al., 2009), ya sean como Unico sensor
de posicionamiento (Thuillot, et. al., 2002; Stombaugh, et. al., 1998) o combinados con
sensores de tipo inercial o camaras (Seong in Cho & JaeHoon Lee, 2000), puesto que
proporcionan una solucién global y permiten determinar el estado del vehiculo con

gran precision (Gan-Mor et. al., 2007).

Este desarrollo ha ido en paralelo al desarrollo de la industria, puesto que en la
actualidad, ya son muchos los fabricantes que desarrollan sistemas de guiado
auténomo (Trimble, 2015; John Deere, 2015). Estos sistemas utilizan receptores de
diversos tipos (L1/CA (SF1 John Deere), L1/L2 DGPS (SF2 John Deere), RTK-CDGP,
con correcciones via radio o satélite) y en muchos casos fusionan sensores de tipo
inercial o encoders para obtener el estado del vehiculo, permitiéndoles compensar las
desviaciones producidas por laderas o el deslizamiento del vehiculo. En algunos
casos, incorporan un receptor en la propia maquina para corregir las desviaciones en

la trayectoria de esta (Guiado automatico de aperos, John Deere).

El principal problema para la expansién de los receptores RTK-CDGPS o los sistemas

diferenciales de doble frecuencia en la agricultura es el alto coste de los mismos. La
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eliminacion de la disponibilidad selectiva por parte del ejército americano posibilité la
mejora de la precisién de los receptores de cédigo de una frecuencia, por lo que
empezo a ser posible la utilizacion de estos receptores para algunas tareas agricolas.
Estos receptores tienen un precio muy reducido a diferencia de los receptores RTK-
CDGPS u otros tipos de sistemas diferenciales de alta precision. Estos receptores son
los que trataremos como receptores de bajo coste a lo largo de la memoria. En la
literatura cientifica no son muchos los articulos en los que se estudia el uso de este
tipo de receptores para el guiado autbnomo agricola (Han et. al., 2001; Guo et. al.,
2003; Mizushima et. al., 2004). Estos receptores presentan la desventaja de una
menor precision y estabilidad y de tener normalmente bajas frecuencias de refresco,
por lo que el guiado con este tipo de receptores se complica. Por este motivo, esta

tesis se ha centrado en el estudio del guiado autbnomo con este tipo de receptores.

Otro aspecto importante en el guiado autbnomo agricola es el control del vehiculo. Hay
numerosos estudios que se han centrado en las leyes de control necesarias para guiar
al vehiculo por las trayectorias deseadas. Los primeros sistemas utilizaban métodos
de control lineal (Stoll & Kutzbach, 2000), ya sea de tipo Proporcional-Integral-
Derivativo (PID) (Tuillot et. al., 2002), por emplazamiento de polos y ceros (Stombaugh
et. al., 1998) o controladores de tipo LRQ (Linear Quadratic Regulator) (O'connor et.
al., 1996). La tendencia actual es utilizar métodos de control no lineal (Ge et. al.,
2001), predictivo (Lenain et. al.,, 2006) o mediante inteligencia artificial, ya sea
mediante redes neuronales (Ashraf et. al., 2003; Torisu, et. al., 2002) o légica difusa
(Seong in Cho & JaeHoon Lee, 2000). En esta tesis también se han estudiado
diferentes métodos de control, pero todos ellos aplicados sobre la sefial obtenida de
los receptores de bajo coste y se ha desarrollado una ley de control orientada a este

tipo de receptores validando su estabilidad tanto de forma tedrica como experimental.

De esta forma, en el primer articulo presentado en esta tesis se ha estudiado la
precision absoluta y relativa de los receptores de cédigo de bajo coste para evaluar su
posible aplicacién al guiado autébnomo agricola y se han realizado experimentos reales
de guiado auténomo con este tipo de receptores, a diferentes velocidades y con
diferentes leyes de control. Se ha analizado el seguimiento de trayectorias rectilineas y
la respuesta al escal6n obteniendo un buen comportamiento hasta velocidades de 9
Km/h.

En el segundo articulo se ha desarrollado una ley de control asintéticamente estable
tanto para trayectorias rectilineas como circulares, demostrando su estabilidad

matematicamente mediante el criterio de Lyapunov-LaSalle. Se ha validado su
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comportamiento mediante simulacion y experimentos reales a diferentes velocidades,
demostrando su mejora respecto a otras leyes de control utilizadas en la literatura

cientifica.

Finalmente, en el tercer articulo presentado, se ha estudiado como el posicionamiento
de la antena del receptor GPS sobre el vehiculo puede mejorar la estabilidad del
guiado, permitiendo el guiado con receptores GPS de bajo coste a mayor velocidad y
de forma mas estable y se ha desarrollado un método geométrico que permite mejorar

la precisién del posicionamiento y guiado con este tipo de receptores.

El sistema desarrollado para la validacion experimental de los algoritmos desarrollados
a lo largo de esta tesis Unicamente pretende ser un entorno de pruebas, no
constituyendo un sistema de guiado definitivo. El conductor del vehiculo debera
siempre estar presente para gestionar los diferentes sucesos de la complicada tarea

de la operacién de la maquinaria agricola.

En cuanto a la organizacion de esta memoria, se dividira en dos partes principales. La
primera sera una introduccion al compendio y en la segunda se presentaran los
articulos completos desarrollados. Dentro de la primera parte, en el apartado 1.1, se
hara una introduccion a la tesis, resumiendo la evolucion histodrica de los sistema de
guidado autébnomo, principales metodologias y sensores empleados en la literatura
cientifica, introduciendo brevemente los objetivos de la tesis y proporcionando una
primera pincelada de los resultados obtenidos. En la seccion 1.2 se presentan los
objetivos llevados a cabo a lo largo de esta tesis. En la seccidén 1.3 se describen los
materiales con los que se ha contado para realizacion de los experimentos de campo y
para la implementacion del sistema de guiado real. En el apartado 1.4 se describe la
metodologia seguida a lo largo de esta tesis. Inicialmente se describe la metodologia
general utilizada, para después particularizar en diversos aspectos clave en la
realizacién de los estudios. En el apartado 1.5.se describen los resultados y
conclusiones obtenidos. En el apartado 1.6 se proporcionan varias lineas de
investigacion a seguir como continuacién de esta tesis. Finalmente, en los apartados
1.7, 1.8 y 1.9 se describira la relacion entre las diferentes publicaciones y se justificara
la originalidad y aportacion a la comunidad cientifica de las mismas. En la segunda

parte, se presentan las aportaciones cientificas relacionadas con la tesis.

1.1. Arquitectura de los sistemas de guiado autbnomo

La Figura 1 muestra la arquitectura general de un sistema de guiado autbnomo (Reid,

et. al., 2000; Li, et. al., 2009). Se componen de los siguientes bloques:
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e Planificador de trayectorias. Es el modulo encargado de determinar las
trayectorias que debera recorrer el vehiculo. Podra funcionar de forma autbnoma
a partir de los planos de la parcela (Oksanen & Visala, 2007; Hameed, et. al.,
2010), de la informacién proveniente de otra maquina (Noguchi, et. al., 2004) o
asistido por un operador (Murakami, et. al., 2008). En general, en agricultura, se
trata de utilizar trayectorias rectas, que facilitan la realizacion de los diferentes
trabajos y el paso posterior por las filas de cultivo. Debido a las diferentes e
irregulares formas de las parcelas o a la presencia de obstaculos en las mismas
esta planificacién de rutas no es sencilla. En ocasiones esta planificacion incluye
el trazado de los linderos de las parcelas o el tratamiento en pasadas alternas
para facilitar los giros y optimizar el tiempo de trabajo. Este médulo ademas tendra
gue tener en cuenta las propiedades dinamicas del vehiculo de forma que las
trayectorias generadas puedan ser después seguidas por el vehiculo. En
ocasiones este médulo genera la trayectoria a partir de los datos recibidos de otro
vehiculo sobre el que trabaja en serie. También ha habido estudios donde se han

implementado sistemas que permiten evitar obstaculos (Stenz et. al., 2002).

e Ley de control. Las leyes de control son los algoritmos que a partir de la
trayectoria generada y del estado del vehiculo generan la accion de control para el
guiado del vehiculo por la trayectoria. Esta accion de control puede ser la posicion
o la velocidad de giro de la direccién o la velocidad del tractor. Este modulo es uno
de los de mayor complejidad del sistema y, por lo tanto, ha sido uno de los mas
estudiados en la literatura cientifica. Las primeras leyes de control desarrolladas
estaban basadas en la teoria de control clasica (Ogata, K., 1997) y realizaban el
control mediante leyes de control lineal (Stoll & Kutzbach, 2000), mediante PID
(Tuillot et. al., 2002) o emplazamiento de polos y ceros (Stombaugh, et. al., 1998).
Posteriormente comenzé a utilizarse el control no lineal, como backsteeping
(Fang, et. al., 2006), Model Predictive Control (MPC) (Lenain et. al., 2006) o
Sliding Model Control (SMC) (Matveev, et. al., 2013). También hay diversos
estudios donde se ha aplicado la inteligencia artificial, es decir lI6gica difusa
(Seong in Cho & JaeHoon Lee, 2000) y redes neuronales (Torisu, et. al., 2002).
Dentro de las leyes de control se han considerado aspectos como el guiado a alta
velocidad (Stombaugh, et. al., 1998) o en pendiente (Asraf et. al., 2003) puesto

gue afectan en gran medida al guiado debido a la dinamica del vehiculo.

e Control de la direccion. Es el modulo encargado de orientar o mover a una

velocidad determinada la direccién del vehiculo. En la literatura cientifica se han
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utilizado principalmente actuadores de tipo hidraulico o electrovalvulas que
modifican el sistema de direccién del propio vehiculo (Stombaugh, et. al., 1998;
O'Connor, et. al., 1996). Sin embargo, un sencillo sistema como un motor de
continua es suficiente para controlar la direccién del vehiculo de forma efectiva.
Hay diversos trabajos que estudian el control de la direccién del tractor (Wu et. al.,
2001; Zhang et. al., 2002). Este sistema presenta la complejidad de ser un
sistema no lineal. Normalmente se ha modelado como un sistema de tipo
Ackermann. La buena respuesta y precision del sistema de control de la direccién

es fundamental para obtener una buena precisién en el guiado del vehiculo.
Vehiculo (planta). Es el propio vehiculo o sistema a controlar.

Sensores. Se trata de los sensores utilizados para determinar el estado del
vehiculo. Estos sensores incluyen tanto los sensores para controlar la direccion
como para el guiado del vehiculo. Dentro de la literatura cientifica se han
empleado multitud de sensores. Estos sensores incluyen sistemas de radio
(Bonicelli & Monod, 1987; Searcy et. al, 1990), laser (Lawson, 1985), ladar
(Subramanian, et. al., 2006), camaras visibles (Reid & Searcy, 1988; Pinto et. al.,
2000; Han et.al, 2004; Kise et. al., 2005), infrarrojas, radar, encoders, etc, pero sin
duda, el sensor mas empleado como sensor de posicionamiento es el GPS (Stoll
& Kutzbach, 2000; Auernhammer, 2008) puesto que proporciona un
posicionamiento absoluto, con independencia de las condiciones atmosféricas o

de visibilidad y para toda la parcela.

Estimacion de estado. Es el médulo que obtiene el estado del vehiculo a partir
de la informacion de los sensores. Debido a la variabilidad y la poca fiabilidad de
los sensores empleados, este mddulo ha constituido un gran foco de estudio
dentro de la literatura cientifica. En diversas ocasiones este médulo no fusiona la
informacién sino que directamente utiliza la informacién de uno u otro sensor en
funcion del estado de los mismos. En otras ocasiones, este modulo realiza
adaptaciones o transformaciones de la informacion de los sensores para adaptar
su salida. Sin embargo, lo mas comun es que este médulo combine la informacién
de varios sensores para determinar el estado completo del vehiculo, es decir, la
posicién, velocidad, aceleracion y orientacion del vehiculo. Los métodos
comunmente empleados son el filtro de Kalman (Caron, et. al., 2006;

Subramanian, et. al., 2009) o métodos estadisticos (Noguchi, et. al., 1998).
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e Monitorizacion. Se refiere al modulo o herramientas que permiten acceder al
control o estado del sistema por parte del operador. En algunas ocasiones este
modulo puede incluir sistema de comunicaciones que permitan la monitorizacion
del sistema remotamente (Murakami, et. al., 2008). En otras, simplemente un

Interfaz Hombre-Maquina (IHM).

PLANIFIC
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CONTROL DE
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Figura 1: Arquitectura general de un sistema de guiado auténomo agricola.
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2. Objetivos

El objetivo general de esta tesis es evaluar la posibilidad de utilizar receptores GPS de
bajo coste (receptores GPS de cédigo) para el guiado agricola, estudiando los errores
cometidos en el guiado con estos receptores y la respuesta del sistema con diferentes
leyes de control, asi como, el desarrollo de nuevos métodos de control y algoritmos
gue permitan maximizar la precision y estabilidad en el guiado utilizando este tipo de
receptores. Teniendo esto en cuenta, los objetivos perseguidos a lo largo de esta tesis

son los siguientes:

e Objetivo 1: Analisis de los receptores GPS de codigo de una frecuencia para
el guiado auténomo agricola. Tal y como se ha comentado en la introduccién, uno
de los puntos clave en el guiado autbnomo agricola son los sensores de
posicionamiento que permiten determinar el estado del vehiculo. En la literatura
cientifica, la mayor parte de los trabajos que han utilizado como sistema de
posicionamiento el GPS, han empleado los caros sistemas RTK-CDGPS. Esto
supone un problema para la implantacion de los sistemas de guiado a gran escala.
Por este motivo, en esta tesis se ha analizado la precision estatica y dinAmica de
los receptores de cddigo de una frecuencia, el tiempo de respuesta y la precision
relativa, aspectos muy importantes para determinar su validez para el guiado

agricola.

o Objetivo 2: Analisis de las leyes de control desarrolladas en la literatura
cientifica y su aplicacion sobre la sefial obtenida de receptores GPS de bajo
coste. Las leyes de control desarrolladas en los diferentes trabajos cientificos de la
literatura han sido cominmente aplicadas sobre la sefial obtenida de los precisos
receptores GPS diferenciales de fase y no habiéndose estudiado de forma
exhaustiva su ajuste y comportamiento sobre sistemas menos precisos y con
mayores retardos y tiempos de respuesta. Por este motivo, es muy importante
realizar este estudio sobre varias de las leyes de control mas empleadas en la

literatura cientifica para el guiado autbnomo agricola.

e Objetivo 3: Desarrollo de nuevas leyes de control para el guiado agricola,
asintéticamente estables y especialmente indicadas para el guiado con

receptores de bajo coste. En la literatura cientifica se han desarrollado multitud de
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leyes de control para el guiado agricola. Muchas de ellas se han desarrollado
considerando sensores de gran precision y no se ha validado su estabilidad sobre
sensores menos precisos. Otras veces, las leyes de control desarrolladas sufren de
puntos singulares que las hacen inestables. Por este motivo es necesario
desarrollar leyes de control que tengan un buen comportamiento con sensores de
baja precision y que sean estables en todo el rango de entrada de las variables y
comparar su comportamiento respecto a las desarrolladas en la literatura cientifica

tanto en simulacién como en un sistema real.

o Objetivo 4: Desarrollo de leyes de control para guiado en trayectorias curvas,
estables y sin puntos singulares. Los trabajos agricolas normalmente se
desarrollan sobre lineas rectas, por este motivo, la mayor parte de los trabajos de
investigacion en este area tratan sobre este tipo de trayectorias. Sin embargo, sera
necesario también desarrollar leyes de control que permitan el guiado del vehiculo
en curva, puesto que también son utilizadas en parcelas irrigadas con pivot
(Slaughter et. al., 2008).

e Objetivo 5: Estudio de la influencia de la posicién de la antena del receptor
sobre el vehiculo en la precision y estabilidad del sistema de guiado. La
colocacion de un determinado sensor sobre el sistema a medir es un punto
importante. La vibracion o el propio comportamiento del sistema pueden influenciar
en la medida. La baja precisién de los receptores GPS de bajo coste puede verse
muy alterada en funcion de la posicion del sensor sobre el vehiculo. Es por este

motivo que este es un punto clave a realizar en esta tesis.

o Objetivo 6: Desarrollo de métodos que permitan aumentar la precision y
respuesta de los receptores GPS de bajo coste. Al igual que la posicion del
receptor sobre el vehiculo puede influir sobre la precision en la determinacion del
estado del mismo, es posible disefiar métodos geométricos que permitan una
mejora de la precisién y respuesta del mismo. En esta tesis se desarrolla un método
geométrico que permite aumentar la precisiéon del receptor y se estudia su validez

tanto en simulacién como en experimentos reales.

e Objetivo 7: Desarrollo de métodos que permitan filtrar el alto ruido de estos
receptores. Debido al mayor ruido de este tipo de receptores sera necesario
desarrollar métodos que permitan filtrar este ruido sin perturbar a la precision o la

respuesta y que puedan afectar al guiado.
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3. Materiales

En esta seccién se presentan los materiales que han sido utilizados en la realizacién
de la tesis y en los experimentos reales llevados a cabo para validar los sensores, las
leyes de control y los algoritmos desarrollados para el guiado de los vehiculos.

3.1. Tractor agricola

Para la realizacion de los experimentos reales se ha utilizado un tractor John Deere
6400 con una potencia de 100 CV, doble traccién y direccién de tipo hidrostatico. En la
Figura 2 se muestra este vehiculo.

Figura 2: Tractor John Deere 6400 utilizado en los experimentos reales.

3.2. Ordenador

El ordenador utilizado ha sido un Sony Vaio modelo SVE151C11M con procesador
Intel i5-2450M con 6 GB de memoria RAM y 350 GB de disco duro.

Las herramientas de simulacion y el entorno de programacion utilizados han sido

Matlab-Simulink y Labwindows CVI respectivamente.
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3.3. Receptores GPS

Para la realizacion de los experimentos reales se han empleado diversos receptores
GPS. Por un lado se han utilizado receptores de bajo coste para la evaluacion del
guiado y de la precision. Por otro, se ha utilizado un receptor diferencial de fase de
triple frecuencia como referencia en la realizacion de los experimentos y ha sido sobre

el cual se han medido y evaluado los errores en el guiado.

