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Abstract

The thesis reports on the design, development, and integration of the articulated
mobile robot for precision agriculture and its control architecture. Starting from
bibliographic research on precision agriculture with a particular focus on terrestrial
robotic platforms (UGVs), the Agri.Q project was then developed with the aim of
creating an articulated robot for agriculture in vineyards, or on fields with large slopes,
with particular attention to the issue of sustainability and the integration of the robotic
platform with monitoring drones and a redundant robotic arm dedicated to collect
field samples or to interact with the environment. The thesis therefore reports the
mechanical and electronic design process of the robot, focusing on the peculiarities
and salient features. The thesis also gives wide space to the study and analysis of the
kinematic and dynamic behavior of the robot navigation through models, simulations,
and experimentation on the prototype itself. These results become functional for the
implementation of appropriate control strategies to overcome some problems related
to the robot architecture and to make it a robust and functional platform. The thesis
is accompanied by further phases of experimentation on more specific topics, such
as the evaluation of power flows and the effectiveness of solar charging, an initial
integration of a redundant robotic arm, and the beginning of preparatory activities
for the implementation of an autonomous driving.
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Chapter 1

Introduction

1.1 Precision agriculture and sustainability

The world population is constantly growing and it keeps requiring increasing food
production. For example, according to Sylvestere [2] agricultural production, in
particular field agriculture [3], has to expand by 70% by 2050, when the global pop-
ulation is expected to reach 9 billion people. At the same time, the intensification of
agriculture activities results in the waste and exploitation of irrigation water, fertilizer,
and other phytosanitary products, which have a negative impact on environmental
sustainability and farmers’ profit [4]. Since agriculture dominates the world land
usage, the urgent need to substantially increase the intensive food production over
the next years using less land and water would inevitably require considerable social,
economic, and environmental costs. Identifying methods and technologies to reduce
such costs by enhancing productivity and profits while protecting the environment is,
thus, essential [5].

In conventional agriculture, standard management procedures comprise the uni-
form use of water and agrochemicals, ignoring the variability within the field of crop
conditions and needs [6]. On the global scale, this system is no more sustainable
to achieve a high level of production while minimizing the environmental impact,
therefore it is imperative to propose and introduce new sustainable solutions, such
as Precision Agriculture (PA) [7]. Precision agriculture is a farming trend that has
received considerable attention in the last few years [8], as it entails the application
of current information and communication technology with the goal of increasing



2 Introduction

agricultural yields and profitability. At the same time, precision agriculture reduces
the amount of investment in resources such as arable land, water, fertilisers, and
other agrochemicals required to cultivate fields [9]. Pierce and Nowak [10] gave the
most common definition of PA: "Precision Agriculture is the application of farming
strategies and methodologies to do the right thing, in the right place and at the right
time", while data and technologies detect and decide what is right [11]. Hence, PA
is a data-driven method for gathering, analyzing, and better managing farm data
with the goal of enhancing knowledge and management of soil and resources to
predict and manage crops. As a result, it has the potential to increase agricultural
production (yield) and profit, resulting in improved environmental quality. Further-
more, it supports farmers in making sound judgments while also automating certain
essential farming operations [12, 13]. In other terms, PA can be seen as a holistic
and sustainable strategy in which farmers can vary and modulate their actions and
cultivation methods (such as planting, tillage, harvesting, application of fertilisers,
pesticides, and water) to match the varying soil and crop conditions and needs within
the field [6].

Srinivasan [5] stated that PA differs from conventional farming, as it is based
on determining crop variation more precisely and linking spatial and temporal
relationships to actions on the field, thereby allowing farmers to manage their farms,
crops and practises from an entirely new perspective, thereby leading to

• reduction in costs,

• optimisation of yields and quality in relation to the productive capacity of each
site,

• better management of the resources, and

• protection of the environment.

