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Service units used in precision agriculture are able to improve processes such as har-

vesting, sowing, agrochemical application, and manure spreading. This two-part work

presents, a path tracking controller based on an algebraic approach for an articulated

service unit, suitable for embedded applications, and its implementation to a hierarchical

navigation strategy to aid a manual harvesting process. The path tracking controller

approach can be scaled to several trailers attached to the service unit. For harvesting, the

service unit drives within an olive grove environment following the previously developed

path and a trailer is used as a mobile hopper where olives, collected by human labour, are

deposited. The service unit also registers and geo-references the amount of olives (mass)

collected for the subsequent creation of yield maps. The developed navigation strategy

improved the time associated with harvesting olives by approximately 42e45%. The

mathematical formulation of the problem, some real time experimental results, the cre-

ation of a yield map and the statistical analysis that validated the method are included.
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Nomenclature

G Origin of the Global Reference System

xt, yt Robot position in the global reference system in

continuous time

qt Robot orientation in the global references

system in continuous time

j1;t Robot heading in continuous time

j2;t Trailer attitude in continuous time

L1 Distance between axles of the robot

L2 Distance between the middle back axle of the

robot and the trailer

vt Linear velocity of the robot in continuous time

Dt Sampling time of the system

xk, yk Robot position in the global reference system in

discrete time

qk Robot orientation in the global references

system in discrete time

j1;k Robot heading in discrete time

j2;k Trailer attitude in discrete time

vk Linear velocity of the robot in discrete time

U Cartesian path used as a reference in the

control system

RTK Real Time Kinematics

IMU Inertial Measurement Unit

LiDAR Light Detection and Ranging

GNSS Global Navigation Satellite System
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1. Introduction

Over recent years, agriculture in Chile has experienced serious

challenges affecting its productivity including low water re-

sources, loss of agricultural land due volcanic eruptions and

earthquakes. The mining industry has also offered challenges

by offering better salaries and more stable jobs, causing agri-

cultural workers to migrate to mining areas. Thus, to improve

agricultural productivity and competitiveness, it has become

necessary to introduce and develop agricultural automation;

more specifically to seek to introduce robotic machinery (i.e.

automated service units) for both primary (harvesting, seed-

ing, fertilising, spraying) and secondary tasks (grove supervi-

sion, weed detection, hauling, mowing). However, there are

several unsolved issues that must be considered in the

implementation of automated service units, (named as co-

robot by the USA National Science Foundation), such as the

interaction of the units with field workers, manoeuvring

problems when operating in groves (considered as unstruc-

tured and constrained environments), task scheduling, accu-

rate and robust environment understanding (localisation,

mapping and scene classification), identification of terrain

regions for safe traversing, and efficient manoeuvring and

slippage handling. These problems directly affect agricultural

productivity and they have still not been fully addressed

despite recent research.

With the continuous increase in world population and the

stresses that this places on food production, agricultural tasks
are being modernised in order to increase agricultural pro-

duction despite the decreasing supply of field workers found

in some countries (Noguchi, Will, Reid, & Zhang, 2004). Over

the last two decades, the robots have shown to be efficient

tools for improving agricultural tasks developing what is

known as precision agriculture (Lee, Slaughter, & Giles, 1999;

Malinowski & Yu, 2011; Matsuda, Hubert, & Ikegami, 2014;

Perez-Ruiz, Aguera, Gil, & Slaughter, 2011; Wood et al., 2014).

Harvesting, sowing and agrochemical application have

been successfully implemented on mobile robots -called

service units (Auat Cheein & Carelli, 2013) within agricultural

environments (Cariou, Lenain, Thuilot, & Berducat, 2009).

For example, in Pota, Eaton, Katupitiya, and Pathirana

(2007), the authors presented a robotic tractor for opera-

tion in precision agriculture for tasks such as pesticide

application or crop scouting. The tractor contained a dif-

ferential global navigation satellite system (GNSS) receiver,

vision systems and an on-board computer for information

processing and control. In Rath and Kawollek (2009), a ro-

botic harvesting mechanism aided by an artificial vision

system for cutting flower pedicels was presented. Tanigaki,

Fujiura, Akase, and Imagawa (2008) proposed a cherry-

harvesting robot that automatically collects cherries but

does not navigate autonomously along the orchard alleys.

The system was aided by an infrared vision sensor to detect

the cherries. Murakami et al. (2008) presented a tele-

operated manure spreader for planar terrains; the vehicle

incorporated an omnidirectional vision system to aid the

tele-operation process but in this application, the motion of

the vehicle was governed by an operator. An automatic

guidance system for white asparagus harvesting was

developed by Dong et al (2011). The system was based on

ultrasonic sensors located on each wheel of the vehicle,

although the movements of the vehicle remain remotely

controlled by an operator. Bochtis et al. (2015) developed a

comprehensive analysis and procedure for routing in or-

chards and Anjom, Rehal, Fathallah, Wilken, and

Vougioukas (2014) proposed a service unit for strawberry

harvesting.

The motion control of service units is associated with the

navigation strategy adopted for them (Bochtis, Sorensen, &

Vougioukas, 2010; Mas, Zhang, & Reid, 2008; Park & Lee,

2011). This was shown in Perez, Alegre, Ribeiro, and Guinea

(2008), where a multi-agent fuzzy-based system was pre-

sented for the navigation of service units in agricultural en-

vironments. A multi-vehicle control strategy based on

artificial intelligence techniques was presented Razaee and

Abdollahi (2014); the mobile units were part of a flexible

manufacturing system. Feng and Zhang (2011) developed a

multi-robot trajectory that can be used for general agricultural

purposes, although kinematics restrictions were not taken

into account in trajectory generation.

Tanaka and Murakami (2009) proposed a line tracking

control for a two-wheeled bicycle vehicle based on classical

control theory. Huan and Tsai (2008) proposed an embedded

controller for omnidirectional robots. Although the controller

was successfully embedded on an field programmable gate

array (FPGA), the mobile robot used did not consider the
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kinematic constrains found in bicycles or a car-like vehicles,

which makes it unsuitable for agricultural applications.