Como receptores de bajo coste se han utilizado un receptor Haicom HI-204lIIl con
chipset Sirf Star I, un receptor Garmin 16 y un receptor Garmin 18. Los receptores
Haicom HI-204l11l y Garmin 16 proporcionan una tasa de refresco de datos de 1 Hz,
mientras que el receptor Garmin 18 proporciona 5 Hz. Todos ellos soportan y tenian
activadas durante las pruebas, las correcciones diferenciales EGNOS (European
Geoestationary Navigation Overlay Service). El error 2D RMS especificado por el

fabricante para cada uno de ellos es de 5 m para el Haicom, y 3 m para los Garmin.

Como receptor de referencia se ha empleado un Trimble R4. Este es un receptor de
fase de triple frecuencia (L1 + L2 + L5) que trabajando en modo diferencial RTK
proporciona una precision de 0.8 cm + 1 ppm 2D RMS. Las correcciones se obtuvieron
mediante GPRS de una estacion virtual (VRS) gestionada por el Instituto Tecnolégico
Agrario de Castillay Ledn (ITACyL).

Figura 3: Receptores utilizados durante la realizacion de la tesis: a) Haicom HI204l11, b) Garmin
16/18, ¢/ Trimble R4.

3.4. Sistemade control de la direccidon

Para el control de la direccion se ha utilizado un motor Maxon RE30 junto con una
reductora con una relacion 14:1 y un encoder de tipo incremental de 512 pulsos. El
acoplo del motor al volante se ha realizado mediante una polea dentada con una
relacion de 6:1. El control del motor se ha realizado mediante una etapa de potencia

MDO03 de 20A de corriente maxima y un microcontrolador de Microchip PIC16F877A.
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Para la realimentacion de la posicion de la direccion se ha empleado un encoder
absoluto de tipo magnético colocado en la cruceta de direccion del tractor. El control
de la posicion de la direccion se ha realizado empleando légica difusa. La Figura 4
muestra el encoder (Figura 4,a), el acople del motor a la direccion (Figura 4,b) y la caja

de control con la etapa de potencia y la tarjeta con el microcontrolador (Figura 4,c).

Figura 4: Sistema de control de la direccion del tractor: a) encoder, b) acoplamiento del motor a

la direccion del tractor, c) caja de control de la direcciéon.
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4. Metodologia

El desarrollo de esta tesis surge de la aficién del autor a la agricultura y de las ganas
por mejorar las técnicas utilizadas mediante la aplicacion de tecnologia. El autor, hijo
de una familia de agricultores ha vivido desde muy pequefiito rodeado por los tractores
y la maquinaria agricola lo que le ha permitido conocer las posibles areas de mejora,
asi como, la problematica de los pequefios agricultores espafioles.

En esta seccién se describe la metodologia seguida a lo largo de la realizacion de la
tesis y de los diferentes trabajos de investigacion presentados en ella. En primer lugar
se describe la metodologia general para después describir de forma resumida la
metodologia especifica llevada a cabo en los diferentes trabajos presentados.

4.1. Metodologia general

La metodologia seguida en esta tesis basicamente se ha basado en la metodologia
general utilizada en la investigacion cientifica. Este proceso se describe en la Figura 5.

FORMULACION ESTUDIO DEL DESARROLLO

DEL PROBLEMA ESTADO DEL DE LOS
ARTE OBJETIVOS

REALIZACION DE DISERO Y

EXPERIMENTOS SIMULACION el

RFAI FS SISTFMA
ANAEISIS BE PUBLICACION DEL
RESULTADOS Y e TUDIO
CONCLUSIONES

Figura 5: Metodologia general utilizada en la realizacion de los diferentes estudios de esta

tesis.

A continuacion se detallan cada uno de las fases llevadas a cabo en esta metodologia.
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4.1.1.Formulacién del problema

La formulacién del problema surge de la aparicion de tareas o necesidades no
resueltas hasta el momento, ya sea desde un punto de vista econémico, de usabilidad,
de ergonomia, o productivo. Los sistemas de guiado agricola intervienen en todos
estos puntos de vista. Por un lado, desde un punto de vista econémico permiten la
distribucion de fertilizantes, semillas y demas insumos de una forma mas uniforme,
disminuyendo las zonas repetidas y las zonas sin tratar. Esto conlleva una disminucién
de los costes de produccién de los cultivos y un aumento de la productividad de los
mismos. Por otro lado, desde un punto de vista ergonémico o de usabilidad, la
conduccion de los vehiculos agricolas es una pesada tarea que requiere de gran
atencion por parte del conductor y produce la mayor parte del cansancio en el
conductor. Los sistemas de guiado facilitan esta tarea permitiendo trabajar mas horas,
con un menor cansancio, optimizando el tiempo de trabajo, y permitiendo prestar mas

atencion a otras tareas de mayor importancia como el control del accesorio utilizado.

A pesar de todas estas ventajas, tras un pequefio andlisis de la situacion socio-
econdmica de la agricultura espafiola con parcelas pequefias, precios cada vez mas
ajustados y una competencia a nivel global sugiere que el desarrollo y expansion de
estos sistemas solo podra ser posible si el coste de los mismos es asequible en este
entorno. Por este motivo, surge la necesidad de desarrollar sistemas de guiado
auténomo agricola de bajo coste que permitan la expansion de los mismos. Tras un
ligero analisis de la literatura cientifica se obtiene que los principales sistemas
desarrollados estan basados en los caros receptores RTK-CDGPS. Por lo tanto el
principal problema analizado a lo largo de esta tesis sera el desarrollo y andlisis de
sistemas de guiado basados en receptores GPS de bajo coste. La eleccion del GPS
como sensor de posicionamiento presenta ciertas ventajas sobre otros sensores
puesto que proporciona una solucién de posicionamiento global sin necesidad de
marcas visuales o de otro tipo sobre la parcela y permite trabajar en cualquier
condicién climatoldgica o de visibilidad. Una vez seleccionado este tipo de receptores
como sensor de posicionamiento, sera necesario analizar y desarrollar nuevos
métodos de control o algoritmos que permitan optimizar el guiado con este tipo de

receptores.

4.1.2.Analisis del estado del arte

Tal y como se ha visto en la introduccion, en el desarrollo de la tesis se ha realizado

una exhaustiva tarea de analisis del estado del arte en el area del guiado auténomo.
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Inicialmente, se ha realizado un analisis general de estos sistemas para evaluar su
estructura, situacion, metodologia, técnicas de control empleados, sensores, sistemas
de fusién de informacién, etc. Posteriormente, se ha hecho una busqueda y analisis
mas especifico, centrdndose en los sistemas de guiado basados en GPS o en la
combinacion de estos sistemas de posicionamiento con otros sensores, en los
algoritmos de fusion de la informacion y también, muy especialmente, en los sistemas
de control empleados para el guiado del tractor por las trayectorias deseadas.
Finalmente, se ha particularizado esta blusqueda en los sistemas de guiado o estudios

con receptores de bajo coste, no encontrando trabajos importantes.

4.1.3.Desarrollo de los objetivos

Una vez determinado el problema y estudiado el estado de la literatura cientifica en el
area de estudio, se han planteado objetivos especificos a cubrir en este estudio. Estos
objetivos son los planteados en la seccién Objetivos de esta memoria. Estos objetivos
se han ido desarrollando y analizando en cada uno de los trabajos de investigacion
publicados durante la realizacion de esta tesis hasta completar la totalidad de los

objetivos propuestos en las diversas publicaciones.

4.1.4.Diseio y desarrollo del sistema

Una vez planteados los objetivos en cada una de las publicaciones realizadas en esta
tesis, se han desarrollado estudios o algoritmos que han permitido cubrir estos
objetivos. En esta fase se ha disefiado el sistema, metodologia, estudio, etc que ha
permitido cumplir con estos objetivos. En esta fase se ha desarrollado tanto el
algoritmo como el sistema experimental necesario para la demostracion de la
consecucion de estos objetivos. Este sistema ha consistido en la adquisicion de los
materiales necesarios y en el desarrollo de un sistema de guiado autbnomo real y su

instalacion sobre un tractor agricola.

4.1.5.Realizacion de simulaciones

Para la verificacion y analisis de los algoritmos y sistemas disefiados se han
implementado modelos tanto del tractor como de los diferentes componentes del
sistema de guiado y se han implementado los algoritmos y leyes de control
desarrolladas en cada uno de los articulos. Estos modelos de simulacion se han
sometido a las mismas pruebas que el sistema real y han servido, por un lado, para la

validacion inicial de los algoritmos proporcionando unos resultados previos y, por otro,
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para evaluar el buen comportamiento de modelo y algoritmos. Estos se han ratificado

posteriormente con los experimentos reales.

4.1.6.Realizacion de experimentos reales

La simulacién de los sistemas proporciona un método muy econémico para obtener un
primer andlisis y unos primeros resultados. Sin embargo, debido a parametros
externos, errores en el modelado o falta de definicién en el modelo, los resultados
obtenidos en simulacién no suelen coincidir totalmente con los resultados reales. Por
este motivo, todos los desarrollos de esta tesis se han validado mediante
experimentos reales de campo. Estas pruebas, sin embargo, no se han realizado en
todo tipo de condiciones del terreno, sino en unas especificas. Por lo tanto, los datos
proporcionados no presentan el total de los casos a estudiar, pudiendo obtenerse

resultados algo diferentes en condiciones diferentes.

4.1.7.Analisis de resultados y extraccion de conclusiones

Una vez obtenidos los datos de las simulaciones y de los experimentos reales, es
necesario analizarlos para evaluar si los resultados obtenidos son los esperados; si los
resultados experimentales coinciden con los resultados de simulacion; y para extraer
conclusiones sobre el comportamiento del sistema, validez de los métodos
desarrollados, y datos concretos de funcionamiento, como rango de velocidad,

estabilidad, etc.

4.1.8.Publicacion del estudio

Una vez realizado todo el trabajo es necesario documentarlo y tratar de publicarlo para
dar a conocer estos estudios en la literatura cientifica. Este paso, aunque es el paso
final, no es el menos importante, puesto que es el que da a conocer el trabajo y hace
gue pueda ser utilizado como referencia para otros autores. En este trabajo ademas
hay que prestar gran atencion para que pueda ser aceptado por prestigiosas revistas

cientificas.

4.2. Metodologia especifica

Tal y como se ha visto en el apartado anterior, la metodologia generar seguida a lo
largo de la tesis se basa en la metodologia cientifica. A continuacién, en esta seccién

se describirdn procedimientos concretos que se han seguido en la tesis bien para la
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realizacion de experimentos reales, para el planteamiento de estudios concretos, o

para la demostracion tedrica de los algoritmos propuestos

4.2.1.Control y calibracion de la direccion del tractor

El control de la direccion del tractor afecta directamente a la precision y retardos en el
guiado. Por este motivo es necesario tener una rapida respuesta y sin oscilaciones en
el control de la direccién. Para el control de la direccion se ha empleado légica difusa y
se ha configurado el sistema para obtener un tiempo de respuesta de 0.2 segundos de
forma sobre-amortiguada, de forma que este tiempo de respuesta no tenga gran

influencia sobre las leyes de control y sensores a las velocidades de estudio.

Para la implementacion de la I6gica difusa se han utilizado funciones triangulares
divididas en tres intervalos en funcién del error de posicionamiento cometido. Este
error podia ser pequefio, mediano y grande. La Figura 6 muestra estas funciones de

l6gica difusa.

Far gain Far gain

Middle gain Middle gain

Near gain

Ramp
Final point

Figura 6: Funciones de logica difusa utilizadas en el control de la direccién del tractor.

4.2.2.Consideracion de error para los receptores

Para los sistemas de guiado se definen dos tipos de error (August et al, 1994; ISO,
2008; IS0, 2009): precision relativa que seria la capacidad de un sistema de
proporcionar medidas cercanas en un periodo de tiempo; precision absoluta o
exactitud que seria la capacidad del sistema de medida de proporcionar medidas
cercanas al valor final. Esta consideracién de errores es muy importante en estos
sistemas, puesto que en la mayor parte de aplicaciones agricolas lo mas importante es

tener medidas precisas pero en un plazo de tiempo corto (10-15 min), que suele ser el
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tiempo transcurrido entre pasadas consecutivas de una tarea. Esta caracteristica
puede permitir que receptores no tan precisos puedan aplicarse en los sistemas de
guiado agricolas si son capaces de mantener la precision en un periodo de tiempo
corto.

4.2.3.Analisis de precision de receptores

Uno de los parametros que mas influyen en la precisién en un sistemas de guiado
autobnomo agricola por GPS es la precision del sensor de posicionamiento utilizado. En
esta tesis, se han utilizado receptores de bajo coste como sensores de
posicionamiento, los cuales son receptores poco precisos. Por este motivo,
inicialmente se ha evaluado la precision de estos receptores con la intencion de validar
si es suficiente para estos sistemas. Para ello, se han tomado datos de tres receptores
diferentes, durante varias horas y en diferentes dias y se han contrastado los
resultados de cada uno de los receptores, calculando, por un lado, el error absoluto y
la desviacion estandar, por otro, la exactitud del receptor y, por otro, el error relativo en
un periodo de tiempo de 15 minutos, utilizado cominmente en agricultura (August et
al, 1994; IS0, 2008; I1SO, 2009).

4.2.4.Ajuste de leyes de control

El ajuste de la ley de control es muy importante en el comportamiento de los sistemas
de guiado puesto que con este ajuste es posible modificar la respuesta del sistema
modificando el tiempo y el sobrepaso en el seguimiento de un escalén. En estos
trabajos de investigacion, se han realizado comparativas de leyes de control tanto en
el seguimiento de una linea recta, en el seguimiento de un escalén o en el de una
trayectoria curva. El ajuste de las leyes se ha realizado en la mayor parte de los casos
de forma experimental partiendo de las constantes obtenidas de las simulaciones. Este
ajuste experimental se ha hecho de tal forma que se obtuviese el maximo rendimiento
de la ley de control con un sobrepaso similar de forma que en todas ellas pudiese
evaluarse el tiempo de respuesta, delimitando, de esta forma, el rendimiento de la ley

con cierta independencia del ajuste.

4.2.5.Tipos de trayectorias

Las trayectorias mas utilizadas en agricultura son las trayectorias rectas, puesto que
facilitan la realizacion de las pasadas y el tratamiento o cobertura de las parcelas

completas. En algunas zonas se encuentran métodos de riego de forma circular, lo
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gue hace que en algunas de estas parcelas se realicen los tratamientos utilizando

trayectorias circulares. En zonas con parcelas pequefias o irregulares muchas veces

no se sigue un patrén concreto si no que directamente se sigue la forma de la parcela.

Por este motivo, en los trabajos realizados en tesis se han realizado estudios del
seguimiento de trayectorias rectas principalmente, estudiando también trayectorias

circulares y la respuesta al escalon.

4.2.6.Leyes de control desarrolladas y demostracion de
estabilidad

4.2.6.1. Criterios de Lyapunov
Para la demostracion de la estabilidad de las leyes de control desarrolladas se han

utilizado los teoremas de Lyapunov y LaSalle. Segun estos teoremas [Khalil, 1996]:

Si X* es un punto de equilibrio del sistema X' = F(x) con F continuamente

diferenciable.

Definicion 1: Una funcidn real continuamente diferenciable L es una funcién de
Lyapunov en un entorno del punto de equilibrio O 3 X* cuando cumple las siguientes

propiedades:

) L>0enelentorno Oy L(X*) = 0.

) VLX) F(X) < 0eno.

y es una funcién de Lyapunov estricta cuando ademas:
) VL(X) - F(X) < 0 en 0/X* (LaSalle).

Con esto se tienen el primer y segundo teoremas de Lyapunov:
Teorema 1: Si existe una funcion de Lyapunov, entonces el equilibrio X* es estable.

Teorema 2: Si existe una funcion de Lyapunov estricta, entonces el equilibrio X* es

asintéticamente estable.

Las leyes de control desarrolladas cumplen estos dos teoremas, por lo que son

asintéticamente estables.
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4.2.6.2. Leyes de control

Trayectorias rectas

El desarrollo de las leyes de control se ha realizado empleando un modelo cinemético
del vehiculo de tipo bicicleta y bajo la suposicién de no deslizamiento. El sistema de
coordenadas utilizado se ha tomado de forma que el eje x coincida con la trayectoria a
seguir y el eje y corresponde a la desviacion de la trayectoria. La Figura 7 muestra la
representacion del tractor, los ejes de coordenadas y cada una de las variables

implicadas en el modelo cinematico del tractor.

<

Figura 7: Modelo del tractor, sistema de coordenadas y variables utilizadas.

Tomando la transformacién de la ecuacion (1) y el sistema de referencia anterior, el

modelo cinematico del tractor queda determinado por las ecuaciones ( 2).

1
r)=ztan6 (1)
y=usinf
0 =un (2)

siendo:

n la nueva variable introducida

L la distancia entre ejes del tractor en m.

6 el angulo de direccion en rad.

v la derivada del error de seguimiento de la trayectoria en m/s.
u la velocidad de avance del tractor en m/s.

6 el rumbo del tractor en rad.
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Para el sistema descrito, el punto de equilibrio se obtiene cuandoy =0y 6 = 0. La ley
de control propuesta para trayectorias rectas es la que se muestra en la ecuacion ( 3).
sin@

1= (3)

donde k; y k; son las ganancias de control.

Para demostrar que esta funcion es estable en el punto de equilibrio, se toma la

funcién de la ecuacion (4).
L=%k1y2+%92 (4)
siendo una funcién positiva en el entorno del punto de equilibrio (propiedad I).
Derivando se obtiene (5):
L=kyy+66 (5)
y sustituyendo las ecuaciones de estado del tractor ( 2 ) se obtiene (6).
L = kyyusin 6 + Oun (6)
Aplicando la ley de control ( 3 ), se obtiene la funcién de la ecuacion ( 7).
L = —k,ub? (7)

Siendo L < 0 y cumpliéndose la propiedad Il. Por lo tanto, la funcion L es una funcion

de Lyapunov.

Ademas, como L = 0 cuando 6 = 0 se cumple la propiedad lll, satisfaciéndose el
Teorema Il de Lyapunov y siendo el punto de equilibrio obtenido de esta ley de control

asintéticamente estable.