PA has the potential to transform agriculture by providing a wide range of benefits
in terms of profitability, productivity, sustainability, crop quality, environmental
protection, on-farm quality of life, food safety, and rural economic development
[14, 15]. On a regional level, spatial and temporal categorization of farms can aid
in identifying developing patterns in elements that affect sustainability, whether in
geographically adjacent areas or specific agro-ecological zones, and directing viable
solutions. Building geo-referenced datasets for each field in an area will help identify
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the reasons and elements that underlie each cropping system productive aspect, and
provide a synthesis of the proportion and severity of factors that hinder or improve
sustainability within and between fields [5].

Many elements of PA have been investigated, including relevant technologies,
environmental implications, profitability, adoption rates, and the reasons for adoption
and non-adoption. Many researchers [16–18] have proven the environmental and
economic benefits of PA. Nonetheless, both academic surveys and professional
reports continue to reflect a low incidence of PA adoption [19–21].

1.2 Sustainable Development Goals in agriculture

The Sustainable Development Goals (SDGs) are "a universal call to action to end
poverty, protect the planet, and improve the lives and prospects of everyone, every-
where. The 17 Goals were adopted by all UN Member States in 2015, as part of the
2030 Agenda for Sustainable Development, which set out a 15-year plan to achieve
the Goals" [22]. The application of new technologies and methods in agricultural
processes has piqued the interest of the engineering research community among the
many scientific and technical difficulties arising from the pursuit of the SDGs agenda
[23]. In reality, such technologies are ideal for the precision agriculture paradigm,
which attempts to improve the long-term viability of agricultural production by using
specialised equipment. Profitability and efficiency are also increased as a result of
this [24]. In the PA scenario, the SDG 2, SDG 6, SDG 12, SDG 13, and SDG 15 are
addressed (Figure 1.1):

• Adopting sustainable agricultural practises that increase productivity and pro-
duction, help sustain ecosystems and strengthen the capacity to adapt to climate
change, extreme weather conditions, drought, floods, and other disasters, as
well as gradually improving the quality of land and soil. All of that is the key
for achieving the aims of SDG 2 - Zero Hunger by 2030 [25]. By adopting PA,
farmers and agricultural organisations have access to technologies that allow
them to maximise yields, check product quality, improve crop management,
and reduce resource use costs with the goal of ensuring food security around
the world and overcoming the hunger problem.
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Fig. 1.1 Sustainable Development Goals and agriculture

• Global water demand will increase by more than 50% by 2030, and agriculture
alone will require more than can be supplied. As a result, in agreement with
SDG 6 - Clean Water and Sanitation [26] to promote access to and sustainable
management of water and sanitation, PA solutions enable farmers to manage
agrochemicals and avoid misuse or needless application of fertilisers and
pesticides, preserving water and soil quality.

• The UN is working towards sustainable management and effective use of
natural resources as the goals targeted by SDG 12 - Responsible Consumption
and Production [27]. As a result of the implementation of active innovation in
the development of its products, the PA approach assists farmers to achieve
safe management of phytosanitary products and other wastes and avoid the
use of harmful substances where possible, reducing their adverse effects on
soil, water, and air, and thus on human health.

• SDG 13 - Climate Action requires urgent efforts and actions to face climate
change and its consequences [28]. The PA strategies provide users with tools
and technologies that not only ensure sustainability and boost production and
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profit, but also provide instruments to monitor the climate and allow them to
take adequate preventive measures to protect both fields and the environment.

• Unsustainable land use and management practises, as well as extreme climatic
occurrences caused by diverse social, economic, and governance issues, con-
stitute a serious and rising danger to soil degradation. PA moves toward the
goals given by SDG 15 - Life on Land [29] that promotes action in favour of
restoration, prevention, and sustainable use of land and soil thanks to planned
and appropriate interventions on crops and fields.

1.3 Enabling technologies in precision agriculture

The precision agriculture process is composed of three key phases that repeat cycli-
cally (Fig.1.2). In particular, such phases can be identified as

1. the data analysis and treatment plan phase,

2. the precision treatments application phase, and

3. the monitoring and data collection phase.