A behaviour-based architecture for the navigation of mo-

bile robots was proposed by Lian (2011). Hwang and Shih

(2009) used an active vision system and took into account

the vehicle kinematic restrictions for the navigation of car-

like robots. A trajectory controller based on switching

graphs for a team of robots was also proposed. The imple-

mentation of such controllers requires full knowledge of the

position of each robot. The Lyapunov theory for control

tracking can also be used, as shown by Martins et al. (2011)

and Blazic (2011).

Despite the fact that a wide variety for controllers is

available in the scientific literature, most of them (such as

Lyapunov-based, graph-based or adaptive controllers) are

difficult to implement on embedded systems (Coulaud,

Campion, Bastin, & De Wan, 2006; Park, Yoo, Park, & Choi,

2010). Furthermore, approximations of hyperbolic functions,

such as commonly used in Lyapunov-based controllers

(Blazic, 2011) or more complex functions, are difficult to

implement in embedded systems due to approximation errors

that can cause instability of the controller. Such limitations

become crucial when working in agricultural environments

(Auat Cheein & Carelli, 2013; Auat Cheein & Scaglia, 2014). It

should also be noted that, despite the efforts of the scientific

and technical community to automate service units, there still

remain open issues regarding their functionality and their

contribution to the improvement of agricultural production

(Auat Cheein & Carelli, 2013).

In this context, an asymptotically stable path tracking

controller, basedonanalgebraic approach, is presented for use

in an articulated robot. The algebraic formulation of the

controller makes it suitable for embedded applications. The

articulated service unit used in this work was an unmanned

vehicle with a passive trailer attached to it. Therefore, the

control commands were only generated for the service unit.

The service unit incorporated a laser range sensor, odometry

sensors and an real time kinematics (RTK) and aGNSS receiver

that estimated the pose -position and orientation-of the un-

manned vehicle. The trailer had a load cell help to build yield

maps of the olive trees plot and provide a heading sensor. In

addition, a precision agriculture case study is presented. It is

based on the implementation of the path tracking controller

for an olive harvesting aid for field workers. In order to do so, a

navigation strategywas implemented. Thenavigation strategy

can be divided into threemain stages: harvesting, the full load

situation and emergency stops. The first stage was associated

with the harvesting process: the concept was that as the ser-

vice unit navigated along the alleys of the olive grove, the

workers deposit harvested olives in the trailer. When the

trailer detected a full load situation, it re-planned the path in

order to reach the shelter as soonaspossiblewhere it unloaded

the olives. Once the trailer was empty, the service unit

returned to the olive field to continue the harvesting aid. If a

field worker was detected as being close to the service unit

during its navigation, the vehicle stopped itsmotion in order to

protect the worker's integrity and its own. Once the path was

clear again, the service unit continued its navigation. Several

real time experiments were included in order to show the
performance of the concept. Also, as the trailer was equipped

with a load cell, weight data was acquired and geo-referenced

in order to map the mass spatial distribution of yield in the

grove. Such information is essential to implement precision

agriculture strategies as stated in Alamo and Ramos Feito

(2012), who concluded that detailed analysis of harvest can

improve crop management and lead to input reductions and

environmental benefits. The yield maps from manually har-

vested olive groves are usually created by manually weighing

and/or geo-referencing the sacks, bins or boxes used. An

automated weighing and geo-referencing for the yield can

improve the creation and the reliability of yield maps.

This article is organised as follows: in the Section 2, the

vehicle used in this work, its kinematics constrains and

technological aspects; the mathematical formulation of the

path tracking controller proposed in this work; the precision

agriculture case study: i) the path tracking controller imple-

mented on the service unit with the attached trailer for olive

harvesting tasks; and ii) the mass of harvested olives regis-

tered at each trailer geo-referenced location for further yield

map construction is described. The results obtained during

the experiments regarding service unit navigation, harvesting

times and yield mapping are described in Section 3. In Section

4 the lessons learned during the work are discussed and

conclusions drawn are presented in Section 5.
2. Materials and methods

2.1. Service unit model

The proposed path tracking controller and navigation strate-

gies were tested using an autonomous vehicle (a robotised

quad-cycle) used for the supervision of olive groves, as shown

in Fig. 1. Such a robotic service unit is endowed with turn en-

coders on all wheels and an RTK-GNSS (as used in Perez-Ruiz,

Slaughter, Gliever, and Upadyaya (2012)) that is employed as

themain source for positionmeasurements. For thepurposeof

the experiments carried out here, a passive trailer (shown in

the middle picture in Fig. 1) was attached to the rear of the

vehicle. The trailer had a weight sensor that was employed to

estimate the amount of harvested olives. It is important to

mention that the service unit is able to tow a trailer with a

maximum payload of 300 kg. When fully loaded, the power

transmission allows the robot to reach a maximum longitu-

dinal velocity vx ¼ ±3 m s�1 a maximum heading j ¼ ±45�.
The service unit was equipped with a guidance computer

based on a standard industrial PC with an Intel Core 2 Duo

L7500 1.6 GHz processor and 2 GB RAM of memory. The addi-

tional guidance computer accepted longitudinal velocity and

heading commands from the path tracking controller. The

general systemarchitecture of the system is shown in Fig. 2. As

can be seen, the two computers were networked, one for

processing low level information (encoders' readings, inertial
module unit's readings, and pay-load reading) and a second

computer for processing exteroceptive information, such as

the LiDAR readings or calculating control actions. In this work,

the LiDAR was only used for acquiring exteroceptive infor-

mation from the environment, as will be shown in Section 3.

http://dx.doi.org/10.1016/j.biosystemseng.2015.12.006
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Fig. 1 e Service unit used in this work, its passive trailer and its corresponding kinematic model. Left shows a bicycle-like

robot, middle is the trailer used during the harvesting experiments, right shows a schematic of the kinematic model of the

service unit with a trailer.
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For the purpose of implementing the path tracking

controller, the motion of the service unit can be described in

terms of the standard kinematic model of a car-like drive

mobile platform, which is given by:

0
@ _xt

_yt
_qt

1
A ¼

0
BBB@

vx
t cosðqtÞ
vx
t sinðqtÞ

v
L
tanðjtÞ

1
CCCA (1)
Fig. 2 e General architecture of the service unit. The service unit

which process both exteroceptive (associated with the GNSS, L

(associated with the low control level, IMUs and weight sensor
where (xt, yt, qt,) are the pose of the robot in the world refer-

ence frame, vx
t is the longitudinal velocity input, jt is the

heading input and L is the distance between axles (see Fig. 1).