Trayectorias circulares
Para el caso de trayectorias circulares se utilizaran coordenadas polares para definir la
trayectoria y el estado del vehiculo. El modelo cinemético del vehiculo en coordenadas

polares, esta descrito por la ecuacién (8 ).
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p =ucos(6 — ¢)
sin(6 — ¢)
i
P (8)
.ou
6 = ztané

donde:

¢ el &ngulo polar en rad.

p el radio polar en m.

u la velocidad de avance del tractor en m/s.
L la distancia entre ejes del tractor en m.

6 el angulo de direccion en rad.

6 el rumbo del tractor en rad.

Los errores en distancia y orientacion estan determinados por las ecuaciones (9)y
(10).

=PP (9)
s
€9=E—(9—¢) (10)
siendo estos errores nulos cuando el tractor sigue la trayectoria.

Sustituyendo los errores de las ecuaciones (9)y (10) en ( 8), se obtiene (11).

€, = usineg
oS ey

e, +p°

i ( tan & COS@g)
€g =Uu|— + "
L e, +p

(11)

Aplicando la transformacién ( 12 ) a las ecuaciénes ( 8 ), el estado del vehiculo queda

determinado por ( 13).

tand cosey
L e, +p* (12)

n=-

€, = usiney
€g = un (13)

Siendo estas ecuaciones las mismas que para el caso de las trayectorias rectas. Por lo
tanto, es posible definir una ley de control de la forma descrita en ( 14 ), tal que, al

igual que en el caso de trayectorias rectas, el punto e, = 0y eg = 0 es asintdticamente

estable.
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kye, 0G0 _ #0
_ )Tk — K28 €9
n= o (14)

—kie, eg =0

4.2.7.Flujo de procesado de lainformacion del receptor GPS y

aplicacion de las leyes de control

La Figura 8 muestra el diagrama de flujo para el procesado de la informacion del
receptor GPS y la aplicacién de las leyes de control.

INICIO J

>0¥<
LECTURA
PUERTO SERIE

DETENER TIMEOUT DECODIF
GUIADO NMEA

MALA SENAL @

SENAL OK
HMI TRANF
COORDENAD

)

L

LEY
CONTROL

CONTROL
DIRECCION

Figura 8: Diagrama de flujo del sistema de guiado implementado.
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En este procesado se realiza una lectura continua del puerto serie que gestiona el
receptor GPS. Los datos recibidos del receptor se procesan y se extraen las tramas
NMEA (National Marine Electronic Association). Las tramas erroneas se descartan.
Para verificar que las tramas son correctas se emplea el codigo de redundancia ciclica
de las mismas (CRC). Las tramas NMEA utilizadas en el proceso son las tramas RMC
(Recommended Minimun Navigation) y GGA (Global Positioning System Fix Data) a
las frecuencias maximas proporcionadas por el receptor. Una vez recibidas estas
tramas se decodifican y se extrae la informacién correspondiente. De la trama GGA se
utiliza la informacion de HDOP (Horizontal Dilution of Precision) y el nimero de
satélites. Esta informacion se utiliza para detener el motor si la recepcion no es lo
suficientemente buena para el guiado y para informar al operador del sistema. De las
tramas RMC se extrae la informacion del posicionamiento. Esta informacion, en
coordenadas geodésicas, se transforma a coordenadas planas UTM utilizando el
elipsoide definido por el datum WGS84. Una vez transformadas, con la informacién de
la trayectoria se aplica la ley de control y se obtiene la posicion de la direccion
necesaria para el seguimiento de la trayectoria que se introduce al controlador de

direccion.
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5. Conclusiones

En esta seccién se resumen los principales resultados obtenidos en las diversas

publicaciones llevadas a cabo a lo largo de esta tesis doctoral.

e Conclusioén 1: Es posible realizar el guiado autbnomo de un tractor
agricola con un receptor GPS de bajo coste con una frecuencia de

actualizacién de 1 Hz como Unico sensor de posicionamiento a una

velocidad de hasta 9 km/h. A una velocidad superior, el sistema se hace

inestable.

e Conclusién 2: El error de posicionamiento relativo aproximado para un
receptor GPS de bajo coste es de 1 m para un intervalo de tiempo no
superior a 15 minutos. Tal y como se ha analizado en la publicacion 1 del

compendio, el error en el guiado puede ser calculado como la suma del error

estatico relativo de posicionamiento del receptor mas el error de guiado

autobnomo o tracking de la trayectoria. Como consecuencia, se ha analizado el

error de posicionamiento relativo para tres receptores de bajo coste del

mercado, tres dias diferentes, obteniendo un error RMS aproximado de 1 m

sobre la media de las medidas, para un intervalo de tiempo no superior a 15

minutos.

e Conclusion 3: El error de guiado aproximado entre pasadas consecutivas

trazadas en un intervalo de tiempo inferior a 15 minutos utilizando

receptores de bajo coste es de 1.25 m. El error de guiado obtenido para tres

leyes de control evaluadas con este tipo de receptores es inferior a 0.25 m para

el seguimiento de una linea recta. Teniendo esto en cuenta, el error relativo o

entre pasadas (ISO, 2008) en el guiado sera inferior a 1.25 m el 95% del

tiempo para trayectorias trazadas con un tiempo inferior a 15 minutos. Este

error puede ser suficiente para algunas tareas agricolas de gran ancho de

trabajo, como la distribucién de fertilizantes minerales u organicos.

e Conclusion 4: El comportamiento de las leyes de control proporcional

orientacién-distancia, vector pursuit y controlador cuadratico lineal (LRQ)

comparadas en la primera publicacién del compendio es similar y esta

muy condicionado por el ajuste de las mismas. De la comparacién de la

respuesta escalén y del seguimiento en linea recta con las tres leyes de control

evaluadas, puede extraerse que el comportamiento es similar para todas ellas

y que esta muy condicionado por el ajuste de las mismas.
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Conclusién 5: Se han desarrollado dos leyes de control asintéticamente
estables, una para lineas rectas y otra para circunferencias, sin puntos
singulares y se ha demostrado su estabilidad tanto te6rica como
experimentalmente. Uno de los problemas de las leyes de control analizadas
en la primera publicacion del compendio es que tienen puntos singulares donde
no son estables y que solo sirven para el seguimiento de trayectorias rectas.
Por este motivo, en la segunda publicacion del compendio se han desarrollado
dos leyes de control asintéticamente estables, una para trayectorias rectas y
otra para trayectorias curvas, y se ha demostrado su estabilidad te6ricamente
mediante el criterio de Lyapunov-LaSalle y experimentalmente mediante
simulacién y pruebas de campo.

Conclusién 6: Colocar la antena del receptor GPS en la parte delantera del
tractor, favorece el guiado de un tractor agricola. Esto se debe a que la
direccion del tractor se encuentra en la posicion delantera, por lo que los
giros producen un mayor desplazamiento del vehiculo en esta zona,
permitiendo ser detectado mucho antes que en la parte trasera y mas aun si el
receptor no es preciso.

Conclusién 7: Se ha desarrollado un método geométrico que traslada la
posicion de la antena de un receptor GPS en una posicion adelantada del
vehiculo al punto de giro del vehiculo y se ha demostrado como este
método favorece a la estabilidad y precision de un sistema de guiado con
un receptor GPS de bajo coste. Este método permite calcular el estado del
vehiculo a partir de los datos proporcionados por un receptor GPS de bajo
coste y el modelo cinematico del vehiculo. En las pruebas experimentales se
ha comprobado como el guiado utilizando este método permite una reduccion
del error RMS de guiado de 32 a 4.8 cm a una velocidad de 1 m/s con un

adelanto de la antena del receptor de 5 m.
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6. Lineas futuras

Tal y como se ha visto a lo largo de esta memoria, uno de los principales problemas de
un sistema de guiado agricola es la determinacién del estado del vehiculo de forma
precisa y con un coste reducido. Los receptores GPS de bajo coste mejoran cada dia
sus prestaciones haciendo que ya sea posible utilizarlos para algunas tareas agricolas,
sin embargo, para otras muchas tareas agricolas la precision de estos receptores
todavia esta bastante limitada. Los sensores de tipo inercial como giréscopos y
acelerometros han ido reduciendo su coste, con unas prestaciones aceptables, gracias
a la tecnologia MEMS. Los sensores de tipo radar o ultrasonidos para la medida de la
velocidad de un vehiculo son cada vez mas populares. Por lo tanto, uno de los
primeros pasos a realizar en la mejora del sistema es la fusion de los datos de
posicion proporcionados por los receptores de bajo coste, combinados con el algoritmo
geomeétrico de posicionamiento desarrollado en esta tesis, con sensores de tipo
inercial y con el modelo del vehiculo, el cual puede ser mejorados gracias a los datos
de sensores en el propio vehiculo como un radar para la medida de la velocidad real,
encoders en las ruedas para conocer el deslizamiento del vehiculo y un sensor de

posicidén para conocer la orientacion de la direccion.

La fusién de datos del receptor GPS, sensores de tipo inercial y del estado del
vehiculo influiran en el tiempo de respuesta y estabilidad del sistema lo que permitira
trabajar en peores condiciones y a mayor velocidad. Sin embargo, la precision final
seguird estando muy influenciada por la precision del receptor. El desarrollo de los
receptores diferenciales de fase junto con el abaratamiento de los receptores que
proporcionan datos "raw", permite el desarrollo de sistemas diferenciales de bajo
coste. Este seria otro aspecto a desarrollar, un receptor diferencial, de una o varias

frecuencias y estudiar su precision.

La incorporacién de sensores inerciales permitird determinar la actitud del vehiculo.
Los terrenos agricolas se encuentran en ocasiones en terrenos con pendiente de
hasta 30°. Estas inclinaciones producen errores en el sistema de guiado. La
incorporacion de estos datos y la correccion de estos errores seria un aspecto clave

de estudio.

En cuanto al control, la dinamica del vehiculo hace que, incluso siendo posible, la
velocidad influya sobre el confort de conduccién en trayectorias curvas. Por lo tanto,

un aspecto a estudiar seria la adaptabilidad de la respuesta de la ley de control en
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funcién de la velocidad, de forma que se garantice tanto la seguridad del vehiculo

como el confort de conduccion.

42



PARTE |: RELACION TEMATICA DE LAS PUBLICACIONES

7. Relacion tematica de las

publicaciones

El guiado auténomo agricola forma parte de la agricultura de precisién en cuanto a que
permite distribuir de una forma mas uniforme semillas, herbicidas y fertilizantes, sin
desperdiciar productos como consecuencia de solapes innecesarios y sin dejar zonas
sin tratar, reduciendo el tiempo de trabajo y la fatiga del conductor. Por este motivo, el
guiado auténomo agricola ha sido una de las areas mas estudiadas en la literatura
cientifica. En concreto, el guiado autébnomo agricola por GPS ha sido una de las
técnicas mas empleadas, puesto que constituye una solucion global, sin necesidad de
marcas en la parcela y con independencia de las condiciones atmosféricas o de
visibilidad. Sin embargo, en las soluciones propuestas en la literatura cientifica, el tipo
de receptores GPS preferentemente empleados son del tipo RTK-CDGPS, siendo
receptores muy caros y dificiles de manejar, constituyendo esto un problema para la
expansion a gran escala de estos sistemas. Por este motivo, el abaratamiento de
estos sistemas y la utilizacién de receptores GPS mas econdmicos ha constituido el
tema principal de esta tesis. De hecho, en el primer articulo se analiza la posibilidad de
realizar el guiado con este tipo de receptores. En primer lugar se analiza la precisién
relativa de los mismos, para después analizar la precision en el guiado con tres
diferentes leyes de control utilizadas en varios importantes articulos cientificos
anteriores. La problematica vista en estas leyes de control, con puntos de criticos,
junto con la mayor inestabilidad del guiado con estos como consecuencia de la menor
tasa de refresco de estos receptores y la menor precisién, ha propiciado el desarrollo

de los dos siguientes articulos presentados como parte de este compendio.

En el segundo articulo del compendio, se desarrollan dos leyes de control que
solucionan algunos de los problemas vistos en las leyes de control estudiadas en el
primer articulo. Esto es, son asintéticamente estables, sin puntos criticos de
inestabilidad y, ademas, se desarrollan para el guiado en curvas, aspecto muy poco
estudiado en la literatura cientifica. La estabilidad ademéas se demuestra de forma

tedrica mediante los criterios de Lyapunov.

Finalmente, en el tercer articulo, se desarrolla un método geométrico que aumenta la

estabilidad del sistema de guiado con receptores GPS de bajo coste, permitiendo guiar
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al tractor de forma autébnoma a mayor velocidad y realizando el filtrado de los datos de
estos receptores de forma natural.
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8. Contribuciones originales

A lo largo de esta tesis se han realizado diversos estudios y desarrollos que han
partido de la necesidad del abaratamiento de los sistemas de guiado desarrollados en
la literatura cientifica. Tras un profundo analisis de la literatura cientifica y del estado
del arte en el guiado agricola se ha determinado que los sistemas de posicionamiento
global por satélite (GPS) constituyen una de las mejores fuentes para la determinacion
del estado del vehiculo, puesto que proporcionan una posicién global, con
independencia de las condiciones ambientales o visuales y sin necesidad de balizas,
marcas sobre la tierra u otros sistemas que pudiesen complicar la instalacion del
sistema. Sin embargo, en la literatura cientifica se han utilizado cominmente los caros
sistemas diferenciales RTK-CDGPS, siendo muy pocos estudios los que tratan sobre
receptores GPS de bajo coste (Peters & Evett, 2005; Devlin et. al., 2007; Willson, et.
al., 2000; Reid, et. al., 2000; Auernhammer, 2008; Li, et. al. 2009), siendo aun menos,
los articulos que tratan sobre la aplicacion de estos receptores para el guiado autnomo
agricola (Guo, et. al., 2003). Por lo tanto, como contribuciones originales de esta tesis

se pueden enumerar:

e Andlisis y estudio de la precision de los receptores GPS de bajo coste
para el guiado agricola. Este analisis se ha realizado centrandose en la
precision relativa para un periodo de tiempo de 15 minutos, puesto que es el
tiempo aproximado entre pasadas tal y como establece la norma ISO/DIS
12188-1. Diversos estudios han realizado con anterioridad el estudio de la
precision de los receptores GPS para agricultura (Devlin et. al., 2007; GanMor
et. al., 2007; Sama et. al., 2009; Valbuena et. al., 2010), sin embargo,
centrandose en una precisién absoluta y de forma totalmente diferente a la
desarrollada en este trabajo.

e Comparacion de tres leyes de control con receptores GPS de bajo coste.
En la literatura cientifica cominmente se han desarrollado leyes de control
(O'connor et. al., 1996; Stoll & Kutzbach, 2000; Tuillot et. al., 2002), e incluso
algunos trabajos emplean las mismas leyes de control. Sin embargo, en el
estudio del estado del arte no se ha encontrado ningun trabajo publicado en el
cual se comparen varias de estas leyes de control. Ademas, en este caso,
estas leyes se aplican para receptores GPS de bajo coste.

e Propuesta de dos leyes de control, una para trayectorias rectas y otra

para trayectorias circulares, asintdéticamente estables y sin puntos
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singulares para cualquier orientacion del vehiculo. El buen comportamiento
de estas leyes de control se ha demostrado tanto teérica como
experimentalmente. El desarrollo se ha realizado a partir del modelo cinemético
del vehiculo.

Desarrollo de un algoritmo para la determinacion del estado de un tractor
agricola a partir de los datos de un receptor GPS con la antena colocada
en una posicién adelantada en el tractor. La mayor parte de los trabajos
realizados en la literatura cientifica que utilizan como sensores de
posicionamiento el GPS (Reid, et. al., 2000), sitian éste sobre la cabina del
tractor en el punto de interseccion entre el eje trasero del tractor y la linea
longitudinal de simetria del mismo. Esto es debido a que este punto es el
origen de coordenadas del modelo, puesto que es el punto sobre el que gira el
vehiculo. En esta tesis se ha analizado y demostrado como la colocacion del
receptor sobre un punto adelantado mejora la respuesta y estabilidad del
sistema de guiado y como, aplicando el método desarrollado, se puede
conseguir una reduccién de error para un GPS de bajo coste de 32 a 4.8 cm

RMS a una velocidad de 1 m/s con un adelanto del receptor de 5 m
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9. Aportaciones cientificas

En esta seccion se presentan las aportaciones cientificas relacionadas con la tesis asi
como otras aportaciones en las que el autor ha participado pero que no constituyen
parte del compendio.

9.1. Aportaciones cientificas relacionadas con la tesis

Esta seccion presenta los datos de las aportaciones cientificas que se incluyen como
parte del compendio. La Figura 9 muestra los datos del autor en la base de datos
Scopus editada por Elsevier. Segun la base de datos Scopus (Scopus) de la editorial
Elsevier, el indice h (h-index) del autor es 2. El nUmero de articulos publicados es 6,
con un total de 37 citas. Los articulos incluidos en el compendio tienen un total de 13

citas.
Alonso-Garcia, Sergio About Scopus Author ldentifier
Universidad de Valladolid, Department of Signal Theory, Other name formats: Alonso-Garcia
Communications and Telematics Engineering, Valladolid, Spain Alonso-Garcia, Sergio

Alonso-Garcia
Author ID: 41760965800

Documents: &
Citations: 37 total citations by 26 documents
hHindex: 2 @ =
0
Subject area: Engineering, Chemistry

Co-authors:

6 Documents | Cited by 36 documents | 10 co-authors

6 documents Sorton: Date Cited by
o T - Set document feed
AKalman filter implementation for precision improvement in Low-Cost GPS 2013 Sensors (Switzerland)

positioning of tractors

Development and validation of globally asymptotically stable control laws for 2011 Applied Engineering in Agriculture 1]
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A continuacion, se detallan los datos de cada una de las publicaciones del compendio,
incluyendo tanto los datos del propio articulo como los datos de la revista en la que se

publica.
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9.1.1.Articulo 1 del compendio

El primer articulo del compendio (Alonso-Garcia, et. al., 2011) tiene por titulo
Evaluation of the use of low-cost GPS receivers in the autonomous guidance of
agricultural tractors y cubre los objetivos 1y 2 de esta tesis. En él se estudia la
precision de los receptores GPS de bajo coste y su adecuacion para el guiado
agricola, analizando la precision total en el guiado utilizando tres leyes de control
diferentes.