In the first step, the available data is post-processed and integrated with soil and crop
models, to divide the field into management zones (MZs) characterised by homoge-
neous treatment requirements. MZs become the areas of intervention where precise
and defined treatments are applied [30, 31]. Consequently, the soil is treated by MZs
by supplying the correct quantities of fertiliser, water, or agrochemicals, and then
sowing begins. During crop growth, the soil and the crop are continuously monitored
and mapped with the aim of planning and performing any crop management activity
(like watering, applying herbicides or pesticides, removing weeds) locally and only
if it is needed. When the crop is ready, it is harvested and the yield is measured and
mapped. This phase does not require autonomous treatment application, but only
that the treatments are done according to the plan made in the previous phase. In the
last phase, all data collected in the previous phases and during any other monitoring
activity are processed to create maps describing field conditions, such as topography,
soil composition, soil nutrients, crop condition, and yield maps. All of these raw
data are then sent to the first phase of a new cycle to be processed, analysed, and
interpreted to define new and appropriate MZs and their treatments.
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Fig. 1.2 The precision agriculture cycle and its main phases

From this very generic and brief description of a PA cycle, it is clear that PA is
data-intensive and requires several technologies, but the application of its concepts
and principles does not require heavy equipment or large fields [5]. Instead, the PA
approach can be adapted and applied to various settings. It also appears that the key
functionalities required by automated agricultural vehicles and systems acting on the
field can be grouped into four categories [32]:

• Navigation: the vehicle has to autonomously navigate in the field following a
predefined path, reaching some relevant way-points, and avoiding any obstacle
or collision.

• Sensing: the PA vehicle must be able to detect, measure and sample anything
that could be useful to plan the crop and soil management actions.
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• Mapping: the sensing activity results in a large set of data that is usually
post-processed in Geographic Information System (GIS) that basically are
maps collecting all the relevant field features.

• Action: the mapping defines several MZs and then in each MZ the needed
treatment is performed. Therefore, PA vehicles must be designed to perform
such tasks autonomously.

As for all autonomous vehicles, the navigation is based on all the technologies
that allow an agent to localise in an environment and eventually to map it, doing
what is known as Simultaneous Localisation and Mapping (SLAM) . Therefore,
the correct implementation of a localisation system, like the GNSS , with a set of
exteroceptive sensors (e.g., image-based systems, sonars, radars, LIDARs, etc.) to
locate and map at the same time, is key to autonomous navigation.

Post-processing and mapping of the data may provide farmers with knowledge
of essential resources, as well as information on how much and when they should
be applied by analysing the information provided by these solutions before they
can provide agronomic suggestions or instructions [9]. This is the core of PA and
requires expert knowledge on the collected sensing data to properly process them
to define the required actions. Due to the complexity of this task and the increasing
adoption of PA, newer sensors are now developed with user-friendliness in mind
[33]. The action category of PA agriculture is generally the evolution in terms of
automation and local application of the conventional applications of mechanised
agriculture, therefore autonomous systems are in general specialized for a limited
set of tasks.To conclude, the sensing part of PA is the crucial element, together with
mapping, that really defines the precision agriculture approach. Whatever technology
used, the objective of the PA sensing is to measure soil and crop statuses (i.e., soil
pH, humidity, nutrients composition, and crop conditions and yield), and generally,
this is done through remote or proximal sensing.

1.3.1 Remote sensing

Remote sensing methods and image analytics to assess soil status and vegetation
health from distance by employing images collected in different spectra are a fasci-
nating and continuously developed trend in PA. Aerial monitoring, which uses photos
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acquired by satellites, manned aircraft, and unmanned aerial vehicles (UAVs), is
one of the most widely used remote sensing approaches [34]. Sometimes unmanned
ground vehicles are also equipped with remote sensors. Several prior studies [35–40]
presented review papers on different elements of robotics and remote sensing in PA.
Remote sensing is a broad category that encompasses all noninvasive and nondestruc-
tive methodologies for assessing crop and plant states by analyzing and parametrising
their morphology and physical description. According to Yadun Navarez et al. [39],
optical visible and near-visible spectrum sensors and technologies for estimating
phenotyping variables from intensity, spectral, and volumetric data may be divided
into three categories based on their target use:

• Structural characterization: Estimating factors including canopy volume,
plant height, leaf area coverage, and biomass, among others, leads to choices
that improve the agricultural process. Using canopy volume data, a number of
studies [41, 42] were able to enhance the spraying of pesticides and fertilizers
on fruit trees in terms of input savings and environmental costs. Furthermore,
Mora et al. [43] employed leaf area coverage for crop growth monitoring and
yield prediction since it represents several elements of vegetation’s physio-
logical processes. Additionally, biomass mapping and monitoring allow for
the detection of changes in plantation condition caused by storms, drought,
or diseases [44, 45]. Further, since bio-energy derived from certain crops has
become one of the most widely utilized energy sources, Kankare et al. [46]
were able to assess crop biomass as a productivity evaluation criterion.

• Plant/Fruit detection: The accuracy of the detection of items of interest
within the environment is required for successful outcomes in automated
tasks like pruning, harvesting, and seeding. Several plant and fruit traits and
attributes, including colour, shape, and temperature, have been exploited to
attain this goal. In robotic fruit picking or crop harvesting, colour is a feature
which can be utilized to identify the fruit inside the canopy [47, 48], or in
the agricultural field [49]. Furthermore, for automated robotic pruning, the
morphology of the stems is the trait that offers the cutting directions in the
majority of situations, as reported by Karkee et al. [50].

• Physiology assessment: The physical reaction of the canopy to sunlight
results in distinct spectral patterns that provide information about the plant
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physiological health. As a result, numerous indices [51, 52] based on crop
spectral responses have been established to analyse factors such as nitrogen
deficits, chlorophyll content, water stress, and pest infestation. Furthermore,
various sensing instruments (for example, infrared gas analysers) allow for the
direct measurement of a variety of physiological parameters in plants. Many
of them need direct contact with the crop, resulting in more precise readings;
nonetheless, the measurement procedure follows a personalised route, making
this technique time-consuming in most circumstances [53].

Remote sensing technologies mainly fall within two main groups: vision-based
and range sensors.

Vision-based sensors

The most basic vision-based sensors are RGB or colour cameras. Parameters like
texture and geometrical aspects can be derived from colour data, which have been
shown to be useful in agricultural applications. The biggest disadvantage of employ-
ing these types of sensors, particularly in outdoor locations, is the impact of changing
ambient illumination conditions. A frequent example of how this technology can be
used is to identify fruits or vegetables inside the canopy using colour cameras for
use in automated harvesting operations. Zhao et al. [54], for example, reported on
the application of a variety of segmentation approaches based on colour character-
istics and shape to accurately distinguish immature green citrus. Furthermore, the
colour and shape collected from the RGB imagery were employed for robotic apple
picking operations and berry yield estimates, respectively, in [47] and [55]. Barbedo
et al. [56] described a way to recognise plant disease, whereas Nandi et al. [57]
demonstrated how to assess mango ripeness using a colour camera.

While it is feasible to estimate depth data with a single camera, stereo vision
systems are mostly used for three-dimensional reconstruction of the world. This
measuring technique produces a 3D point cloud that displays the scene, comparable
to systems that combine a colour camera with a depth sensor. Applications in
agricultural research include identifying plants or fruits and estimating structural
parameters that represent plant morphology, such as the estimation of tree height,
diameter, and volume, or the estimation of plant height and leaf area. For example,
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Wang et al. [58] investigated fruit identification applications employing stereoscopic
vision in apple orchards.