However, since the service unit has a passive trailer

attached to it, the complete kinematic model for the vehicle

with a trailer being pulled at an angle j2;t relative to the

longitudinal-axis of the traction vehicle is given by:
computational design consists of two networked computers

iDARs and artificial vision systems) and proprioceptive

) information.
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where L1 is the distance between axles of the traction vehicle

and L2 is the tow bar length between the trailer and the tow

ball joint, which for simplicity has been assumed to be located

on the rear-axle of the traction vehicle, as shown in the layout

of Fig. 1. In this work, for the vehicle shown in Fig. 1,

L1 ¼ 1.5 m, L2 ¼ 1.5 m and the maximum value for j1 is ±45�.

These values and the trailer itself result in a kinematic

constraint which imposes a minimum turning radius

rminimum ¼ 3m.
2.2. Path tracking controller design

The main objective of the path tracking controller is to drive

the vehicle with a trailer attached to it. The trailer is passive,

that is, no control actions are imparted to it and it follows

the unmanned vehicle to which it is attached as it navigates

through the environment. The path tracking controller

approach follows the guidelines previously published in

Auat Cheein and Scaglia (2014) for algebraic-based controller

design. In addition, in relation to the objectives of this

research, no significant rotations (i.e. roll, pitch and yaw)

and slippage were expected to occur in the motion of the

vehicle, as stated in Wang, Zhang, Rovira-Mas, and Tian

(2011).

xkþ1 ¼ xk þ vkcos
�
j1;k

�
Dt

ykþ1 ¼ yk þ vk sin
�
j1;k

�
Dt

qkþ1 ¼ qk þ
vksin

�
j1;k

�
L1

Dt

(3)

Equation (3) shows the discrete kinematic model of the

service unit; the suffix k represents the discrete time and j1 is

the steering wheel (heading) angle relative to the longitudinal

axis of the vehicle, and v is the vehicle's longitudinal speed, as
shown in Eq. (2). Since the trailer is passive, its movement was

not included in Eq. (3). The objective is to calculate vk and j1;k,

the control signals of the car-like service unit, in order to drive

the vehicle according to a previously defined trajectory

reference: U ¼ ½xref ; yref �T. Such trajectory reference U must be

kinematically compatible with the vehicle kinematics re-

strictions. From Eq. (3), and by re-arranging its terms, it is

possible to see that, the first two expressions of Eq. (3) form an

equation system with a single unknown of the form shown in

Eq. (4).�
cosðqkÞ
sinðqkÞ

�
vk cos

�
j1;k

� ¼ 1
Dt

�
ex;k
ey;k

�
þ
�
xkþ1 � xk

ykþ1 � yk

�
(4)

Considering that U is beforehand known, then it is possible

to replace xk þ 1 and yk þ 1 by xref ;kþ1 � kxðxref ;k � xkÞ and yref ;kþ1 �
kyðyref ;k � ykÞ respectively, with 0 < kx, ky < 1 to ensure the zero

error convergence of the trajectory follower -i.e.,
������ek�����2 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2x;k þ e2y;k

q
/0 as k/∞ where

����:����
2
is the 2-norm with

ex;k ¼ xref ;k � xk and ey;k ¼ yref ;k � yk. Then,�
cosðqkÞ
sinðqkÞ

�
vk cos

�
j1;k

� ¼ 1
Dt

�
Dx

Dy

�

¼ 1
Dt

"
xref ;kþ1 � kx

�
xref ;k � xk

�� xk

yref ;kþ1 � ky

�
yref ;k � yk

	
� yk

#
(5)

Equation (5) has exact solution when the following condi-

tion is achieved (Auat & Scaglia, 2014).

tanðqkÞ ¼ sinðqkÞ
cosðqkÞ ¼

yref ;kþ1 � ky

�
yref ;k � yk

	
� yk

xref ;kþ1 � kx

�
xref ;k � xk

�� xk
¼ Dy

Dx
(6)

In Eq. (6), the angle qk that accomplishes the condition, will

be named as qez. From Eq. (3), qkþ1 ¼ qk þ ðvk sinðj1;kÞ=L1ÞDt.
Replacing qk þ 1 by qez;kþ1 � kqðqez;k � qkÞ yields:

vk sin
�
j1;k

� ¼ qez;kþ1 � kqðqez;k � qkÞ � qk
Dt
L1

(7)

In addition, according to Eqs. (5) and (6).

vk cos
�
j1;k

� ¼ Dx

Dt
cosðqez;kÞ þ Dy

Dt
sinðqez;kÞ (8)

and re-arranging the terms of Eqs. (7) and (8) the following

equation system with a single unknown is obtained.�
vksin

�
j1;k

�
vkcos

�
j1;k

� � ¼ 1
Dt

�
Dx cosðqez;kÞ þ Dy sinðqez;kÞ

ðqez;kþ1 � kqðqez;k � qkÞ � qkÞL1
�

(9)

As previously stated for Eq. (5), Eq. (9) will have an exact

solution when the following condition is achieved,

tan
�
j1;k

� ¼ sin
�
j1;k

�
cos

�
j1;k

� ¼ ðqez;kþ1 � kqðqez;k � qkÞ � qkÞL1
Dx cosðqez;kÞ þ Dy sinðqez;kÞ (10)

Therefore,

vk ¼


Dx

Dt
cosðqez;kÞ þ Dy

Dt
sinðqez;kÞ

�
cos

�
j1;k

�þ ðqez;k � kqðqez;k � qkÞ

� qkÞ L1
Dt

sin
�
j1;k

�
(11)

In Eq. (11), j1;k was obtained by applying the inverse

tangent to the expression shown in Eq. (10). Thus, Eq. (10), its

inverse tangent, and Eq. (11) are the expressions of the path

tracking controller for the unmanned service unit used in this

work. The convergence proof of the controller is included in

the appendix to this paper.
2.3. Implementation of the path tracking controller
design

This section shows the implementation of the service unit, its

trailer and the path tracking controller presented in the pre-

vious section, to a precision agriculture approach associated

with olive harvesting. The basic scenario is as follows:

� The agricultural environment is an experimental olive

grove.

http://dx.doi.org/10.1016/j.biosystemseng.2015.12.006
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� The unmanned service unit and its trailer navigate

autonomously along the alleys of the olive grove.