Este articulo se publicé en la revista Spanish Journal of Agricultura Research en el afio
2011. El factor de impacto de la revista en este afio segun el JRC era de 0.615. El
factor de impacto en 5 afios 0.724 y estaba posicionada en el cuartil 2 en el area
Agriculture/Multidisciplinary.

Este articulo ha sido citado 2 veces (JCR) a fecha de realizacién de la tesis.

9.1.2.Articulo 2 del compendio

El segundo articulo del compendio (Gomez-Gil, et. al., nov 2011) tiene por titulo
Development and Validation of Globally Asymptotically Stable Control Laws for
Automatic Tractor Guidance y cubre los objetivos 3 y 4 de esta tesis. En él se
desarrollan dos nuevas leyes de control para el guiado agricola y se demuestra su

estabilidad de forma tedrica y experimental.

Este articulo se publicé en la revista Applied Engineering in Agriculture en el afio 2011.
El factor de impacto de la revista en este afio segun el JRC era de 0.526. El factor de

impacto en 5 afios 0.78.

9.1.3.Articulo 3 del compendio

El tercer articulo del compendio (Gomez-Gil, et. al., jun 2011) tiene por titulo A Simple
Method to Improve Autonomous GPS Positioning for Tractors y cubre los objetivos 5, 6
y 7 de esta tesis. En él se estudia la influencia de la colocacion del receptor GPS sobre
el tractor agricola y como afecta al guiado, tanto en precisién, como en estabilidad y
respuesta y se desarrolla un método geométrico que permite obtener el estado del

vehiculo a partir de una posicién adelantada del receptor.

Este articulo se publicé en la revista Sensors en el afio 2011. El factor de impacto de
la revista en este afio segun el JRC era de 1.739. El factor de impacto en 5 afios 2.06

y estaba posicionada en el cuartil 2 en las &reas Analitical Chemistry , Atomic and
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Molecular, Phisics and Optics , Medicine(Miscelaneous) , Electrical and Electronical
Engineering.

Este articulo ha sido citado 11 veces (JCR) a fecha de realizacion de la tesis.

9.2. Otras aportaciones cientificas no relacionadas con

la tesis

En esta seccidn se presentan otros articulos cientificos, congresos, conferencias,
revisiones de articulos o publicaciones en revistas divulgativas en las que ha

colaborado el autor, pero que no se presentan como parte del compendio.
9.2.1.Articulos cientificos

9.2.1.1. A Kalman filter implementation for precision improvement in
low cost GPS positioning of tractors

En este articulo (Gomez-Gil, et. al., 2013) se presenta un filtro de Kalman para el

filtrado de los datos de receptores GPS de bajo coste para el guiado agricola. Muchos

de estos receptores proporcionan pocos decimales en los datos que proporcionan por

lo que el error de cuantizacion es grande. Este filtro elimina parte de estos errores de

cuantizacion vy filtra el ruido derivado del movimiento del tractor.

Este articulo se publicé en la revista Sensors en el afio 2013. El factor de impacto de

la revista en este afio segun el JCR era de 2.048.

Este articulo ha sido citado 3 veces (JCR) a fecha de realizacion de la tesis.

9.2.1.2. Steering a tractor by means an EMG-based human machine
interface

En este articulo (Gomez-Gil, et. al., jul 2011) se presenta la aplicacion un interfaz

electromiographic (EMG) para el guiado de un tractor agricola. El sistema se entrena y

se conecta con la direccion del tractor para el guiado por diferentes tipos de

trayectorias. El control se realiza detectando el movimiento de los ojos.

Este articulo se publicé en la revista Sensors en el afio 2011. El factor de impacto de
la revista en este afio segun el JRC era de 1.739. El factor de impacto en 5 afios 2.06

y estaba posicionada en el cuartil 2 en las areas Analitical Chemistry , Atomic and
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Molecular, Phisics and Optics , Medicine(Miscelaneous) , Electrical and Electronical
Engineering.

Este articulo ha sido citado 14 veces (JCR) a fecha de realizacion de la tesis.

9.2.2.Congresos

En esta seccidn se presentan los trabajos presentados en congresos y conferencias
durante el tiempo de la realizacién de la tesis.

9.2.2.1. CISSE Conference 2008

Es una conferencia internacional de tipo electrénico organizada por la Universidad de
Bridgeport en la cual se presentan articulos tecnoldgicos sobre éreas variadas. Los
articulos presentados se publican posteriormente en forma de libro editado por la
editorial Springer. El autor presenté el articulo titulado: Design, development and
implementation of a steering cotroller box for an automatic agricultural tractor guidance
system, using fuzzy logic (Carrera-Gonzalez, et. al., 2008), en el cual se desarrolla una
caja de control para la direccién de un tractor agricola y se realiza una comparacion de

diferentes métodos de control.

El articulo fue publicado posteriormente en el libro Technological Developments in

Education and Automation de la editorial Springer (Iskander, et. al., 2010).

9.2.2.2. [l Jornadas Ibero-Americanas de Agricultura de Precicao
Congreso internacional sobre agricultura de precision realizado en Evora (Portugal) los
dias 2 y 3 de marzo de 2010. En este congreso se present6 una revision del estado

del arte en el guiado agricola (Alonso-Garcia, Gomez-Gil, 2010), junto con un poster.

9.2.3.Articulos de revista divulgativa

En este caso se presentan articulos publicados en revistas de tipo divulgativo.

9.2.3.1. Agricultura de precision: la nueva revolucién agricola
Articulo publicado en la revista Tierras (Alonso-Garcia, Gomez-Gil, feb 2010) que trata
sobre la agricultura de precision. En este articulo se presentan las bases y las
principales ventajas de la Agricultura de Precision y se realiza un pequefio repaso por

los principales sistemas que abarca. Entre estos sistemas se describen los sistemas
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de posicionamiento GPS, los sistemas de guiado, los sistemas de siembra, abonado y
fumigacion variable, los sistemas de documentacion y realizacién de mapas de
rendimiento y diversos robots empleados para la realizacion de diversas labores
agricolas.

9.2.3.2. La extension del GPS en la agricultura: receptores GPS de
bajo coste para el guiado agricola

Articulo publicado en la revista Tierras que trata sobre la aplicacién de los receptores

de bajo coste para el guiado agricola.

9.2.3.3. Una implementacion del filtro de Kalman para la mejora de la
precisién en el posicionamiento de tractores basado en receptores
de bajo coste

Articulo publicado en la revista Mapping (Ruiz-Gonzalez, et. al., 2014) que trata sobre

la aplicacion del filtro de Kalman para el filtrado de los datos de posicion procedentes

de un receptor de bajo coste para el guiado agricola.

9.2.4.Empresa

El autor, a partir de los conocimientos adquiridos durante la realizacion de sus
estudios, proyecto fin de carrera, la realizacion de estudios de esta tesis y el trabajo en
la empresa privada, en el afio 2009 registré la marca tractorDrive®, marca bajo la cual
ha desarrollado y comercializa sistemas de guiado por GPS para maquinaria agricola
(www.tractordrive.es). Las figuras Figura 10 y Figura 11 muestran algunos de los

productos comercializados bajo la marca.
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A tractorDrive ®

~~=a Technology for Agriculture
RECEPTORES GPS

tractorDrive®-Avanzado tractorDrive®-Avanzado+

Un receptor econémico ideal La mejor relacion calidad-preciio.

para aplicaiones que no Muy buena precision para
requireran gran tratamientos de herbicida
precision. y abonado

tractorDrive®-Alta Precisién-E tractorDrive®-Alta Precision

Receptor de gran precision en
todos las situaciones

Muy estable frente a
multipath y a un buen

precio. Precision entre
pasadas aprox. 15-25 cm.

EQUIPOS DE GUIADO
tractorDrive®-Mobile 8P Avanzado

Tablet 8" Intel, 1GB RAM, 16GB, GPS, Bluetooth
Receptor GPS tractorDrive®-Avanzado

La méaxima precision en

todas las situaciones.

Ideal para la mayor parte

de trabajos agricolas.

Precision entre pasadas de 10-15 cm 95%.
GPS + GLONASS + EGNOSS. GL1DE

tractorDrive®-Mobile 8P Avanzado+

Tablet 8" Intel, 1GB RAM, 16GB, Bluetooth
Receptor GPS tractorDrive®-Avanzado+

tractorDrive®-Mobile 8P Alta Precisién-E
Tablet 8" Intel, 1GB RAM, 16GB, GPS, Bluetooth
Receptor GPS tractorDrive®-Alta Precision-E

tractorDrive®-Mobile 8P Alta Precision

Tablet 8” Intel, 1GB RAM, 16GB, Bluetooth
Receptor GPS tractorDrive®-Alta Precision

tractorDrive ®
~~=m Technology for Agriculture

EL GPS AGRICOLA AL ALCANCE DE TODOS

www.tractordrive.es

info@tractordrive.es

® (1)

Figura 10: Catalogo de productos tractorDrive ™ *~.

A tractorDrive ®

~~=a Technology for Agriculture

DESCRIPCION

tractorDrive®-Mobile es una linea de sistemas de guiado agricola 0 GPS agricola disefiada
para cumplir las necesidades de los agricultores mas exigentes. Estan basados en tablets
Android de Ultima generacion, lo que le convierte en uno de los sistemas més econémicos

y polivalentes del mercado, puesto que ademas de ser utilizados como sistemas de guiado,
puede utilizarlos para navegar por internet, tomar fotos, escuchar misica o ver peliculas

La aplicacion de guiado es una de las mas completas teniendo caracteristicas como diversos
tipos de patrones de guiado, medidas de éreas totales, parciales y distancias, indicacién

de velocidad y corte de secciones y poseer una avanzada base de datos para la gestion

de los trabajos realizados. Todo ello ademas realzado por el buen servicio y soporte técnico
que llevamos proporcionando a nuestros clientes durante los Gltimos afios.

COMPONENTES

> Tablet Android de 8" de Ultima generacion con pantalla IPS capacitiva
multitouch y procesador Intel Atom 1.83 GHz, 1GB de RAM y
16GB de almacenamiento interno.

> Receptor GPS de altas prestaciones

> Adaptador de alimentacion AC-DC 220V
> Adaptador de alimentacion tipo mechero 12V
> Adaptator Bluetooth® tractorDrive®-BT

> Tarjeta micro-SD con licencia tractorDrive-Mobile y manual de usuario

> Soporte metalico tablet con tornillos de sujeccion

> Soporte metalico antena
> Funda para la tablet

A tractorDrive ®

“~=a Technology for Agriculture

CARACTERISTICAS

> Gran pantalla IPS a color para mejorar la visibilidad con el sol
> Marcacion de zonas tratadas y sin tratar y solapes

> Marcacion del contorno de la parcela

> (Calculo del area total, parcial y distancias de la parcela

> Diversos tipos de patrones de guiado: rectas, curvas y circunferencias
> Indicacién de guiado mediante flechas facil e intuitiva

> Definicion completa y precisa del accesorio

> Indicacion de corte de secciones

> Base de datos para el almacenamiento de jos

> Zoom y representacion en perspectiva 2D y 3D

> Tres configuraciones de color: dia, noche y marrén-verde

=y=c

® (2)

Figura 11: Catélogo de productos tractorDrive™ *“.
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Actualmente se encuentra en el desarrollo/industrializacion de un sistema de guiado
autébnomo y un sistema de control de secciones. Puede encontrarse un video de unas
pruebas de guiado auténomo en la direccion web:

https://www.youtube.com/watch?v=IdXStgO6Yio.
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PARTE II: ARTICULO 1 DEL COMPENDIO

1. Articulo 1 del compendio

1.1. Datos del articulo

Los datos del articulos son los siguientes:

e Titulo: Evaluation of the use of low-cost GPS receivers in the autonomous

guidance of agricultural tractors
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Abstract

This paper evaluates the use of low-cost global positioning system (GPS) receivers in the autonomous guidance of
agricultural tractors. An autonomous guidance system was installed in a 6400 John Deere agricultural tractor. A low-
cost GPS receiver was used as positioning sensor. Three different control laws were implemented in order to evaluate
the autonomous guidance of the tractor with the low-cost receiver. The guidance was experimentally tested with the
tracking of straight trajectories and with the step response. The total guidance error was obtained from the receiver
accuracy and from the guidance error. For the evaluation of the receiver’s accuracy, positioning data from several low-
cost receivers were recorded and analvzed. For the evaluation of the guidance error, tests were performed with each
control law at three different speeds. The conclusions obtained were that relative accuracy of low-cost receivers
decreases with the time; that for an interval lower than 15 min, the error usually remains below 1 m; that all the control
laws have a similar behavior and it is conditioned by the control law adjustment; that automatic guidance with low-
cost receivers 1s possible with speeds that went up to 9 km h™'; and finally, that the total error in the guidance is mainly
determined by the receiver’s accuracy.

Additional key words: control law; fuzzy logic; inertial navigation system (INS); linear quadratic regulator; step
response; trajectory tracking.

Resumen

Evaluacion del uso de receptores GPS de bajo coste en el guiado autonomo de tractores agricolas

Este articulo evalia el uso de receptores de posicionamiento global (GPS) de bajo coste en el guiado autonomo de
tractores agricolas. Para ello, se instalé un sistema de guiado auténomo en un tractor John Deere 6400. Como sensor
de posicionamiento se utilizd un Gnico receptor GPS de bajo coste. Se implementaron tres leves de control diferentes
para la evaluacion del guiado con el receptor GPS de bajo coste. Se realizaron pruebas de seguimiento de trayectorias
rectilineas y de respuesta escalon. El error de guiado total se obtuvo de la precizion del receptor v del error relativo
instantaneo en el seguimiento de una trayectoria. Para la evaluacion de la precision del receptor, se tomaron vy anali-
zaron datos de posicion de varios receptores. Para la evaluacion del error en el guiado, se realizaron pruebas con ca-
da una de las leyes de control a tres velocidades diferentes. Como conclusiones se ha obtenido que la precision rela-
tiva de los receptores GPS de bajo coste disminuye con el tiempo; que en un intervalo de tiempo inferior a 15 min, la
precision relativa es aproximadamente 1 m; que el comportamiento de las diferentes leves de control es similar vy es-
ta condicionado por el ajuste de las mismas; que el guiado es posible a velocidades de hasta 9 km h™' v, finalmente,
que el error total en el guiade esta principalmente determinado por la precision del receptor.

Palabras clave adicionales: ley de control; logica difusa; regulador cuadratico linear; respuesta escalon; segui-
miento de travectorias; sistema de navegacion inercial (INS).
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Abbreviations used: CDMA (code division multiple access), CV1 (C Virtual Instrument), DC (direct current), DGPS (differential
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systems), GPS (global positioning svstem), INS (inertial navigation system), LRQ (linear quadratic regulator), NMEA (National
Marine Electronics Association), PID (propertional integral derivation), RTK-CDGPS (real time kinematic carrier phase diffe-
rential global positioning system), UTM (universal transverse mercator), WAAS (wide augmentation area system).
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Introduction

Agriculture has experienced enormous advances in
the past century as a result of a mechanical revolution
that has made possible the replacement of animal-
powered equipment with internal combustion engines.
A chemical revolution has made the use of fertilizers
and herbicides ubiquitous. A biological revolution has
produced many varieties of plants and animals more
productive and disease resistant, while an electronic
revolution has allowed the optimization and automa-
tion of numerous tasks (Wilson, 2000; Auernhammer,
2001). One of the most recent modern technologies
making this advance possible (Zhang et al., 2002) is
the global positioning satellite svstem (GPS), and one
of the tasks to which it is being applied is the aufono-
mous guidance of agricultural machinery (Ashraf ef
al., 2003).

The first guidance systems were mechanical (Parish
eral., 1970; Kirk et al., 1976; Busse er al., 1977). Later,
machine vision guidance systems (Billingsley and
Schoenfisch, 1997; Benson ef al., 2003 ) and GPS gui-
dance svstems (Keicher and Seufert, 1999) were deve-
loped. Today, GPS guidance systems are the most popular.

Autonomous guidance svstems can be divided into
two groups: relative positioning systems and absolute
positioning systems (Slaughter ef al., 2008). Relative
positioning systems are those that use relative refe-
rences to the current or previous position of the tractor.
Forexample, vision svstems (Subramanian ef al., 2006)
that use the line of separation between the previous tra-
jectory and the current one, or systems that use a laser
reference (Leemans and Destain, 2007). On the other
hand, absolute positioning systems use an external and
global reference. Of these systems, the most widespread
are those based on global navigation satellite systems
(GNSS) (Stafford, 1999; Gan-Mor et al., 2007).

The accuracy of autonomous GPS guidance svstems
depends on many variables. The most important is the
accuracy of the GPS receiver. The accuracy of GPS
receivers depends strongly on the employment of one
or two frequencies and the use of differential correc-
tions. Another variable that influences the accuracy is
the frequency with which the GPS receiver supplies
the positioning information. This frequency is usually
in the range of 1 to 20 Hz. Thus, based on these varia-
bles, it is possible to reduce errors from several meters
to a few centimeters with differential corrections. Pre-
cise real time kinematic carrier phase differential global
positioning systems (RTK-CDGPS ) have been usually

used in the scientific literature (Noguchi er al., 1998;
Reid er al., 2000; Thuillot ef al.. 2002; Lenain et al.,
2006; Gan-Mor ef al., 2007). Positioning rates of 5 Hz
or more have been used. No studies in the scientific
literature analyze with detail the viability and precision
of autonomous agricultural guidance svstems based
on low-cost single frequency GPS receivers that provi-
de one position per second.

The tracking method or the guidance control has a
great influence on the accuracy of the svatem. Control
must allow quick approximation to the path without
oscillations. Guidance control has been studied in many
articles offering different control laws and technolo-
gies. One of the most common methods for the autom-
atic guidance of an agricultural tractor, due to its sim-
plicity and excellent results at low speeds, is the method
that takes an advanced point on the path and then either
points the front wheels directly at this point, or applies
a steering angle proportional to the difference of orien-
tation between this vector and the tractor (Gerrish er
al., 1997). A second method, also simple and commonly
used, applies a proportional control to the distance and
the difference of orientation between the path and the
tractor trajectory (Noguchi et al., 1998; Stoll and
Kutzbach, 2000). However, the problem of this method
is the loss of stability when the distance to the trajec-
tory is increased. A third method is connected with the
theory of state variables (Benner and Fafbender, 1999)
and its derivations. Previous studies have looked at hy-
brid control systems (O’ Connor ef al., 1996 Cordesses
et al., 1999, Thuillot et al., 2002), which use «coarses»
control laws when the errors are big and «thiny» laws
when they are small. Linear quadratic regulators (LRQ)
were used for the «thinw» control law. For resolving
these problems, adaptive controllers have been used
(Zhang er al., 2003; Lenain ef al., 2006). Another more
complex method is called chained systems. Here, a
lineal model is abtained from the state model applying
first order chained derivations (Lenain er al., 2006).
Finally, studies have also been carried out in which the
control was implemented with fuzzy logic or neural
networks (Blochl and Tsinas, 1994; Zhu er al., 2003).