� As the service unit navigates, its trailer is loaded with ol-

ives collected from the trees, in three selected locations

spread out along each alley.

� When the weight sensor of the trailer measures a full load

situation (set to 300 kg), the vehicle then drives to the

shelter where the olives are unloaded.

� Once the trailer of the service unit is empty, the mobile

system returns to the olive grove and continues the har-

vesting process, from the point in the environment where

it remains.

� The path followed by the vehicle for harvesting or

unloading olives, is a previously defined path.

Each step of the application will be explained as follows.

Figure 3 (left) shows a satellite image of the olive grove

where the experimentation was carried out. Figure (3) (right)

shows the olive trees and the alleys of the environment and

the solid red dot in Fig. (3) (left) shows the shelter where the

harvested olives are unloaded. The solid blue line repre-

sents the mandatory path that the unmanned vehicle

should follow in order to enter the olive grove. An irrigation

canal bounds part of the grove, as it is shown in solid green

line in Fig. (3). Manoeuvres near the canal are considered

dangerous for the integrity of the vehicle and should be

avoided.

The experimental olive grove environment shown in

Fig. (3) has 26 alleys of 6 m wide and 80 m long (1.25 ha). The

distance between olive trees from a similar row is 2.5 m. Each

olive tree produces approximately 45 kg of olives. The olive

trees were 15 years old.
Fig. 3 e Olive grove environment. Left shows a satellite image o

was carried out; the solid red dot marks the shelter where the

that the vehicle should follow to enter into the grove; the solid g

a picture of the grove with weeds removed.
2.3.1. Navigation system architecture
The navigation architecture used in this study is shown in

Fig. 4. It can be summarised as follows:

� The trajectory generation process used the environment

and the vehicle pose information to manage the trajectory

to be followed by the service unit. The trajectory (U) was

generated beforehand.

� The estimation of the pose of the vehicle within the olive

grovewas based on an RTK-GNSS, as the one used in Perez-

Ruiz et al. (2012).

� Vehicle pose information was compared with the planned

path. Comparison errors were then fed into the path

tracking controller presented in Section Path Tracking

Controller Design, Eqs. (10) and (11).

� In addition, the vehicle incorporated a laser range sensor

that was used for collision avoidance purposes. Thus, if an

obstacle, e.g. a field worker, was near to the robot, then the

vehicle stopped its motion until the obstacle was out of its

range. In this work, the safety range was set to 2m. In Fig. 4,

the obstacle alert block managed the obstacle detection pro-

cedure. If an obstacle was detected, then the obstacle alert

block had the maximum priority and interrupted the tra-

jectory controlmotionuntil thepathwas free fornavigation.

� The full load alert block indicated when the vehicle had to

release its olive load. Thus, using the previously planned

path, the system re-planned its trajectory in order to reach

the shelter to release the collected olives, and then come

back to continue acting as a harvesting aid. This situation

is explained in detail in Section 2.3.2. It is worth noting

that, as the vehicle moved to/from the shelter, the obstacle

alert was still operating.
f the olive grove environment where the experimentation

olives are stored; the solid blue line is the mandatory path

reen line represents the grove irrigation canal. Right shows

http://dx.doi.org/10.1016/j.biosystemseng.2015.12.006
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Fig. 4 e Harvesting aid navigation architecture. General architecture of the service unit navigation strategy within the olive

grove while performing harvesting aid.
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2.3.2. Path management
The path management strategy for the olive grove environ-

ment shown in Fig. 3 is based on a curly path generated along

alleys based on previously available GNSS coordinates of the

olive grove, similar to that shown in Bochtis et al. (2010). Due

to the fact that the service unit had a trailer attached to it, the

path management avoided the generation of paths that could

cause a reverse movement of the vehicle. Therefore, no

backward motion was considered (for the safety of the

vehicle). Figure 5 shows the general trajectory followed by the

service unit during its harvesting aid task. In Fig. 5, the blue

line is the path established for the harvesting process; the

service unit and its trailer must follow such a path. Although

in this work, the path shown in Fig. 5 was used, other paths

could also be applied since path planning is not the focus of

this research. The solid blue segments correspond to the

portion of the path in which the service unit has to perform

the harvesting task. The dotted blue line represents the path
Fig. 5 e Path planning between olive grove alleys e the

path to be tracked by the service unit while harvesting.
where the vehicle was not expecting olives to be deposited.

The blue arrows determine the direction of movement along

the alley. It is worth mentioning that the path shown in Fig. 5

was kinematically compatible with the kinematic restrictions

of the vehicle. Thus, the curvature radius at any point of the

pathwas always larger than rmin¼ 3m (theminimum radius of

turning of the service unit, as previously stated).

In order tomanage the path to be tracked by the unmanned

service unit while harvesting, and taking into account the

navigation architecture presented in Fig. 4, the following

criteria were used.

� Three programs were run in parallel. One per each switch

case shown in Fig. 4.

� Themain parallel program (Program A) was in charge of the

path tracking controller shown herein, the planning and

the RTK-GNSS for position estimation.

� The first secondary parallel program (Program B) was in

charge of the obstacle alert. It continuously searches for an

obstacle during the unmanned service unit motion.

� The second secondary parallel program (Program C) was in

charge of the full load alert. If the service unit detected the

full load status of the trailer, it re-sampled the path in order

to reach the shelter as soon as possible without violating

the kinematic and dynamic constrains of the vehicle.

The algorithms shown in Algorithm 1, 2 and 3 (below)

present how the three parallel programs were coordinated.

Algorithm 1 shows the execution of Program A. As can be seen,

Algorithm 1 was in charge of the trajectory controller. In line

of code (1), two paths are generated: Path1 -related to the

harvesting problem, shown in Fig. 5 -and Path2-related to a full

load situation (it is a path generated from the robot's current

position to the shelter, according to the information provided

by Path1)-. Path1 was followed by the unmanned service unit

until a full load flag is detected. In that case, the service unit

http://dx.doi.org/10.1016/j.biosystemseng.2015.12.006
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follows Path2 (ReferencePath is an auxiliary array). In line of

code (2), robotk is the instantaneous pose of the service unit

within the environment. The switching flag d was defined in

line of code (3); by default, d ¼ 1. If d ¼ 3, the service unit has

detected the full load condition. Then, the reference path is
updated to Path2; Program A performs Path2 navigation until

d changes its value e while-loop, lines of code (7)e(11). The

command pause in lines of code (10), (17) and (22), is a

mandatory pause of the robotic system (Dt in Eq. (3)). Such

pause is used to update the internal values of the system. In

this work, Dt ¼ 0.1 s.

On the other hand, if d ¼ 2 {lines of code (15)e(19)}, then an

obstacle is detected during the service unit driving whether

tracking Path1 or Path2. The vehicle stops until the obstacle is

out of view of the laser range scanner, as stated earlier in
Section 2.2.1. This behaviour is useful for avoiding collisions

between field workers and the service unit. However, if d ¼ 1,

then the service unit follows Path1, the harvesting trajectory

{lines of code (4)e(23)}. The trajectory controller commands

are generated by ControlComðrobotk;ReferencePathÞ {lines of
code (8) and (20)} which represent Eq. (10), its tangent inverse

and Eq. (11). In addition, lines of code (9) and (21), show the

service unit's pose estimation using the RTK-GNSS receiver

incorporated on the vehicle. Algorithms 2 and 3 show Program

B and Program C respectively. It is worth mentioning that

Program A, Program B and Program C all run in parallel, imple-

mented on OpenMP, until Program A finishes Path1

In Algorithm 2, Obstacle Laser Readings is a Boolean variable

that is true if the laser scan finds an obstacle within the ser-

vice unit's path. Otherwise, it is false.

http://dx.doi.org/10.1016/j.biosystemseng.2015.12.006
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As in Algorithm 2, Algorithm 3 shows the case for the full

load condition, where the Boolean variable a is true if the full

load situation is observed.
2.3.2.1. Path planning. The criteria used for managing the

trajectories U ¼ Path1 and U ¼ Path2 in Algorithm 1 are based

on the harvesting needs of the process but without losing the

path shape shown in Fig. 5. Briefly.

� Path1: used by the service unit to navigate through alleys

performing harvesting aid tasks.

� Path2: once the full load condition is detected, the vehicle

should reach the shelter as soon as possible, unload the

olives and return to the point where the full load alert took

place to continue the harvesting process. Therefore, once

the full load condition is detected, and considering that, the

vehicle should not move backwards, the system calculates

the shortest path between the vehicle and the shelter

following the general path shown in Fig. 5. In order to do so,

a decision-based algorithm was implemented in order to

decide which branch of the path is more appropriate to

take (Lavalle, 2006). Figure 6 shows this case. Once the

system detects the full load situation, the trajectory from

the vehicle's position to the shelter and vice versa is re-

sampled incrementing Dx and Dy dotted blue line in Fig. 6,

as long as they do not saturate the vehicle's actuators. The

solid red dot in Fig. 6 represents the position in which

ReferencePath in Algorithm 1 changes from Path1 to Path2.

Once the vehicle returns from the shelter,

ReferencePath¼ Path1 and the harvesting process continues.
Fig. 6 e Trajectory planning with full load condition

detected. Trajectory planning when full load position is

detected (red dot). The service unit plans a trajectory from

its current position to the shelter.
� The system stops the navigation strategy once all alleys

have been covered by the unmanned service unit and its

trailer.
It is worth mentioning that in this research and for safety

purposes, the maximum allowed traction speed of the service

unit was set to 0.5 m s�1.

Yield was expressed in mass of harvested olives and is

obtained from the weight increments in the continuous re-

cords of the load cell of the trailer. Three loading locations

were established in each alley and data from one row can be

distinguished from the other (see Fig. 7).

To determine the yield of each row section, coordinates of

the left and right row sides were averaged and, the olive

masses were added. After this process, 78 points were ob-

tained in an approximately 6 � 25 m grid across the 1.25 ha

grove.

These data was spatially interpolated on a 3 m grid basis

within the boundaries of the plot using an ordinary punctual

krigging or Gaussian process regression based on a global

variogram. The process is executed using VESPER software

(Minasny, McBratney, & Whelan, 2005).

A cluster analysis using the k-means algorithm was per-

formed to see whether the yield map can be reclassified into

two classes (high and low olive yield). This process is executed

with the JMP Pro, Version 11 software (SAS Institute Inc., Cary,

USA) as shown in Arn�o, Martinez-Casanovas, Ribes-Dasi, and

Rosell (2011).
Fig. 7 e Loading olives spots. Loading points of harvested

olives for the left side (red dots) and the right side (blue

dots) of the rows. (For interpretation of the references to

colour in this figure legend, the reader is referred to the

web version of this article.)

http://dx.doi.org/10.1016/j.biosystemseng.2015.12.006
http://dx.doi.org/10.1016/j.biosystemseng.2015.12.006


b i o s y s t em s e n g i n e e r i n g 1 4 2 ( 2 0 1 6 ) 1 1 7e1 3 2126
3. Results

3.1. Controller results

Figure 8 shows the result of implementing the path tracking

controller presented in Section Path Tracking Controller Design.

The distance between any two consecutive points in Uwas set

to 0.1 m. Figure 8 shows the generated trajectory (dotted blue)

and the initial position of the service unit

½x0y0q0j1;0�T ¼ ½50ðp=2Þ0:8�T; kq was set to 0.5 in Eq. (10) and Eq.

(11); the top three figures show different snap-shots of the

trajectory followed by the robot. The figure at the bottom left

shows the error evolution of the controller ðDx ¼ xref ;k � xkÞ
and ðDy ¼ yref ;k � ykÞ; as it can be seen, the errors tend to zero

which implies that the service unit (with its trailer) follows the

planned trajectory. In addition, the centre right figure shows

the control signals of the experiment. The solid black line

represents the traction velocity -as it can be seen, the traction

velocity does not exceed its limit-; the solid green line repre-

sents the angular velocity (wk) whereas the solid blue line

represents the heading ðj1;kÞ control signal. The heading

control command does not exceed its maximum values (set to

±45� ¼ ±01.05 rad), solid red lines.