In order to obtain acceptable precision results, it is
necessarv to have a good steering response. Many studies
have focused on the use of electrohvdraulic valves in
steering (Wu et al., 1999; Garcia-Pérez et al., 2008),
whereas others have looked at a simpler system using
a direct current (DC') motor that turns the steering wheel.

The objective of this paper is to evaluate the use of
low-cost GPS receivers in the autonomous guidance
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of agricultural tractors. For that, three different control
laws were implemented and studied in order to de-
termine the behavior of the system with this kind of
receiver. For every control law the maximum tracking
error for straight trajectories and the step response
were analyzed by means of field automatic guidance
tests. The static accuracy of the receiver was also studied
experimentally. For that, horizontal position data were
taken for fixed positions of the receiver at different
times, evaluating the results. Global accuracy of the
guidance svstem was determined from the precision
of the GPS receiver and the precision of the tracking
system.

Material and methods
Materials

A 6400 John Deere tractor with a maximum power
of 73.5 kw was used for the experimental tests (Fig. 1a).
The steering control was programmed in a microcon-
troller. The actuator was an RE-30 Maxon DC motor
joined by means of a striated pulley to the steering wheel
of the tractor (Fig. 1¢). A GP 32 Maxon reducer gear
adapted the motor turning speed to the steering wheel
speed. The reduction rate was 14:1 for the reducer gear
and 6:1 for the pulley. An MA3 US Digital magnetic
encoder was used to measure the steering angle posi-
tion (Fig. 1b) and an MDO03 power stage was used to
drive the DC motor. The power stage was controlled

through an I2C bus from the microcontroller. The range
of values for this control was 0 to 243. The GPS was a
HI-204111 Haicom, with a refreshment frequency of 1
Hz. The price of this GPS was lower than € 40. This
GPS provides relative good performance with very low
cost. Two other low-cost receivers were used to analyze
the low-cost receiver’s accuracy and its evolution with
time. These receivers were a Garmin 16 and a Garmin
18 5 Hz.

A portable computer was used to control the whole
system. It processed National Marine Electronics
Association (NMEA) frames from the GPS receiver,
calculated the error from the tractor to the desired tra-
jectory and computed the control law for the steering.
Windows XP was the operating system and LabWin-
dows CVI was the development environment. Although
this environment is not a real time system, this is not
a problem due to the low processing frequency (1 Hz).

Methods

The study was focused on rectilinear paths, since
they are the most common shapes in agricultural work.
In order to obtain precise and repeatable results, the
guidance of the tractor was done independent of diffe-
rent factors such as the steering control, the navigation
information measurement and the path position.
Consequently, it was necessary to calibrate and obtain
good conditions for these systems and to hold these
configurations constant for all the tests. Within this

o PR

Figure 1. a) 6400 John Deere used in the test. The red circle indicates the position of the GPS, the white circle the DC motor for
controlling the steering and the yellow circle the magnetic encoder. b) Magnetic encoder used for measuring the steering angle.

¢) DC motor and pulley used for moving the steering.
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section the calibration and configuration of the tractor
for the tests is described.

Steering control and calibration

Steering control has a great influence on the guidan-
ce of the tractor. A verv quick steering response (<0.2 s),
absence of peaks and oscillations, and a resolution lower
than one half degree is necessarv for a good guidance
control. In this case, the control was accomplished by
means of a DC motor joined with a pulley to the steering
wheel. A reducer gear was used to adapt the motor
speed to the steering wheel speed. The feedback for
the controller was a magnetic encoder with a resclution
of 10 bits that offered an effective resolution of 0.35%.
The control was implemented using a microcontroller
and fuzzy logic. Triangular functions were chosen for
the fuzzyv logic. Figure 2 shows the shape of the logic
functions of this controller.

The mathematical expression of these functions is
defined by equations [1] and [2]:

w(t)==[(P4—0) -C9M_ 4 (pg_ 0, Ga
Ramp Ramp
w(ty== Far Gain 2]

Eq. [1] is used for triangular functions and | and 2
sub-indices are for positive and negative slopes respec-
tively. Eq. [2] is applied in the far gain area. In these
equations, u(sf) is the value applied to the power driver,
Gain is the maximum value for each interval, Ramp is
the width of the interval, (is the origin of the interval,
F4 is the instantaneous position of the steering and Far
Gain is the voltage for the trapezoidal function.

The adjustment of the controller parameters was
done experimentally. The far gain was the saturation
value of the DC motor. In our implementation it was

Far gain Far gain

Middle gain

Mear gain

Ramp
Final point

Figure 2. Tvpical friangular functions of fuzzv logic.

243 The lower gain was set to a value sufficient to correct
stationary errors and move the steering with small
errors quickly but without continuous current peaks.
The middle value and the ramp were adjusted experi-
mentally to a value that provided a smooth and quick
response. Once the controller was implemented, the
steering angle was obtained from the encoder angle
and the equations of the Ackerman steering model.

GPS receiver

GPS receivers range in price from a few dozen fo
several thousand euros. The GPS receiver is one of the
components that most affects the price and the pre-
cision of guidance system. An HI-204[II Haicom low-
cost receiver was chosen for this study. It is a one fre-
quency code receiver that supports code differential
corrections. In this case, European Geostationary Na-
vigation Overlay Service (EGNOS) corrections were
used to improve the navigation data.

GPS. Principles, kinds and errors

The navigation system time and ranging (NAVSTAR)
GPS is a satellite-based radio-navigation system that
allows determining the position of a mobile anywhere
in the world. It was developed by the United States
(US) Department of Defense in 1978 and it is formed
by 24 satellites turning around the earth. It calculates
the position of a receiver based on the delays of the
signals from the satellites (Borgelt er al., 1996).

Nowadavs, three radio carrier frequencies are used.
Thev are known as L1, L2 and L5. The most used for
civil navigation is called L1C and it has a frequency
of 1,575.42 MHz (DAF, 2008). Two codes are trans-
mitted modulating these signals: a standard C/A (coarse
acquisition) code and a precise P code restricted to US
government use. The codes are transmitted using a
technique called code division multiple access (CDMA).
Each satellite sends a unique code.

GPS receivers can be classified as code or phase
GPS receivers according to if the receiver evaluates
the code or the phase of the carrier wave of the signals
transmitted by the satellite.

Code receivers compare the coded signal transmitted
from the satellites with an exact replica of the code
generated in the receiver. The time delay between the
two signals provides a measurement of the distance to
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each satellite. This distance is called pseudo-range. At
least four pseudo-range measurements are necessary
for the computation of the receiver position in three
dimensions and the receiver clock offset. Code recei-
vers have a 2dRMS accuracy of 100 m due to ionos-
phere effects, multipath and other effects (Borgelt et
al., 1996). This accuracy can be improved using diffe-
rential corrections. These corrections are obtained from
a recelver in a static position and are used to correct
mobile receiver errors. The corrections can be distribu-
ted via radio or satellite. Free satellite corrections, for
example, EGNOS, can give to the receivers an accuracy
of 5 m 2dRMS. Other non free corrections, such as
OMNISTAR or SF2 system of John Deere, can impro-
ve the accuracy until 1 m 2dRMS. Code receivers are
usually low cost and are used in a lot of applications,
for example, car navigation.

Phase receivers analyze the phase of the carrier fre-
quency. They need to know the carrier phase lag bet-
ween the receiver and the base station. Phase receivers
can be classified into two types according to the
method used for calculating the phase lag: static carrier
phase differential GPS (S-CPDGPS) and real time ki-
nematic carrier phase differential GPS (RTK-CPDGPS).
On one hand, S-CPDGPS is applied for static receivers.
The number of cycles of the carrier frequency is calcu-
lated with post processing. A small amount of data is
necessary in order to obtain the precise position of the
receiver. On the other hand, RTK-CPDGPS is used to
determine the position of mobile receivers. They resol-
ve the ambiguity of the number of cycles supposing
that they are an integer number. Then, there are only a
few possible values for the equation of the number of
cycles. This kind of receivers resolves the equation
really quickly but they do not always obtain the optimal
solution. Both the S-CPDGPS and the RTK-CPDGPS
have an accuracy of a few centimeters.

&

Not accurate
Mot precise

ot accurate
Precise

Error considerations for GPS receivers

Two kinds of errors can be defined for GPS receivers
and GPS guidance systems (August ef al., 1994; [SO,
2008; IS0, 2009): (1) relative accuracy, precision,
reproducibility or repeatability is the degree to which
the measurements reported by a GPS receiver under a
fixed placement of the receiver provide close positions
and (i1) absolute accuracy is the degree of closeness of
positions to their true value.

Figure 3 shows the difference between relative accu-
racy or precision and absolute accuracy.

For guidance systems, in applications where the time
between pass and pass is relatively short and the tra-
Jectories must not be saved from year to year, precision
orrelative accuracy can be taken as the most important
variable.

Coordinates and lateral error calculation

The GPS system was developed for determining the
position of a receiver on the earth.

GPS receivers usually provide their position in
geodetic coordinates. This coordinate system is based
on an ellipsoid. In the case of the HI 204 111 Haicom
GPS receiver, the ellipsoid i1s defined in the World
Geodetic System of 1984 (WGS84) datum. However,
this kind of coordinate system is not appropriate to
work with tractors, because they are not Cartesian
coordinates. Consequently, these coordinates were trans-
formed to Universal Transverse Mercator (UTM ) coor-
dinates (DMA, 1989), which are Cartesian coordinates.
UTM coordinates project geodetic coordinates over a
cylinder perpendicular to the rotational axis of the earth.
It divides the earth surface into sixty zones. Coticchia-
Surace equations (Martin-Asin, 1983; Ferrero et al.,

Accurate
Frecise

Figure 3. Difference between precision and accuracy.
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Steering angle (8)
A Desired trayectory E 3

Laterial deviation (y)
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Y

Heading (4)

Flgure 4. Instantaneous error from the tractor to the desired tra-
jectory.

2009) were used to convert geodetic coordinates into
UTM coordinates. With Cartesian coordinates, the
representation of the straight trajectory and the cal-
culation of the distance from the tractor to the trajec-
tory are trivial, and this calculation was done by means
of geometric relationships. Figure 4 shows how the
distance from the tractor to the desired trajectory was
calculated.

Placement of the GPS receiver on the tractor

A delay in the heading information affects the gui-
dance. The position of the GPS receiver influences the
heading measurement {Stombaugh et al., 1999).
Consequently, diverse tests were done to evaluate the
influence of the receiver placement in the heading mea-
surement. From these tests, it was deduced that the
placement of the GPS in an advanced position with
regard to the central point of the rear axle of the tractor,
produces enlargements in the heading that are as subs-
tantial as the displacement of the receiver. This is be-
cause the GPS uses the variation of position to calcu-
late the course. Therefore, placing the GPS in an advanced
position produces a bigger position variation in a turn
than placing it on the tractor pivot point.

Therefore, the receiver was placed in the front of
the cabin on its symmetry line because this position

provides considerable stabilitv and a quick svstem
response (Stombaugh et al., 1999).

Control laws

This section provides a brief theoretical description
of each one of the evaluated control laws.

Orientation and distance proportional control law

The steering angle is calculated as the addition of
two terms. The first term is proportional to the angle
difference between the heading of the tractor and the
orientation of the desired trajectory. The second term
is proportional to the distance from the tractor to the
desired trajectory. This second term allows the correc-
tion of path deviations. However, it produces instabili-
ties when the distance to the path increases. For this
reason, the second term has been modified decreasing
K gain when the distance to the path is very large.
Eq. [3] represents the control applied in this case,
where 8,0 18 the instantaneous path orientation,
B eroe 15 the instantaneous heading of the tractor,
jeciors 15 the distance from the tractor to the trajectory
and K, and K are adjustable proportional constants for
the orientation and the distance, respectively.

6= K- {H.'ﬂ‘[.’ec.'of_'v ~ B prcior) T Kz ‘frm_,u'(wo.ﬂ_'.- [3]

The adjustment of this control law was done experi-
mentally for every tested speed. The step response was
analvzed for the adjustment. Initially K, was fixed to
0 and K, was fixed to a low value. K|, was incremented
up to the maximum value that did not cause instability
in the system and allowed a quick response. It was done
by tracking a step trajectory for each value of K, and
analvzing only the heading response. Next, this maxi-
mum value of K, was decreased a bit and &> was increa-
sed until a value that Kept the svstem stable and only
small deviations over the trajectory were observed.

Vector pursuit control law

There are several kinds of vector pursuit control
laws. All of them are based on applving a vector that
goes from the tractor to an advanced point in the path
(Gerrish ef al., 1997). The type of control depends on
the point that is considered on the tractor. In this study,
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the vector is applied from the central point of the back
axle of the tractor. The steering angle is obtained
applying a proportional-integral-derivative (P1D)
controller over the angle formed between this vector
and the orientation of the tractor. The equations used
in this law are [4] and [5], where Kp, Kp and Kyare the
constants of the controller and 8 ,,,.., is the angle
between the tractor heading and the pursuit vectar [6].

{ B’ tractor B ,.'.-'ac.'ow- 1 )

8=Kp- 0 o+ Kp- +1 [4]
T

I= IF—I +K.|"{H’.'mc.'o.-_&..'mﬁo.-—l} T [5]

] ,.'.—ac.'or = e.'mcm— - e_m.-.-s.-f.‘.'_ue\:wr [t']

The precision of this law depends on the adjustment
of its parameters. If the distance of the anticipated
point decreases, a better approximation to the path is
obtained, the response is quicker and the tracking error
is smaller. Nevertheless, a decrease in the anticipated
point distance produces bigger and quicker movements
in the steering and increases sensitivity to noises in the
GPS position, to pot-holes in the land or oscillations
of the tractor. The adjustment of the PID controller is
similar to that of any other application so that, as the
proportional constant is increased, the oscillations in
the steering will also be increased. The derivative part
largely smoothes these oscillations, while the integral
part allows for the correction of small deviations over
the path produced by small calibration errors when the
tractor is very close to the path.

For the experimental adjustment of this control law,
the advance point distance was looked for first. To do
this, K and K, constants were fixed to zero and K was
fixed to a small value. Later, the advance point distance
was changed until a value that had a good response was
found. When this value was found, K, constant was in-
cremented until the critical gain where the system
started to oscillate was found. Later, this gain was de-
creased by half. Next, the integral constant was looked
for. This value was adjusted to eliminate stationary
errors, Finally, the derivative constant was not considered.

Linear quadratic regulator

This control law is based on linearization along with
a Linear Quadratic Regulator (O°Connor et al., 1996;
Thuillot ef al., 2002). The expression for this controller
is given by Eq. [T], where & is the steering angle, K,
and K; the gain constants, L is the distance between

L]
=]
L]

the axles of the tractor, d,..., is the distance to the
path, and 6 is the difference of orientation between the

tractor and the path.
o =arctan[(— K\d,yecrory,— Kz tan 8)Lcos*68]  [7]

The stability of this control law can be mathema-
tically proven, but this contrel law suffers from sin-
gularities at cos 8=0. In other words, if the heading
of the tractor is oriented perpendicular to the desired
trajectory, the steering angle input will be zero. In this
situation, the vehicle will get stuck and will be unable
to follow the desired trajectorv. In addition, even near
the singularitv, the steering angle input is close to zero.
In this situation, even though the vehicle is able to
eventually converge to the desired trajectory, the actual
path of the vehicle may not be desirable.

The experimental adjustment of this control law was
similar to the orientation-distance control law. Initially,
K, was fixed to 0 and K; was fixed to a low value. K;
was incremented up to the maximum value that did not
cause instability in the system and allowed a quick res-
ponse. It was done bv tracking a step trajectorv for each
value of K, and analyzing only the heading response.
Next, this maximum value of K; was decreased a bit
and K, was increased until a value that kept the system
stable and only small deviations over the trajectory
were observed.

Results

Two types of tests were done in order to evaluate the
accuracy of the autonomous guidance system using a
low cost GPS as unique positioning receiver. On one
hand, the static relative horizontal GPS receiver accu-
racy was measured. On the other hand, automatic gui-
dance errors were evaluated. Total guidance error can
be calculated taking into account the static error of the
receiver and the guidance error.

GPS positioning errors

One of the most evaluated variables of guidance svs-
tems is pass to pass accuracy (SO, 2008). The tests for
abtaining this variable must be done in passes spaced out
less than 15 minutes. Consequently, accuracy of guidan-
ce svstems is mainly important in short periods of time.