As expected, Fig. 8 shows that, despite of the initial posi-

tion of the trailer, it tended to follow the orientation of the

service unit as it navigated along the planned trajectory. A

more complete test of the controller (and the family of con-

trollers associated with this newmethodology can be found in

Auat Cheein and Scaglia (2014)).
Fig. 8 e Simulation results of the path tracking controller. The se

established circular trajectory (dotted blue line). The top three fi

pose until traversing the entire path). The bottom-left figure sho

as the vehicle follows the planned path. The bottom-right figur
3.2. Field results

The experiments were carried out in the olive grove shown in

Fig. 3. The following considerations were taken into account:

� The path followed by the unmanned service unit and its

trailer was the one shown in Fig. 5.

� The sampling time of the system was set to Dt ¼ 0.1 sec-

onds (pause in Algorithms. 1, 2 and 3) in Eqs. (10) and (11),

kq ¼ 0.5.

� The passive trailer carried up to a maximum 300 kg of ol-

ives. Each olive tree can produce (in the best case) 45 kg of

olives.

� The on-board batteries and fuel of the service unit allowed

for ~ 8-h of harvesting work.

� The olive grove terrain was not flat, it contained rocks and

depressions, but slippage situationswere not considered in

this research.

� The alleys were 6-m wide and the service unit was

approximately 2-m wide.

Two experimental results are shown herein. Figure 9

shows the case when the service unit navigated to collect ol-

ives from the grove (where field workers deposited such olives

in the hopper). The figure to the left shows the path tracked by

the vehicle from its starting position, solid red dot, until it

detected the full load condition. The starting position was the

point in the environment where the vehicle detected a full load

condition during the previous stage of the experiment. The

path navigated by the service unit is drawn in dotted yellow
rvice unit with a trailer attached to it followed a previously

gures show different images from the simulation (initial

ws that the path tracking errors tend to zero ðDx/0; Dy/0Þ
e shows the control command signals over time.

http://dx.doi.org/10.1016/j.biosystemseng.2015.12.006
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Fig. 9 e Collecting olives. The first two figures to the left show the path tracked by the unmanned service unit (dotted yellow

line) while collecting the olives from the field until a full load situation is detected by Program C, see Algorithm 3; the figure to

the right shows the control signals, the traction velocity (vk) and the vehicle's heading ðj1;kÞ imparted to the vehicle and the

trailer's heading ðj2;kÞ.
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line. The figure to the right shows the control signal results of

the experiment. As it can be seen, the traction velocity re-

mains under 0.5 m s�1 as previously stated. In addition, the

heading command remains under its saturation values,

shown in Fig. 8. Additionally, this figure shows that due to the

rocks and the depressions in the terrain, the traction velocity

was not as smooth as that shown in Fig. 8.

Figure 10 shows the case where the service unit has to un-

load the olives in the shelter and return to the olive grove. In

Fig. 10 top left the casewhen the service unit leaves the full load

situation point in order to reach the shelter (dotted yellow line)

is shown, whereas in the top right of the same figure the

vehicle returns from the shelterwith the corresponding empty

trailer to the previous leaving point within the field in order to

continue aiding harvest (dotted yellow line). The bottom left

figure of Fig. 10 shows the control command signals obtained

during the experiment. The traction velocity remains bounded

by the maximum speed and the heading command is also

bounded, as previously shown in Fig. 8. The bottom centre

figure showsa reconstructionof the olive environment and the

full navigation performed by the vehicle. The solid red crosses

represent the first and last olive tree from each alley, repre-

sented by solid blue segments. The olive tree position infor-

mation was previously available from satellite information of

the environment. The dotted black line shows the path fol-

lowed by the vehicle. As it can be seen, the vehicle did not

collide with elements within the environment. The bottom

right figure is a close-up image of the previous one.

Finally, despite the image shown in Fig. 3, during the field

experiments the grove was infested with weeds, as shown in

the images in Fig. 11. In addition, Fig. 12 shows the path

travelled by the service unit (dotted blue line) along a single

alley (that shown in Fig. 11). The LiDAR acquired data from the

trees and the weeds (green points).
3.3. Harvesting time

As previously stated, due to energy resource restrictions, the

service unit was able to perform autonomously up to 8 h.
However, such time was sufficient for harvesting the grove

shown in Fig. 11. In fact, the service unit was able to harvest

the entire grove in approximately 7 h. According to field data,

once collected, the human transportation of the olives to the

shelter can take up to 13 h if only the transportation time of

the olives from their trees to the shelter is considered as being

performed by the usual human labour force of 5 field workers

ha�1. This represents an improvement of approximately 42%

in harvesting time. However, such improvements depend on

the number of field workers per hectare.

3.4. Yield mapping

The 78 data points for mass harvested had moderate vari-

ability (CV ¼ 10.30%). However, this variability justified a

spatial analysis to try to establish whether there is a pattern in

the distribution of yield across the grove andwhether it can be

classified into different classes. An exponential model was

adjusted to the variogram and the yield map obtained is

shown in Fig. 13a; the interpolated data maintained the same

average value but presented a lower variability (CV ¼ 2.62%)

and a shorter range. While most of the grove showed an

average yield, there were clearly delimited areas presenting

lower (red) and higher (blue) yield values. Fig. 13b shows the

re-classified map where two significantly different classes

have been depicted: low yield (red) and high yield (blue). The

classes were structured and compact. The high yield class had

an average yield of 25,331.25 kg ha�1 and represented a

slightly smaller area than the low yield class. The latter has an

average yield of 24,243.75 kg ha�1.
4. Discussion

During the experimentation, a number of lessons were

learned.