In order to evaluate GPS accuracy, positioning data
were taken for three different low-cost receivers at a
fixed position in three consecutive days. Figure 5 shows
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a) Error of different GPS vs. fime. Day 1 the error of each GPS during onel hour for the three
5~ days. Error was calculated as the distance between the
454 - g:'ﬁm :gzm”' initial position reported for the receiver and the rest of
4 —— Garmin 18 5 Hz the positions, and it had an upward trend with the time.
35 4 In the first 15 min, error was less than 1 m.
e
E 2.5 Trajectory tracking errors
2 4
154 Real guidance tests were carried out in order to eva-
1 luate guidance error. Tests were done with the three
054 different control laws described before. Straight trac-
' king and step response were evaluated. The reference
0 _U U!2 0!4 0!6 UI.B ; trajectory was taken for each test from the first and the
Time {hours) last position of the trajectory marked on the ground.
These points were taken directly from the positions
) ) reported by the GPS. The total length of the trajectory
b) 5 Error of different GPS vs. time. Day 2 was 200 m. The step was placed at 50 m from the be-
45 - g:'r%’m :gzm”' ( ginning of the trajectory and the remaining 150 m were
4l —— Garmin 18 5 Hz used to study the step response and the continuous tracking
error. All the tests were done at three speeds: 3, 6 and
3517 9 km h~'. The control laws were experimentally adj-
g 3 hl usted for each speed as is described in the Methods
5 251 ‘l im section. Table 1 shows the adjustment parameters for
W 1 ] the tests.
154 Figure 6 shows the step response and the instan-
1 taneous error for the three control laws at a speed of
Jkmh.
05 “ The step response was similar for the three control
0 ] 02 04 06 08 J laws. The instantaneous error was similar too. The
Time (hours) Table 1. Adjustment parameters for the control laws used in
the study. Parameters were adjusted for every tested speed
_ . (3, 6 and 9 km h~'). Each control law has its own parameters
© 5 - Ervor of different GPS vs. ime. Day 3 (explained earlier in the control laws section)
——— Halcom HIZ0411
4.5 ——— Garmin 16 Speed (km h)
4 — Garmin 18 5 Hz Parameter
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_ Orientation-distance
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I_% K, 0.5 0.4 0.35
Pursuit
f Advance point distance (m) 4 8 10
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Figure 5. Instantaneous relative accuracy for three low-cost K 0.1 0.06 0.03
receivers during one hour on three different davs. a) First day. K, 0.35 0.25 0.1%

b) Second day. ¢) Third day.
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Flgure 6. Step response and instantaneous error for Pursuit,
O’ Connor and Orientation-distance proportional control laws
at 3 km h-t.

distance that the tractor needed to reach the trajectory
after the step was applied was approximately 40 m. The
movement of the tractor was lightly underdamped. The
instantaneous error was constant along the trajectory.
The pursuit law had more oscillation. The three control
laws were adjusted to be very slow. The control law
that presented the best behavior in the step response
and in the continucus guidance was the O’ Connor
control law.

Figure 7 shows the step response and the instanta-
neous error for the three control laws at a speed of
6 km h'. In this case, it is possible to see how the ins-
tantanecus error was very similar to that obtained for
3 km h™'. The system was stable with all the control

— Orient-dist
“““ Pursuit

' 0'Connor
= Desired

y(m)

T T T
-50 0 50 100 150
x (m)
Flgure 7. Step response and instantaneous error for Pursuit,
O’ Connor and Orientation-distance proportional control laws
at 6 km h-t.

y(m)

-5 T T 1
-50 0 a0 100 150
X (m)

Figure 8. Step response and instantaneous error for Pursuit,
O'Connor and Orientation-distance proportional control laws

at 9 km h.

laws and it was capable of driving the tractor at this
speed. All responses were very similar, but the O Connor
control law was a little faster.

Finallv, Figure & shows the step response and the
instantaneous error for each control law at 9 km h'. In
this figure, the differences were greater. The pursuit con-
trol law was slower reaching the trajectory and it had some
oscillations. These oscillations were constant along the
trajectory. The orientation and distance proportional
law was faster, although it had a larger over peak than
O’Connor. The tractor advanced several meters
between the step and the achievement of the trajectory.

Finally, a histogram is presented in Figure 2 for ana-
lyzing the errors of the three control laws at the three

TP TP TTrTT T T e T o)

s ('Connor 3 km b e
e 0"Conner 6 km b
o#e 0'Connor 9 km b |,
""" Pursuit 3 km h™
==k = Pursuit 6 km h™
==% = Pursuit @ km h~
=== Ori-dis 3 km
—&— (Ori-dis 6 km b
—=— (Ori-dis 9 km

Normalize error
=
on
1

3 T T
0 041 0.2 0.3 04 0.5
Distance (m)
Figure 9. Accumulative histogram for the instantaneous error
of the O'Connor, the Pursuit and the Orientation-Distance con-
trol laws at 3, 6 and 9 km h-".
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speeds in the continuous tracking of the trajectory. This
histogram was obtained from the instantaneous error
when the trajectory was stable; it is between 50 and
150 m. The histogram represents the normalized accu-
mulated error for each distance.

From this histogram it is possible to deduce that the
O’Connor control law produced the lowest errors inde-
pendent of speed and the Pursuit control law was the
worst. Moreover, it is possible to observe that error
was very similar for 3 and 6 km h~' and it was increased
for 9 km h'.

Total guidance error

Total guidance error was calculated from the previous
tests. This error is the result of adding GPS error and
guidance error. The total guidance error for all the
control laws and for all tested speeds was lower than
.25 m in 75% of the trajectory, except in the pursuit
vector control law at 9 km h™', which was unstable. This
error will increase with time, due to the relative accu-
racy of the receiver which grows with time and it is the
main component of the total guidance error.

Discussion

This paper describes the implementation of an
autonomous guidance svstem for an agricultural tractor
and analyzes the use of a low-cost GPS as the only po-
sitioning sensor for guidance. This article covers a gap
in the scientific literature in the field of precision agri-
culture because there are no articles in the scientific
literature that study the guidance of a tractor using only
a low-cost GPS receiver as a positioning sensor. Usually,
expensive RTK-CDGPS are used in the scientific
literature (Noguchi et al., 1998; Reid ef al., 2000;
Thuillot et al., 2002; Lenain et al., 2006; Gan-Mor ef
al., 2007). Only few articles (Guo and Zhang, 2004;
Peters and Evett, 2005; Keskin and Say, 2006) have
used this kind of receiver for obtaining the position of
an irrigation system (Peters and Evett, 2005), measu-
ring the speed of a vehicle (Keskin and Say, 2006), or
the guidance of an off-road vehicle (Guo and Zhang,
2004; Price and Nistala, 2005). In this article, the
complete guidance system has been implemented and
static and relative errors have been studied obtaining
clear results. Several articles (Devlin et al., 2007; Gan-
Mor et al., 2007) have studied GPS errors or guidance

tracking errors, however, none have applied and stu-
died a low-cost guidance system.

GPS accuracy can range from 1-2 cm to 100 m
(Czajewski, 2004; Gan-Mor et al., 2007, Valbuena et
al., 2010) depending on the kind of GPS receiver
employed. For low-cost GPS receivers using wide aug-
mentation area system (WAAS) corrections, position
accuracy of 95% can be less than 3 m (Peters and Evett,
2005). In contrast, relative accuracy or pass to pass
accuracy (IS0, 2008) is the variable that is really
important for multiple agricultural applications. Expe-
rimental tests carried out in this article have demons-
trated that for a short period of time of 15 min this re-
lative accuracy can be reduced to approximately 1 m.
This relative accuracy could be enough for applications
where wide width of work is used, for example, ferti-
lizer application.

Novelty guidance systems and control laws have
been emploved in a multitude of scientific articles
(Gerrish er al., 1997, Stoll and Kutzbach, 2000; Thuillot
efal.,2002; Lenain et al., 2006). However, all of them
have been developed and analvzed with expensive
RTK-CDGPS receivers and, in several cases, combined
with expensive INS systems (Noguchi er al., 1998). In
contrast, this article studied the behavior of these con-
trol laws with low-cost receivers. Three control laws
were implemented and analyzed by means of real tests.
A soft adjustment of the control laws was done in order
to avoid making the system unstable. In contrast to
other articles (O’ Connor ef al., 1996; Steinz ef al., 2002}
where big differences were found between control
laws, in this article a similar behavior for all the control
laws was obtained and it was determined bv the control
law adjustment and by the receiver accuracy.

In summary, it is possible to guide autonomously an
agricultural tractor with a low-cost receiver as positio-
ning sensor. No more sensors are necessary for the
autonomous guidance of the tractor. The maximum
speed for the automatic guidance is approximatelv
9kmh~'. Higher speeds make the autonomous guidan-
ce system unstable.

The behavior of the different control laws is similar
with low-cost GPS receivers and it is conditioned bv
its adjustment. With a proper adjustment of the confrol
laws, all of them obtain similar results.

Errors in pass-to-pass trajectories can usually
be less than | m. This error is composed by the guidan-
ce error, typically less than 20 ¢m, and the positio-
ning error relative to a previous pass that increases
with time.
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75



PARTE Il: ARTICULO 2 DEL COMPENDIO

DEVELOPMENT AND VALIDATION OF GLOBALLY
ASYMPTOTICALLY STABLE CONTROL LAWS FOR
AUTOMATIC TRACTOR GUIDANCE

J. Gomez-Gil, J.-C. Ryu, S. Alonso-Garcia, S. K. Agrawal

ABSTRACT. Automatic guidance of agricultural vehicles requires the use of sensors and control techniques. While the Global
Position System (GPS) is widely used as a position sensor, different control laws have been used in the scientific literature
based on geometry, heuristics, and models. In this article, two new control laws for navigation control of agricultural tractors
were developed with one for following straight lines and the other for tracking circular arcs. These two controllers have
virtually the same structure based on the tractor’s kinematic model. They have no singularity point in the state space. Also,
global asymptotic stability is guaranteed with the control laws. Guidance with the proposed controllers in straight lines and
circular arc trajectories was simulated and field-tested. The experiments were performed with a tractor equipped with an
automatic GPS guidance system. In both simulation and experiment, the control laws led the tractor to converge to the desired
irajectories of straight lines and circular arc paths under three different low speeds of 1, 2, and 3 m/s and four different initial
conditions that are 90° apart. The simulation and experimental results show the practical validity of the proposed controllers.

Keywords. Control, Global Positioning System (GPS), Guidance, Agricultural vehicles.

uidance and control of agricultural vehicles has

experienced impressive advances in the last de-

cade (Keicher and Seufert, 2000; Reid et al., 2000,

Avernhammer, 2001; Zhang et al., 2002; Slaugh-
ter et al. 2008). These advances have been facilitated by the
development of positioning systems using GPS (Lechner and
Bumann, 2000; Borgelt et al. 1996), machine vision (Wilson,
2000; Subramanian et al., 2006}, or both for improved preci-
sion and reliability (Kalman, 1960; Barshalom and Forman,
1987; Zhang et al., 1999).

Scientific literature provides information about different
implementations employed in the guidance of agricultural
tractors. Some used machine vision to look ahead and obtain
the next via point along a path (Gerrish et al., 1997, Pilarski
et al., 2002). This next via point can then be reached using a
simple control law proportional to an angle difference
between the vehicle orientation and the goal (Kise et al.,
2005), by steering 1o reach the goal following a circular arc
(Ku and Tsai, 1999; Garcia-Pérez et al., 2008) or using the
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orientation information from the theory of screws (Wit et al.,
2004).

Even though motion of a tractor is governed by non-lincar
models (Feng and He, 2005), PID controllers have yiclded
practical results (Benson et al., 2003; Subramanian et al.,
2006). Other strategies are based on linearization of the
desired path along with a P controller to reduce distance and
orientation errors (Noguchi et al., 1997; Stoll and Kutzbach,
2000; Nagasaka et al., 2004). Other implementations use
linearization, followed by a LOR controller (O’Connor et al..
1996; Thuilot et al., 2002). Fuzzy logic controllers and neural
networks have also been used to control steering of
agricultural vehicles (Cho and Ki, 1999; Cho and Lee, 2000;
Ashraf et al., 2003).

Some of the control laws do not have the property of
global asymptotic stability. In other words. the tractor may
not converge to the desired trajectory when it starts far away
from the desired trajectory. Some other controllers do have
a mathematical proof of stability, but they have singularities
in certain conditions where the controller will not work
properly. To the authors™ knowledge, no control laws have
been reported to have these both properties in the agricultural
scientific literature. Therefore, the goal of this study is to
develop simple but effective controllers for agricultural
tractors without these limitations. Furthermore, experimen-
tal validation of the proposed controllers is also an important
objective of this study as the design of the controllers. These
controllers are based on the nonlinear kinematic model of a
tractor and were designed for following straight line
trajectories and circular arcs, respectively, so it is expected
that the tractor could follow any kinematically admissible
trajectory. In addition, the two controllers have virtually the
same structure. The performance of the controllers was
assured using Lyapunov stability theory and was experimen-
tally tested.

Applied Engineering in Agriculture

Vol. 27(6):

© 2011 American Society of Agricultural and Biological Engineers ISSN 0883-8542
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MATERIALS AND METHODS
Kinemaric MobEL

The vehicle has a steered front wheel and the rear wheels
are forward-driven without being steered (fig. 1). Therefore,
the inputs to this system are the driving speed. &, and the front
wheel steering angle, 8. The position of the midpoint O of the
rear wheel axle is (x, y). 0 is the orientation of the vehicle with
respect to X-axis. O is the steering angle of the front wheel
with respect to forward direction of the vehicle. L is the length
from O to the center of the front wheel.

Assuming no-slip condition on the wheels, the kinematic
model of the vehicle is given by:

X=ucos@

¥ =usin B (1)
6="ima
L

This model is typically called the bicycle model. This
kinematic model will be used for the controller design in the
next section and the kinematic model-based controllers are
suggesied to be used at lower speeds, for example, under
4.5 m/s since they cannot represent dynamic effects such as
slipping (Karkee and Steward, 2010).

CONTROLLER DESIGN

In this section, two controllers are presented; one for a
farming tractor to follow straight lines and the other for
circular arcs. The two proposed controllers have virtually the
same structure and their asymptotic global stability are
proven using Lyapunov stability.

Controller for Following a Straight Line

When a farming vehicle follows a straight line, the
coordinates can be reoriented, without loss of generality, so
that x-axis is along the desired straight line and y-axis the
deviation from this straight line. Therefore, the desired
trajectory for this system is described by y = (). Moreover, the
driving speed « is considered to be a (positive) constant a
since the driving speed is usually kept constant while
operating in the field. With a positive driving speed, the
problem of following a straight line can be considered a
stabilization problem to the origin ((, 0} of y and 0.

On introducing an input transformation:

77 X

Figure 1. The schematic of a farm tractor in Cartesian coordinates.

[

n= l—lzm o (2
L

where n is a new input, the kinematic variables that are of
interest in the control are given by:
y=asinf
: S)
8=an
Theorem 1: For the system described in equation 3, tk

he
equilibrium point, y = 0 and 0 = 0, is globally asymptotically
stable if the control v is chosen as:

sin B
n= ]_klyie —kze B=0 (4)
—ky 8=0
where k; and k> are positive constant control gains.
Proof: Let us consider a Lyapunov function:
V=—ky +=8 (5
2 2
The time derivative of V is:
v =}’c|yy'+96 (©)
V=k,yasi119+a€n 9

On substitution equation 4 into equation 7, V can be
expressed as:

V = —kya0” &)

V<0 ©)

Note that V =0 when 0 = 0 as it expected from equation
7. Although V is only negative semi-definite, it can be proven
that the origin is a globally asymptotically stable equilibrium
point by LaSalle’s theorem since (y, 0) = (0, 0) is the only
point in the invariant set of v =0.

Note that the control input 1 is a continuous function. In
addition, it is independent of the velocity «. In fact, the
driving speed u(t) does not have to be a constant because, in
that case, V = —kzuE}? < (0 and LaSalle’s theorem still can be
applied except when u = 0, which is a trivial case.

Finally, the original input & can be obtained from
equation 2 as:

o= 1:111_'(1'_1]) (10)

Controller for Following a Circular Arc

Using the polar coordinate system, the kinematic equa-
tion 1 described in the Cartesian coordinates can be con-
verted into:

p=ucos(6-9)

—u sin(@ — ¢)

5 (11)

9=ilsz_}
L
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where p and ¢ are the polar coordinates as described in
figure 2 and 0 is the same in the orientation of the tractor as
in Cartesian coordinates.

Then, let us introduce the error variables defined by:

Pe =P—Pu (12)

8, -5 —(8-9) 13)

where py denotes the desired radius of curvature. When a
tractor follows an arc of a circle with radius, py, it satisfies:

(14)

Consequently, similar to the straight line following

controller in the previous subsection, the problem of

following a circular arc can now be considered a stabilization
problem to the origin of p. and 0,.

Equation 11 can be further rewritten in terms of p, and 0.
as:

P, =usin®,

_ o 0,
Pe tPa (1 i)
ée —u ( land cosB,
Pe *Pg J

By introducing an input transformation similar to the one
in the design of the straight line following controller, given
by:
tand cosB,

L_—"e

(16)
L Pe T P4

the part of equation 15 that we are interested in is expressed
as:
pe =usinf,
E ¢ (17)
6. =un

[

¢

b9

Figure 2. The farm tractor in the polar coordinates.

Vol. 27(6):

Note that these equations are in the same form as equation 3.

Theorem 2: For the system described in equation 17, the
cquilibrium point, p.= and 0, = (), is globally asymptotical-
ly stable if the control 7 is chosen as:

sinf,

B =0
6, =0

|- P
—kip,

n= k28 (18)

e

where k; and k> are positive constant control gains.

The proof of this theorem is the same as for Theorem 1
with substitution of p, and 0, for y and 0, respectively.

The original input & can be obtained from equation 16 as:

)

&=tan" [L ﬂ\
Pe tPyg / J

I

COMPARISON WITH OTHER CONTROLLERS

In this section, the proposed controller designed in the
previous section is compared with two of the most commonly
used controllers. Their control laws are expressed (with
notations used in this article) as:

Controller I: § = —lyy — k8- This control law applies a P

(11)

control to correct for deviation distance and the orienta-
tion error (Noguchi et al., 1997; Stoll and Kutzbach, 2000,
Nagasaka et al., 2004).

Controller 1I: 6 = arctan ((—k,y -k, tan B)[ cos® 8).

This control law is based on linearization along with a Lin-

car Quadratic Regulator (O°Connor et al.. 1996; Thuilot

et al., 2002).

Controller I does not have a proof for global stability,
hence, is limited in its performance. For example, the
controller cannot make a tractor converge to the desired
trajectory when it starts far away from the desired trajectory.
Even though controller Il has a mathematical proof for
stability, it has singularities at cost = 0. In other words, if the
orientation of the vehicle is oriented perpendicular to the
desired trajectory, the steering angle input will be zero. In this
sitvation, the vehicle goes straight and cannot follow the
desired trajectory. In addition, even near the singularity, the
steering angle input is close to zero. In this situation, even
though the vehicle is able to eventually converge to the
desired trajectory, the actual path of the vehicle may not be
desirable. One example of such a case is shown in figure 3
that plots four trajectories with the same initial position (x(0),
y(0)) = (0, 5) m, but with different initial orientations of 0°,
457, 80°, and 88°. This figure shows that Controller 1l does
not work properly with initial orientations near 90°, Although
different choices of control gains, vehicle speed and initial
conditions may result in different trajectories, the phenome-
non shown in the figure, i.e.. large deviations from the desired
path, will not disappear. since the steering angle input 6
becomes close to zero when cos 0 is close to zero.

EXPERIMENTAL SYSTEM

Experiments were conducted on a two-wheel drive tractor
(model 6400, Deere and Company, Moline. Ill.) with a
maximum power of 73 kW (100 hp). The steering control
system was implemented using a RE-30 Maxon DC motor
with a GP 32 Maxon reducer (Sachseln, Switzerland). A
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Figure 3. Trajectories of the proposed controller and controller 11 with
different initial orientations.

pulley was used to join the DC motor with the steering wheel
of the tractor as shown in figure 4b. The reduction rate was
14:1 for the reducer gear and 6:1 for the pulley.

An absolute magnetic encoder (US Digital MA3, Van-
couver, Wash.) was used to measure the steering angle. A
power stage (MDO03) drives the DC motor with a maximum
current of 20 A. A single GPS receiver Trimble R4 unit
(Sunnyvale, Calif.) located at the middle of the tractor rear
axle was employed. This unit received network RTK
corrections from a Virtual Reference Station (VRS) by means
of a GPRS connection. The GPS provided latitude, longitude
location as well heading information with a rate of 5 Hz. A
mean filter was applied to the last three heading data in order
to smooth the orientation data. A portable laptop computer
running Windows XP with an Intel T4200( processor was used
to read positions from the GPS, convert the positions to the
grid based Universal Transverse Mercator (UTM) coordinate
system, calculate the steering angle & using the control law,
and send the desired steering to the controller box by serial
connection. Under the Windows XP operating system,
National Instruments” Lab Windows CVI (Austin, Tex.) was
used as the development environment for the implementa-
tion. The steering control was implemented in a Microchip
PIC16F877A microcontroller inside the controller box. It

The detailed descriy

reads the actual steering from the encoder, receives the
desired steering from the laptop, and applies fuzzy logic to
compute the desired speed and direction of the DC motor
(Carrera-Gonzilez et al., 2010). The detailed block diagram
of the guidance implementation over the laptop and over the
controller box is shown in figure 5. A maximum steering
angle rate of 300 deg/s is achieved through this controller box.
stion of the controller box is beyond the
scope of this article, so this article only analyzes the high
level guidance control, that is, the outer loop of figure 5.

The experiments were done on a flat land with loose soil
in Pozal de Gallinas, Spain. Due to the mechanical character-
istics of the tractor steering, the maximum steering angle was
limited to 30°. The tractor length was L = 2.3 m. The starting
position (x(0), y(0)) was (0, 5) m. The four initial conditions
for the orientation 0(0) were 0, 90°, -180°, and -90°, The tests
were performed at three different speeds of 1, 2, and 3 m/s for
each initial condition.

ADJUSTING THE CONTROL (GAINS

In the (kinematics-based) simulations, the control gains
can be determined by only considering the shape of the path
the tractor would create while converging to the desired
trajectory. However, the actual gains in practical imple-
mentation need to be selected more carefully since they can
be affected by other factors such as a delay in executing the
steering commands, the limited GPS update frequency and
position errors, and other unmodeled dynamics. To choose
the control gains kq. k; for the experiments, we took the
following steps: (i) Initially, we fixed &y = 0 and searched for
the maximum value of k; that did not cause an oscillation in
the motion of the system at the forward speed of 1 m/s. (ii)
Next, we took 80 % of this maximum value for k> in order to
give some margin for tuning &, such that the system’s motion
stays stable when &y is increased. (iii) With this selected k2,
we searched for the maximum value of & that did not cause
an oscillation in the motion of the tractor. This procedure of
gain tuning worked satisfactorily throughout the experi-
ments.

One can use different sets of control gains depending on
the region where the tractor travels using a technique called
gain scheduling because the control gains may need to be
adjusted when the starting position is significantly changed.
In our tests, although the gains should have been determined
separately for each speed condition in order to have optimal
performance, the same values of control gains were used for
all three speed conditions of 1, 2, and 3 m/s in order to
examine the influence of speed change to the system
performance.

REsuLTS
SmvuraTioN REsuLTs
Controller for following a Straight Line

In the simulations the constant driving speed « was set at
1 m/s. The farm tractor’s length L was selected to be 2.3 m
which is the actual length of the tractor to be used in
experiments. The initial conditions for (x(0), ¥(0)) were given
as (0, 5) m combined with four different initial conditions (0,
90°, -180°, -907) of B(D) so that the initial errors in y and @
were present in order to check the control performance. Since
the proposed controller is nonlinear, there is no straight-
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(h)

(c)

Figure 4. (a) Farm tractor used, (b) DC motor connected to the steering
wheel, and (¢) magnetic encoder.

forward way to choose appropriate control gains. By
performing several simulations, we first found out the
qualitative characteristic of each gain: (i) when & was fixed,
the increase of &y tended to shift the transient trajectory
toward the negative X-axis before converging to the desired
trajectory. In addition, it increased overshoot of the
trajectory. (ii) The decrease of ky, when &, was fixed, caused
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Figure 5. Block diagram of guidance implementation.

slower convergence to the desired trajectory. (iii) when &
was fixed, the increase of k2 caused slower convergence to the
desired trajectory, which was a similar effect caused by the
increase of ky. (iv) The decrease of k>, when Ay was fixed,
caused oscillation of the trajectory before the convergence.
With these characteristics in mind, the control gains were
chosen as (ki1, k2) = (0.4, 1.1) by trial and error. The desired
and actual trajectories under the proposed controller are
shown in figure 6a.

As expected, for all four different initial orientations the
actual trajectories converge to the desired trajectory, y = (), as
shown in figure 6a. The computed control inputs § corre-
sponding to each initial condition are presented in figure 6b.

—0(0) = 0°
15 8(0) = 90°
------ 6(0) =-180°
0(0) = -90°
10+ desired
5t 4
3 \
2 -,
o g
st §
-10 L 1 1 1 1 1 1 ]
5 0 5 10 15 20 25 30
x(m)
(a) Trajectories followed
80F v v T T v 01(0) =
i 0(0) = 90°
eok\ | eeeees 0(0) = -180" 4
0(0) = -90°
40 4
g \ ]
=
o
20
o
2
g 20 E
40 4
-60 5
-80F N " " L L L 3
0 5 10 15 20 25 30 35

time (sec)
(b) Computed steering angled

Figure 6. Convergence to the desired trajectory of four trajectories with
different starting orientations.

80




PARTE Il: ARTICULO 2 DEL COMPENDIO

The range of computed steering angles (fig. 6b) is not
applicable for practical purposes because the largest steering
angle that can typically be achieved mechanically is about
30°. Hence, the steering angle input 8 was limited to =30° in
the second simulation set presented in figure 7. That is, when
the computed control input & exceeded +30°, it was set to
+30°. In addition, the steering rate was constrained to 30°/s,
which is also necessary for practical purposes.

Controller for Following a Circular Arc

The simulations for this controller were performed under
the same conditions: 1 m/s of the driving speed, L = 2.3 m,
and the starting point of (0, 5) m with four different initial
orientations 0 of (0, 90°, -180°, -90%). The control gains k7 ,
k> can be chosen similarly by taking advantage of using the
same qualitative nature due to the same structure of the
control law. As a result, the same value of control gains, (k.
k2) = (0.4, 1) was used in this simulation. The desired radius
of a circle pg is taken py = 10 m. The desired and actual

T T T -
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desired
10 1
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(b} Computed steering angle &
Figure 7. Convergence to the desired trajectory of four trajectories with

different starting orientations, a steering angle limit of 30°, a steering rate
limit of 30°/s, and a speed of 1 m/s.

6

trajectories under the proposed controller are shown in
figure 8Sa.

The actual trajectories converge to the desired trajectory
for all four different initial orientations as shown in figure 8a.

The computed control inputs O corresponding to each initial

condition are presented in figure 8b.

Since the range of computed steering angles (fig. 8b} is not
applicable in practice, the steering angle limit of 30° as well
as the 30%/s of the steering rate constraint was taken into
account in another set of simulations presented in figure 9.

EXPERIMENTAL RESULTS

The adjustment of the control gains was done with the
experimental system as described in the Materials and
Methods section. The iterative process to obtain the gain
parameters was performed at 1 m/s speed. (k. k2) = (0.06,
(1.25) was experimentally obtained for the controller to
follow a straight line and (&), kz) = (0.04, 0.3) was
experimentally obtained for following a circular arc.

15— T T v T r r
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5 7 ]
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Figure 8. Convergence of four trajectories with different starting orienta-
tions to the desired trajectory.
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Figure 9. Convergence to the desired trajectory of four trajectories differ-
ent starting orientations with a steering angle limit of 30°, a steering rate
limit of 30°/s and a speed of 1m/s,

The trajectories under the proposed controller are shown
in figure 10a. The computed control inputs & corresponding
to each initial condition are presented in figure 10b. The
simulation results with the same control gain used in the
experiments are shown together with the experimental
results. As in the simulations, for all four different initial
orientations, the actual trajectories in the experiment con-
verge 1o the desired trajectory of y = 0. The experiments were
conducted five times for each initial condition, but only one
of them is presented in the graph because the repeated
experiments showed negligible difference.

The experiment result of the () deg initial orientation gives
a step response performance with an input magnitude of 5 m.
The settling distances 1o stay within =5 % of the step input
were 17, 22, and 26 m for 1, 2, and 3 m/s, respectively. In
addition, the overshoots were 9%, 14%, and 48% and the
peak distance (the distance at the maximum overshoot point)
were 16.5, 12.5 and 12.9, respectively for 1, 2, and 3 m/s of
the tractor speeds. The root mean square (RMS) error of the
actual trajectory beyond the settling distance was (.055,
0.058, and 0.067 m, respectively.
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Figure 10. Comparison between the actual and simulated trajectories of
the tractor with four different starting orientations at at 1, 2, and 3 m/s
speeds, with a steering rate constrains of 30°/s and a steering angle limit
of £30°,

The difference between the experiments and simulations
is mainly due to the delays in the guidance system. It is shown
that in figure 10 that these delays become more significant at
higher speeds.

The trajectories under the proposed controller following
circular arcs with a radius of curvature of 15 m are shown in
figure 12. The test results in figure 12a show the convergence
to the desired trajectories. The RMS error after the tractor
reached within £5 % of the initial distance offset, i.e., (.25
m, from the desired circle trajectory were 0.17, (.33, and
0.400 m, respectively for 1. 2, and 3 m/s tractor speeds.

Since the steering angle is typically limited to about 30°
by its mechanism, to cope with this limitation the computed
control input & was set to =30° when it exceeded =30°. The
mathematical proof of the global asymptotic stability with
such an input constraint is not provided in this article.
However, interestingly, we observed that the system still
converges to the desired trajectory in our experiments as well
as in the simulations.

[
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Figure 11. The computed steering angle input & used during the experi-
ments and simulation for the 1m/s trajectory in figure 10.

As it can be seen in figures 10 and 12, the trajectories of

the tractor from the experiments show very similar qualita-
tive behaviors to the simulation results. The trajectory
differences depending on the tractor’s speed are also well
captured in the simulation results conducted with the
constraints on the steering angle and its rate.

The improvement of the guidance accuracy could be made
with the following suggestions: (i) the use of an inertial
navigation system (INS) that provides relative positioning
information to be fused with the GPS data, (ii} the use of a
faster steering system that acts directly over the hydraulic
system as opposed to typical steering systems which act
mechanically over the steering wheel including the one used
in this study, (iii} the use of a terrain compensator that
eliminates the roll and pitch effects over the GPS antenna
position, especially in non-flat terrains, and (iv) the use of
multiple GPS receivers that allow more accurate calculation
of orientation, roll and pitch data of the tractor.
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Figure 12. Comparison between the actual and simulated trajectories of
the tractor with four ditferent starting orientations at 1, 2, and 3 m/s
speeds in the circular trajectory, with a steering rate limit of 30°/s and a
steering angle limit of =30°.

CONCLUSION

In this article, two new control laws for agricultural tractor
navigation control were developed; one for following
straight lines and the other for circular arcs. Unlike other
common controllers used for farming vehicles, the control-
lers proposed in this article have the following advantages:
(i) global asymptotic stability is guaranteed via a mathemati-
cal proof and, (ii) it has no singularity. The performance of
the controller was ftested through simulations and
experiments. From the experimental results along with the
simulation, we can conclude that the proposed controllers
which possess the two desirable properties mentioned above
can be used for automatic guidance control of farming
vehicles. Future work will include controller modifications
by taking into account the following issues: (i) mathematical
proof of convergence with the constraints on the steering
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Figure 13, The computed steering angle input d used during the experi-
ments and simulation for the 1 m/s trajectory of figure 12,

angle and steering angle rate, (ii} use of full dynamic model,
and (iii) robustness to wheel slip and parameter uncertainty.
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Abstract: Error is always present in the GPS guidance of a tractor along a desired
trajectory. One way to reduce GPS guidance error is by improving the tractor positioning.
The most commonly used ways to do this are either by employing more precise GPS
receivers and differential corrections or by employing GPS together with some other local
positioning systems such as electronic compasses or Inertial Navigation Systems (INS).
However, both are complex and expensive solutions. In contrast, this article presents a
simple and low cost method to improve tractor positioning when only a GPS receiver is
used as the positioning sensor. The method is based on placing the GPS receiver ahead of
the tractor, and on applying kinematic laws of tractor movement, or a geometric
approximation, to obtain the midpoint position and orientation of the tractor rear axle more
precisely. This precision improvement is produced by the fusion of the GPS data with
tractor kinematic control laws. Our results reveal that the proposed method effectively

reduces the guidance GPS error along a straight trajectory.

Keyvwords: agricultural vehicles: control; Global Positioning System (GPS): guidance
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1. Introduction

Agricultural wehicle guidance has undergone impressive advances in recent years [1-6].
Autonomous guidance is mainly based on two techniques: positioning and control. Tractor positioning
may be done globally and/or locally. Laser triangulation and Global Navigation Satellite Systems
(GNSS) are global positioning systems used in tractor guidance. Machine vision, accelerometers,
gyros, Inertial Navigations Systems (INS), electronic compasses, radars and other devices are all used
as local positioning systems [1-4]. Tractor guidance can be achieved using either a local or global
positioning system, or even by using several positioning systems simultaneously. Several positioning
systems invelve multiple sensors which in turn require sensor fusion techniques to combine the
information they provide. The Kalman filter [7] 1s usually employed in this task. There are multiple
examples of agricultural autonomous guidance in the scientific literature that only apply either Global
Positioning System (GPS) positioning [8-12], machine vision positioning [13-16] or examples that use
multiple positioning sensors [17-20].

Control laws for autonomous tractor guidance can be developed by modeling the tractor with a
simple kinematic model [8,11,21]. Very accurate or high-speed guidance requires that certain effects
such as inertia, sliding and springing be taken into account in the tractor model. Dynamic tractor
models may be employed [22-24] for that purpose. Fuzzy logic [9,14] and neural network [17.25]
controllers have also been used for autonomous tractor guidance.

One way to improve tractor GPS guidance performance is to employ a more precise tractor
positioning system, which can be obtained by means of: (1) a better receiver, (ii) more effective
differential GPS corrections or (ii11) the fusion of GPS with other local positioning systems such as
electronic compasses or Inertial Navigation Systems (INS). These solutions generally result in a more
expensive system. This article presents, in contrast, a simple and low-cost method to improve GPS
tractor positioning using only a GPS receiver as the positioning sensor. The method is based on placing
the GPS receiver in a forward position where changes of the tractor’s orientation influence the GPS
trajectory more, to obtain a more precise tractor positioning taking into account the data received from
the GPS receiver and the tractor kinematic laws. Although researchers such as Stombaugh er al. [21]
stated that the placement of a GPS receiver influences guidance performance, to the best of our

knowledge there are no papers in the agricultural scientific literature that have explored this method.
2. Materials and Methods
2.1. Kinematic Model

A tractor has front-wheel steering and the rear wheels are forward-driven without being steered.
The inputs to this system are therefore the driving speed. u, and the front wheel steering angle, 6. The

tractor behavior can be described with a vector in the space state . defined by the expression:
q=[xy.6.8]" (1)

where x, y represent the position in Cartesian coordinates of the midpoint of the rear wheel axle, O, 8

1s the orientation of the vehiele with respect to the X-axis and 6 is the steering angle of the front wheels
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with respect to the forward direction of the vehicle. L is the length from O to the center of the front
axle. Figure 1 shows a schematic of the system and the variables description.

Figure 1. Tractor schematic and variables description.

desired trajectory,

W

X
Assuming no-slip conditions on the wheels, the kinematic model of the vehicle is given by:
X=ucosHb
vy =usinf )
u (2)
6=—tan8
L

2.2. Position and Orientation Computation of the Rear Axle Midpoint from GPS Positions: Method 1

The position of the rear axle midpoint and the orientation of the tractor have to be known so that
guidance control may be performed more easily. In this article, this information is obtained from the

positions supplied by the GPS receiver, which is placed in a forward position (Figure 2).

Figure 2. The position and orientation at the midpoint of the rear axle (x, v, 6) have to be
computed from positions received from the GPS placed in a forward position (Xs. Vo).

(xv8)

89



REFERENCIAS

Sensors 2011, 11 633

n

The tractor position (x, v, 6) at the midpoint rear wheel axle can be obtained from the positions
obtained from the GPS receiver (Xg, vg). either with the kinematic tractor model or from geometric
relations.

The geometric relationship between (x, v. 8) and (xg. yg) is:

X, =Xx+acosb
- (3)
Yg =Yy +asin 8] (

where a is the distance between the GPS receiver position and the rear axle midpoint of the tractor.

Differentiation with respect to time in Equation (3) and then by applying Equation (2):

Rgzﬁ—aésine=ucosE!—aQsin8 (4)
ygzy—l—aécose=usin8+a9c05€l (5)
From Equations (4) and (5):

(4)2+ (5)2 =
%2 + y2 = (ucos® —absin B)z + (usin® + ab cos 8)2

=1u?cos?0+a2h%sin?f—2uabcosBsinb (6)
+u’sin®0 +a%b%cos?0+2uabcosPsin b =u? + a2h?