1. The 42e45% improvement in the olive harvesting time was

calculated according to the basis of 5e7 workers ha�1.

http://dx.doi.org/10.1016/j.biosystemseng.2015.12.006
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Fig. 10 e Full load situation. The service unit navigates from its current pose within the grove to the shelter to unload the

olives and then return to the grove. The top left shows the case when the trailer detects the full load situation and the vehicle

navigates up to the shelter in order to unload the olives (dotted yellow line); the top right figure shows the trajectory

followed by the vehicle (dotted yellow line) once the trailer is empty and the vehicle has to continue aiding harvesting from

the point where it left the grove. The bottom left figure shows the control signals generated during the navigation, the

bottom centre and bottom right figures show a reconstruction of the navigation path performed by the vehicle and the alleys

from the environment (and its corresponding close-up). As it can be seen, the vehicle does not collide with elements within

the environment.
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However, such improvements could be lower if more field

workers were assigned to the harvesting process. Never-

theless, this contradicts the current agricultural situation

in Chile, as stated earlier.

2. In the harvesting navigation strategy, once the system

detects a full load situation, the service unit drives to the

shelter to unload the olives. Despite the fact that the ex-

periments showed an improvement of 42e45% in the har-

vesting time better results might be obtained if instead of

unloading the olives at the shelter, the full load trailer is

left alongside the grove (see Fig. 5) and an empty trailer is

attached to the service unit.

3. In the experiments, only one passive trailer was used for

harvesting. Considering that the service unit is able to tow

up to 300 kg, then harvesting times should capable of

further improvement if more than one trailer is used. In

this scenario, since trailers are passive, the path tracking

control approach shownherewould be the same, as well as

trajectory reference generation, since no extra restrictions

are added into the robot's holonomy. However, the full load

condition should be updated if an extra trailer is added.
4. The olive grove shown in Fig. 11 is an experimental grove.

Therefore, slippage and drastic uneven terrain situations

were not considered during the experiments.

5. The layouts of commercial groves are very variable and

they also depend on the nature of the crop. This can affect

both positively and negatively on the GNSS receiver.

Therefore, using RTK-GNSS as a sole localisation system

might cause issues such as the ones mentioned in Auat

Cheein and Carelli (2013). Other approaches could be used

instead (such simultaneous localisation and mapping-

techniques, SLAM). Additionally, the alleys shown in

Fig. 12 are 6mwide,whichensures a free collisiondrivingof

the service unit. Better refinement of the path planning

technique could be expected for narrower alleys.

6. Although a LiDAR system was used for detecting field

workers, a secondary sensor is needed in order to reinforce

such crucial task. For instance, this could consist of ultra-

sonic range sensors or artificial vision systems. Ultrasonic

range sensors offer better solutions in poor visibility, and

artificial vision systems might help with field worker

detection under dusty situations.

http://dx.doi.org/10.1016/j.biosystemseng.2015.12.006
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Fig. 11 e Different images of the olive grove during the experiments.
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7. The measurement and storage of the harvest yields using

the trailer's load cell and the corresponding coordinates by

GNSS or alternative systems has proved to be a simple but

efficient method to subsequently build yield maps. Such

yield maps are useful tools to understand the variability of

crops as well as for decision making related to more sus-

tainable and efficient use of agricultural inputs (fertilisers,

agrochemicals, irrigation, etc.) in the framework of preci-

sion agriculture.

8. The yieldmap could be improved by allowing the operators

to load the trailer anywhere along the alleys. This way the

spatial resolution of data would increase and the yieldmap

would be more accurate.

However, several open issues arose during the field

experimentation that will lead our future research. They are

enumerated as follows:

1. The interaction of field workers and machinery (as previ-

ously stated in Auat Cheein and Carelli (2013)) when they

share the same environment and they complement each

other in the agricultural task needs evaluation, particularly

from the point of view of field workers.

2. The improvement in harvesting time might be reflected in

an improvement in the quality of the olives since as they

are collected they could be stored.
Fig. 12 e LiDAR reconstruction of the environment.

Reconstruction of an alley from Fig. 11 using LiDAR

information (green points). The path travelled by the

service unit is shown in dotted blue line.
5. Conclusions

A path tracking controller for an unmanned articulated car-

like type service unit with a passive trailer has been
presented. The proposed trajectory controller was asymptot-

ically stable and it can be implemented on a service unit with

more than a single trailer without changing its formulation. In

addition, given the algebraic nature of the proposed trajectory

controller, a re-sampling trajectory approach was also

implemented, in order to avoid actuator saturation problems

while reaching the service unit's shelter.

The implementation results shown in this work demon-

strated the application of the controller in service units for

agricultural tasks. In particular, the example of an unmanned

http://dx.doi.org/10.1016/j.biosystemseng.2015.12.006
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Fig. 13 e Yield maps of the olive grove, (a) shows the yield

raster map (b) shows a classification map with two zones e

low and high yield.
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service unit navigating within an olive grovewhile performing

harvesting tasks was presented. The proposed navigation

strategy used the trajectory tracking controller to perform the

harvesting tasks successfully. The navigation strategy was

divided into three main stages: navigation while collecting

olives, navigation to unload the collected olives and the re-

action to obstacles while moving within the field. The first

stage was associated with the load of olives into the passive

trailer as the service unit navigated among alleys at a low

speed. The second stage was associated with the full load

condition: the trailer reached the maximum amount of olives.

Therefore, the service unit re-planned its trajectory in order to

reach the shelter as rapidly as possible, where the olives were

unload, and then it returned to the harvesting task. The third

stage was associated with the protection of the integrity of the

vehicle and the field workers: the unmanned service unit

stopped its motion if a field worker, or an obstacle, was near

the vehicle's local navigation space.
Several field experimental results associated with the pro-

posed case study have been presented herein, validating the

proposal. Despite of the fact that the terrain used during the

experiments presented rocks anddepressions and that, during

the experiments, the GNSS signal was lost in some parts of the

navigation, the trajectory controller and the navigation strat-

egywere sufficiently robust to perform the harvesting task. On

the other hand, the availability of the geo-referenced weights

of harvested olives in a continuousway by the combinedwork

of a GNSS and the trailer's load cell provides an easy, efficient

and reliable way to build yield maps. This feature could be a

very relevant added value to the service unit which has been

developed allowing the farmer the implementation of preci-

sion agriculture techniques to improve the results.