6=+ fx§+y§—u2 (7)

Then, the position and orientation of the tractor can be obtained in a recursive way using the

and then, from Equation (6):

W =

position obtained from the GPS in a forward position and the previous tractor state, as follows:

AT ||(xg[n] — Xg[n — 1])2 N (yg[n] — ygln — 1])2 . (8)

6n] =6n—1] £ — |

a4 AT AT
9)
x[n] = x[n — 1] + u AT cos(6 [n]) ©
y[n] = y[n — 1] + u AT sin(8 [n]) (10)

Equations (8-10) must be sequentially computed at each new GPS position, where AT is the time
between the reception of two GPS positions. Equation (8) offers two possibilities for 8[n]. and thus
two sets of (x[n], y[n], 8[n]) are obtained. With each one. (x¢[n], yp[n]) can be geometrically

computed, and any set that does not match the real position received by the GPS may be discarded.
2.3. Position and Orientation Computation of the Rear Axle Midpoint from GPS Positions: Method 2

The computational cost of the previous section can be reduced by an approximation, taking into

account Figure 3.
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Figure 3. Two near positions of the tractor when following a curved trajectory.

Gnl 2 [n])
QG

(x[n-1].¥[n-1])

- ---...__,....__,,____.“[}:._3[11—1]._v_z[u-l] )

Equation (11) is obtained if it 1s assumed that (x[n]. ¥[n]) lies along the straight green line that joins
(x[n = 1], y[n — 1]) with (x;[n]. y[n]) in Figure 3. Once & is approximately calculated. x[n] and y[n]
may be obtained with Equations (12) and (13):

yelnl —y[n —1] _
8[11] = atan (X:[n]_m) Ll 1]
x[n] = xg[n] — acos(8[n]) (12)
y[n] = yg[n] — asin(8[n]) (13)

Our experimental tests revealed that when (x[n], y[n]) is near to (x[n — 1], y[n — 1]) this approximation
is accurate. This happens when the speed of the tractor is low and the GPS provides positions at 1 Hz,

or when the GPS position rate is higher than 5 Hz at any usual tractor speed.
2.4. Control Law

The control law employed by Noguchi er al. [17]. Stoll ef al. [10] and Nagasaka e al. [20] among
others, which is given by Equation (14). was chosen to test the system. It is one of simplest used in
agricultural GPS guidance vehicles. The steering angle is proportional to the error in distance d, and

the error in orientation ¥:
=k, d+ k, (14)

The following steps were taken to choose the control gains ki and ki for the experiments:
(1) initially, k1 =0 was fixed and a search was made for the maximum value of k» that did not cause
oscillations in the motion of the system. (ii) Subsequently, k» was fixed as 70% of this maximum
value. (i11) The selected value for ky was used to find the maximum value of k; before oscillation
oceurred in the motion of the tractor. Then, ki was fixed as 80% of this maximum value. This tuning
was done at a speed of 1 m/s. This experimental procedure is similar to the second Ziegler-Nichols
experimental method for tuning PID controllers [26], because tractor orientation error w acts in a
similar way to speed at which the distance to the trajectory increases or decreases, which is similar to
the differential part of a PID control.

2.5. GPS Ervors

GPS receivers produce errors. Absolute errors are the distance between real positions and positions

obtained by the GPS. Tractors usually make passes along fields with a constant separation. The first
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pass is typically done manually by the tractor driver. With autonomous guidance systems. the next
passes are done automatically by the guidance system with the desired separation between passes.
With assisted guidance systems, the next passes are done manually but in an assisted way by means of
the guidance system, at the desired separation between passes. In both situations, relative errors
occur, which are the distance differences between the desired separations between passes and the real
separations between passes.

Relative errors are smaller than absolute errors. In agricultural tasks, farmers notice relative error,
which has led companies such as John Deere or Trimble to provide information on relative errors in
their GPS-guidance-systems specifications that they refer to as “pass-to-pass accuracy”. Relative errors
in tractor GPS guidance systems are usually subject to some conditions, such as Dilution of Precision
(DOP) and time between passes. The common time between passes in data sheet specifications
is 15 minutes, because this is the habitual time between tractor passes in medium-sized plots.

Figure 4(a) shows 900 Universal Transverse Mercator (UTM) positions offered by a stationary
Haicom HI-204III over a 15-minute time frame. These 900 UTM positions are centered over their
UTM mean. The GPS used to take these positions had the static navigation disabled and provided one
position per second, and in this way, 900 points were obtained in 15 minutes. Figure 4(b) shows the
histograms of relative errors along the X and Y axes when the real value is considered as the mean of
all positions. It can be observed that the relative error of this low cost GPS stays below 40 cm on
measures over 15 minutes. The standard deviation was 10.7 em in X axis, and 11.9 em in Y axis.

The relative errors in these 900 points are used in the section Simulation Results with Experimental
GPS Errors.

Figure 4. (a) 900 UTM positions obtained by a static Haicom HI-204II1. (b) Histogram of

these errors.
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Taking the previous data into account, a low cost Haicom HI-204III GPS receiver can technically
be used to guide a tractor when the time between passes is short and precision is not required. The
distance between passes could differ by large amounts from the desired when a long time between

passcs occurs.
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2.6. Experimental System

A 6400 John Deere tractor was equipped with devices to perform autonomous tractor guidance
(Figure 5). A DC RE-30 Maxon motor was used to move the steering wheel and a reducer gear was
employed to adapt motor speed to steering wheel speed. A striated pulley connected the reducer gear to
the steering wheel. The reduction rate was 14:1 for the reducer gear and 6:1 for the pulley. A magnetic
encoder was used to measure steering position and a microcontroller was used to control the steering
system. A low cost Haicom HI 204III GPS receiver configured to process the European Geostationary
Navigation Overlay Service (EGNOS) corrections was used as the navigation GPS. This is a C/A code
GPS receiver that provides a 1 Hz position rate, integrates a Sirf Start III chipset and offers an
estimated accuracy of 5 m (2D RMS) with EGNOS augmentation. An R4 Trimble receiver was used to
measure with precision the trajectories followed by the tractor. This is a high end dual frequency
receiver, which when working with carrier-phase measurements in Real Time Kinematic (RTK) mode,
offers up to 1 em accuracy. RTK corrections were provided through a General Packet Radio Service
(GPRS) cellular communication from a Virtual Reference Station (VRS) managed by ITACyL. a
Spanish regional agrarian institute. The VRS augmentation technology usually allows centimeter-level
accuracy to dual frequency receivers when working in RTK mode [27].

Figure 6 shows three placements of the navigation GPS in the field tests at 0, 3 and 5 meters ahead
of the tractor rear axle. A low height placement of the navigation GPS would be possible in forward
positions, and this would reduce the errors due to rough test surface. But. in order to compare only the

distance from the rear axle, the placement height was always the same.

Figure 5. (a) 6400 John Deere tractor used in the tests. The red circle indicates the position
of the Haicom HI-204III navigation GPS, the blue circle the position of the Trimble R4
reference GPS, the orange circle the position of the magnetic encoder, and the yellow

circle the position of the DC motor and pulley. (b) Magnetic encoder used for measuring

the steering angle. (¢) DC motor and pulley used for moving the steering system.
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Figure 6. Different positions of the Haicom HI-204III navigation GPS in the field tests.

The navigation sensor position is highlighted with a red circle. (a) The guidance GPS
placed in the back part of the cabin over the real axle. (b) The guidance GPS placed 3 m
ahead of the rear axle of the tractor. (¢) The guidance GPS placed 5 m ahead of the rear

axle of the tractor.

2.7. Methods

The methodology of this article comprises certain simulations and field tests to prove the
performance of the proposed system. Some simulations of autonomous tractor guidance along a
straight line and a step response. according to Figure 7, were computed without errors [Figure 7(a)].

adding errors at the rear axle position [Figure 7(b)] and adding errors at forward positions [Figure 7(c)].

Figure 7. Flow charts of the procedures to simulate (a) without errors. (b) with errors
added in rear position and (c) with errors added in a forward position.
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In these simulations, the kinematic model of the tractor presented in Equation (2) and the control
law of Equation (14) were employed. The simulation rate was 1 Hz. Constants L =23 m, u =1 m/s,
and the control gains obtained experimentally in the field test (k; = 0.08, k» = 0.5) were fixed.

Experimental errors of Figure 4 were added to each analytically calculated position of the tractor,
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according to the flow chart in Figure 7. These added errors were experimentally obtained with the
same Haicom HI 204111 GPS receiver used as the guidance GPS in the field tests. These errors were

graphically shown in Figure 4(a). For each simulation, the difference between two consecutive data

positions obtained from the receiver fixed at a static point, was added as the relative error.

Additionally, field tests were performed with the system described in the experimental system

section. The guidance along a straight path, the step response impulse and the maximum stable speed

were tested.

3. Results and Discussion

3.1, Simularion Results with Experimental GPS Errors

Simulations of autonomous tractor guidance along a straight line and a step response were

performed on a rough plot. The initial conditions for the tractor were (x, y, w, 8) = (0, 0, 0, 0), and the

desired trajectory in the step response was y = 2 m. Figure 8(a.b) were obtained from the straight line

and step response tracking.

Figure 8. (a) Simulation results obtained when the tractor follows a straight line and

experimental errors are added. (b) Simulation results obtained in a step response trajectory

when experimental errors are added.
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Simulations with different forward GPS guidance positions were performed in order to compute the
mean and Root Mean Square (RMS) walues of the error. Simulation time was 14 minutes

(14 » 60 = 840 points) and the reference trajectory was a straight line. Table 1 shows the obtained results.

Table 1. Mean and RMS errors obtained in the simulations with different forward GPS

guidance positions.

Without addederror ([0m |[1m |2m |3m |4m |5m |10m
Mean error (cm) 0 26 (046|045|043)|041|039]| 0.29
RMS error (em) 0 3.0 1053051049047 (045 0.34
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3.2. Experimental Results

Three kinds of tests were performed with the GPS placed ahead of the rear axle at three different
distances: the first found the error in the continuous tracking of a straight trajectory: the second tested
the step response behavior: the third measured the maximum speed that keeps the guidance control.
The control law used for the tests is given by Equation (14). The control law parameters were fixed at
k; =0.08 and k; =0.5, values experimentally obtained at 1 m/s speed, following the tuning procedure
described in the methods section.

Figure 9(a) shows the trajectory distance error of the straight trajectory. In this figure, it is possible
to observe that the error is reduced when the GPS receiver is placed ahead of the tractor. Figure 9(b)
shows the trajectories in the tracking of a step response with the GPS placed at 0, 3 and 5 m from the
rear axle of the tractor. No major differences were observed regarding the GPS receiver position in the
step response.

It 1s worth mentioning that it was necessary to shift some of the trajectories on the X and Y axes in
Figure 9(a.b), due to the behavior of the low-cost Haicom HI-204IIT guidance GPS receiver that was
employed. It offers good precision or relative accuracy in the short periods of time necessary to
perform a specific trajectory test, but poor absolute accuracy between the longer periods of time that
two specific trajectory tests entail. Buick [28] provides more detailed information on the meaning of

the terms relative accuracy or precision and absolute accuracy or accuracy.

Figure 9. (a) Distance error from a desired straight trajectory at 1 mv/s with the GPS placed
at 0, 3 and 5 meters from the rear axle of the tractor. (b) Step response tracking at 1 m/s

with the GPS receiver placed at 0, 3 and 5 meters from the rear axle of the tractor.
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The standard deviation of the field test was also computed when the tractor followed the straight

line trajectory and the results are shown in Table 2.
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Table 2. Standard deviation errors obtained in the field tests with different forward GPS

guidance positions.

Om|3m|S5m
Standard deviation (cm) | 16 | 4.7 | 3.7
RMS error (cm) 32 | 57| 48

The Haicom HI-2041IT guidance GPS receiver offers a rate of position data of 1 Hz. With this low
rate, only low speed autonomous guidance is possible. In the third field test, the desired trajectory was
a straight line. From an initial value of 1 m/s, the tractor speed was gradually increased. It was
observed that the guidance error was increasing as the speeds increased. Moreover, the maximum
speed at which the system remained stable was measured for each GPS position. These values are

shown in Table 3.

Table 3. For each advance from the rear axle, this table presents the maximum speed of the

tractor that kept the system stable.

GPS ahead of the rear axle 0 m 3m Sm
Speed that leads to guidance instability | 1.5 m/s | 2.4 m/s | 2.6 m/s

3.3. Discussion

Results show that the proposed method improves the guidance performance. This improvement can
be intuitively understood. Figure 10(a) sketches the positions that a GPS receiver provides when a
tractor goes along a straight line. These positions are not on the straight line due mainly to: (i) the error
of the GPS recetver and to (11) the oscillations that the tractor suffers when it goes along the common
rough farm terrain. Figure 10(b) sketches the trajectories of the rear axle and of a GPS receiver placed
on a tractor that turns. The red line represents the trajectory of the rear axle of this tractor. The blue
represents the trajectory acquired by the GPS placed ahead of the tractor. It can be clearly observed in
this figure that the blue trajectory is longer than the red. Our proposed method computes the red
trajectory of the tractor rear axle with the blue trajectory acquired by the GPS receiver placed ahead of
the tractor. In this process, the rear axle positioning error decreases at a ratio similar to the length of
the blue trajectory divided by the length of the red trajectory. It is interesting to realize that lengths of
the blue and red trajectories are the same when the tractor goes straight [Figure 10(c)]. Figure 10(b.c)
suggest that: (1) the proposed method improves the tractor orientation positioning information and that
(i1) the proposed method improves the positioning precision in the transverse axis of the tractor
direction, but does not improve the positioning precision over the tractor direction, as Figure 10(d)
illustrates.

A more formal explanation of this precision improvement is that more information for the
positioning is used in the proposed system: therefore, the tractor positioning 1s more precise. The data
GPS receiver is only used to identify the position of the tractor when the GPS receiver is placed on the
tractor rear axle. But with the GPS in a forward position, the rear position of the tractor is computed
with the positions of the GPS receiver together with the kinematic model of the tractor laws. GPS data

and kinematic model tractor laws are fused in the proposed method to position the tractor.
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Figure 10. (a) The straight line represents a trajectory followed by a tractor and the dots
represent the positions provided by a GPS receiver placed on the tractor. (b) Trajectory of
the rear axle of a tractor that turns (red) and trajectory of a GPS placed ahead of the same
tractor (blue). (¢) Trajectory of the rear axle of a tractor that goes straight (red) and
trajectory of a GPS placed ahead of the same tractor (blue). (d) Directions with respect to
the tractor orientation where the proposed method improves the positioning (green) or does
not improve the positioning (red).

(a) (b)

/
precision  no precision

improvement improvement

() (d)

The proposed method employs only the GPS receiver to provide tractor positioning data. There was
a steering angle encoder on the tractor. However, data from this sensor was only used by the steering
system controller to help it achieve the desire steering angle.

The initial orientation of the tractor was provided to the system in our simulations and field tests,
but an arbitrary value can be employed in the proposed method when the initial orientation of the
tractor is not known. In this case, the proposed method would work pootly at the beginning of the
trajectory, but after approximately one hundred iterations, it would work fine.

The Kalman filter can be used in GPS tractor guidance. This filter can be used to process (i) only
the GPS receiver data or (i1) multiple sensors’ data. When it is used to process only the GPS receiver
data, this filter produces an effect of smoothing [29]. When it processes the GPS data together with
additional sensors’ data, this filter improves the tractor GPS positioning precision [20]. Then, Kalman
filters can improve the tractor positioning in the same way as our proposed system. But Kalman filters
require additional sensors and the system hardware would be further complicated.

Simulations and field test results of this article concur with the previous intuitive discussion.

Coneretely:

s The guidance errors in both Figure 8(a) and Figure 9(a) are reduced when the GPS is placed
in a forward position. In our field tests, these errors are greater than in the simulations. This
is because some error components are not modeled in simulations, for example, the
positioning error introduced by the GPS receiver due to the tractor cab oscillations produced
by the rough land used for the tests, typical of agricultural terrain.

¢ Differences were neither observed in the step response trajectories, nor in the simulations,
nor in the field tests. This makes good sense, because when the tractor reaches the step, the

distance to the desired trajectory is a large value of around 10 meters. The control law will
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give the maximum value in the & angle with values close to 10 meters. A more precise
positioning will not therefore produce a different response when the step happens.
s A cause that usually makes a real control system unstable is its noise level. From the data in

Table 3, it may be deduced that the level of noise with the proposed system decreases.

This article, then, proves that by placing the GPS ahead of the tractor, it is possible to obtain more
precise tractor positioning, and subsequently improve the autonomous GPS guidance performance of a
guidance system that uses only a GPS receiver as the positioning sensor. This more precise tractor
positioning is achieved because the proposed method uses the received GPS data and the kinematic
model of the tractor together for tractor positioning, whereas positioning is only obtained with the
recetved GPS data when the receiver is placed on the rear axle. Our results are in agreement with
Stombaugh er al. [21], who stated that the placement of a GPS receiver influences guidance performance.

Some limitations should be considered. The proposed method has been tested in a guidance system
that uses only a GPS receiver as the positioning sensor. Tractor guidance systems sometimes employ
more positioning sensors, such as: (1) tilt and (11) orientation sensors. When a tilt sensor is employed
together with the GPS receiver, it is expected that the proposed method will also improve the
positioning, but with a lower ratio. This is because in this situation the proposed method reduces only
the GPS positioning error. It does not influence the positioning error caused by the oscillations that the
tractor suffers when it goes through common rough farm terrain, because this error 1s eliminated by the
tilt sensor. When a digital compass, a gyroscope, an INS or whatever other orientation sensor is
employed together with the GPS receiver, it is expected that the proposed system will not improve the
tractor GPS positioning. This is because the proposed system improves the precision of the orientation
data obtained by the GPS positioning, but it is expected that these data were much more precisely

provided by the orientation sensor.
5. Conclusions

By placing the GPS ahead of the tractor, as proposed in this article, it is possible to devise a simple
and low cost method a more precise tractor positioning, and thus improve the autonomous GPS
guidance performance. This more precise tractor positioning is achieved because the proposed method
uses the received GPS data and the kinematic model of the tractor together for tractor positioning,
whereas positioning is only obtained with the received GPS data when the receiver is placed on the
rear axle. The proposed method improves tractor positioning when only a GPS receiver is used as the
positioning sensor. The improvement in the positioning occurs in the tractor orientation and in the
positioning with respect to the transverse axis of the tractor’s orientation. It is expected that the
improvement ratio will decrease when a tilt sensor is employed and that no improvement will be

achieved when the tractor positioning system includes an orientation sensor.
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