The experimental results led to new open issues, such as

the interaction of automated machinery with field workers in

shared tasks and spaces. This open issue in particular requires

additional analysis in order to establish the field worker's
perception of robots and how to optimise such interactions for

the improvement of the production. The second open issue

could also lead to a new research study, since olives could

enter store more rapidly using the service unit than with

manual labour. Such improvements in the collecting time

could reduce the exposure of olives (or similar fruits) to cli-

matic changes until they are stored. This might be reflected in

an improvement in crop quality.

Acknowledgements

The authors would like to thank to the Universidad T�ecnica

Federico Santa Marı́a (Chile), to FONDECYT grant 1140575

(CONICYT), BASAL grant FB 0008, to the Institute of Auto-

matics, Universidad Nacional de San Juan (Argentina), to Prof.

Dr. Ricardo Carelli for his support, and to the University of

Lleida (Spain), for their support.

Appendix A. Convergence proof of the path
tracking controller

The analysis of the zero error convergence of the proposed

trajectory controller for the service unit, following the guide-

lines previously published in Auat Cheein and Scaglia (2014) is

presented. Taking into account the discrete kinematic model

of the service unit presented in Eq. (3) and the proposed tra-

jectory controller -shown in Eqs. (10) and (11), then
����ek����2/0

when k/∞ if 0<vref <∞ -the velocity reference-, where

ek ¼ ½xref ;k � xk yref ;k � yk� ¼ ½ex;k ey;k� is the tracking error with������ek������
2
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2x;k þ e2y;k

q
. By operating first for the x-coordinate of

the kinematic model,

xkþ1 ¼ xk þ vk cos
�
j1;k

�
cosðqkÞDt (A.1)

with vk ¼ ðDx=DtÞcosðqez;kÞ þ ðDy=DtÞsinðqez;kÞ. Then, by applying

a Taylor series expansion to the cosine in the expression above,

cosðqkÞ ¼ cosðqez;kÞ � sinðqez;k þ xðqez;k � qkÞÞðqk � qez;kÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Complementary term; with 0< x<1

and re-ordering the above expression,
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cosðqkÞ ¼ cosðqez;kÞ þ sinðqez;k þ xðqk � qez;kÞÞ ðqez;k � qkÞ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl} (A.2)
eq;k

Then, replacing Eq. (A.2) into Eq. (A.1) yields,

xkþ1 ¼ xk þ


Dx

Dt
cosðqez;kÞ þ Dy

Dt
sinðqez;kÞ

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

vk cosðj1;kÞ

ðcosðqez;kÞ þ sinðqez;k þ xðqk � qez;kÞÞÞDt

¼ xk þ Dxcos
2ðqez;kÞ þ Dysinðqez;kÞcosðqez;kÞ

þ vk cos
�
j1;k

�
cosðqez;kÞ þ xðqk � qez;kÞeq;k|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

f

In addition, according to Eq. (5), Dy ¼ ðsinðqez;kÞ=cosðqez;kÞÞDx,

then,

xkþ1 ¼ xk þ Dxcos
2ðqez;kÞ þ Dxsin

2ðqez;kÞ þ feq ;k ¼ xk þ Dx þ feq ;k

and replacing Dx in the expression above by Eq. (5) and

operating,

xkþ1 ¼ xk þ xref ;kþ1 � kx

�
xref ;k � xk

�� xk þ feq ;k (A.3)

xxref ;kþ1 � xkþ1|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
ex;kþ1

¼ kx

�
xref ;k � xk

�
|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

ex;k

�feq ;k

Following the same reasoning applied for the x-coordinate

to the y-coordinate, according to the kinematic model of the

car-like service unit and the Taylor series expansion of sin(qk),

the following expression follows:

ykþ1 ¼ yk þ


Dx

Dt
cosðqez;kÞ þ Dy

Dt
sinðqez;kÞ

�

�

0
BBB@sinðqez;kÞ � cosðqez;k þ lðqk � qez;kÞÞ ðqez;k � qkÞ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

eq ;k

1
CCCADt

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
sinðqez;kÞ expanded by Taylor series; with 0< l<1

(A.4)

Then, by operating on the above expression it follows that

ykþ1 ¼ yk þ Dycosðqez;kÞsinðqez;kÞ þ Dysinðqez;kÞ
� vkcos

�
j1;k

�
cosðqez;k þ lðqk � qez;kÞÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

g

eq;k

According to Eq. (5), Dx ¼ ðsinðqez;kÞ=cosðqez;kÞÞDy, hence, by

operating the expression above,

ykþ1 ¼ yk þ Dycos
2ðqez;kÞ þ Dysin

2ðqez;kÞ þ geq;k

¼ yk þ yref ;kþ1 � ky

�
yref ;k � yk

	
� yk þ geq;k

¼ yref ;kþ1 � ky

�
yref ;k � yk

	
þ geq;k

Then,

yref ;kþ1 � ykþ1|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
ey;kþ1

¼ ky

�
yref ;k � yk

	
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

ey;k

þgeq;k

Having into account that -see Eq. (3)-,
qkþ1 ¼ qk þ Dt

L1
vksin

�
j1;k

�

and according to Eq. (7) we have that,

vk sin
�
j1;k

� ¼ L1
Dt

ðqez;kþ1 � Kqðqez;k � qkÞÞ � qk

¼ qez;kþ1 � kqðqez;k � qkÞ

Thus,

qez;kþ1 � qez;k|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
eq;kþ1

¼ kqðqez;k � qkÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
eq;k

(A.5)

where eq;k is the orientation error. Then, it is possible to see

that, in Eq. (A.5), if 0 < kq < 1 then ek/0 ask/∞. In addition,

Eqs. (A.3) and (A.4) form the equation systemshown in Eq. (A.6).�
ex;kþ1

ey;kþ1

�
¼

�
kx 0
0 kx

��
ex;k
ey;k

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Linear term

þ
��f
�g

�
eq;k|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Non�Linear term

(A.6)

Equation (A.6) is a linear system added to a bounded non-

linear term. According to Eq. (A.5), the non-linear term of Eq.

(A.6) tends to zero as k/∞. Considering that by hypothesis

vref <∞, then vk is bounded. Following, it is possible to

conclude that Eq. (A.6) is a linear system with a non-linear

term that tends to zero as k/∞. In addition, according to

Auat and Scaglia (2014),
����ek����2/0 as k/∞, which is proof of

the proposal.
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