Temperature has shown to be a significant metric outside of the visible spectrum
for several agricultural tasks such as crop diagnosis and fruit identification. A
thermal camera can be used not only to segment a tree from the rest of the picture,
but also to assess the canopy state. Furthermore, Baluja et al. [59] identified plant
temperature as an indication of plant water availability, allowing the creation of
localised irrigation based on plant temperature. Similarly, Jones et al. [51] described
a link between the temperature of the leaves and water stress using thermal cameras,
as described. However, they also claimed that accurate crop water stress detection
necessitates the use of a multi-sensor technique. Fruit identification is another use
for thermal cameras, since fruits absorb and irradiate sun radiation differently than
plants, allowing for the development of reliable detection techniques. For example,
Wachs et al.[60] employed a thermal camera in conjunction with RGB images to
identify green apples using image processing techniques, obtaining an accuracy of
up to 74%. Reina et al. [61] also suggested that thermal imaging is also an appealing
approach to improve the ambient awareness of agricultural robots, for example, by
identifying human operators or animals particularly obscured by dense foliage.

Structured Light Cameras detect distances accurately by projecting an infrared
(IR) pattern across the scene and examining the distortion of the pattern returned
back. They are mainly used in laboratories or greenhouses [62] because their
performances are highly affected by lighting conditions. A structured light sensor
is mainly employed to detect structural factors such as size, height, and volume of
plants and trees. Chéné et al. [63], for example, implemented a leaf segmentation
method using data from a commercial structured light camera. The same sensor has
previously been used in [64] and [65] for the characterisation of sweet onions and
cauliflowers, respectively, proving that the sensor is adequate for identifying fruits
and vegetables.

Radiation absorption and reflection in certain bands of the electromagnetic
spectrum are strongly correlated with a variety of physiological factors such as
chlorophyll levels, nitrogen concentration, and water stress. For example, the chloro-
phyll pigment reflects green light while absorbing red and blue light. Similarly, the
crop water content affects the reflectance in the central infrared band. Reflectance
data from crops, plants, and trees are measured through spectrometers or cameras,
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generally categorised as multispectral or hyperspectral. Multispectral imaging can
estimate the reflectance of a scene in a few wide spectral bands that are not neces-
sarily contiguous. On the contrary, hyperspectral cameras provide their reflectance
measurements in a narrow but continuous band of the spectrum. Mulla [66] has
a comprehensive collection of several indices to estimate physiological features
that can be derived from spectral imagery. Water fluctuation, vigour, chlorophyll
detection, crop yield, nitrogen stress, plant stress, weed and pest infestations, and soil
composition and nutrients are just a few of the things that have been studied using
multispectral or hyperspectral images by a number of researchers [67, 68, 59, 69–71].

Range sensors

Ultrasound range sensing is one of the earliest technologies. It consists of a high-
frequency, short-duration acoustic pulse that travels through the air, hits the target,
and returns as an echo. The distance is calculated by the electronics within the sensor
depending on the duration between sound production and reception of the echo signal.
Several articles described its use to estimate crop metrics such as volume, density,
and height. In particular, Palleja and Landers [72] proposed a real-time method
to evaluate canopy density on apple trees and grapevines by means of ultrasonic
sensors on a tractor. Previous studies by Escolà et al. [73] employed a similar system
to estimate tree volume to control the appropriate dosage of agrochemicals to be
sprayed.

Time-of-Flight (ToF) cameras, which use an array of detectors and a source
of light to provide 3D measurements of distance and intensity, have lately piqued
interest. Specifically, these cameras have been used in agricultural studies to identify
structural characteristics of plants or fruits. For example, a number of studies [74, 75]
suggested the employment of a time-of-flight camera for obtaining geometrical
characteristics of the plant allows for individual leaf modelling and monitoring. Both
studies were conducted inside, under laboratory circumstances, as sunlight can cause
detectors to become saturated, resulting in poor performance, as documented by
Kazmi et al. [76]. If colour information is included (the device is often referred to as
an RGB-D camera), plant characterisation and detection significantly improve. As
an example, Vitzrabin and Edan [77] described the use of RGB-D data to identify red
sweet peppers in greenhouses, resulting in up to 90.9% true positive rates. The use
of RGB-D cameras placed on a movable platform to collect data in an over-the-row
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route inside apple orchards is documented in full by Gongal et al. [48]. The use of a
RGB-D camera for 3D reconstruction and modelling of apple trees is described in
[78].

LIDAR sensors are also used to calculate structural metrics of crops, including,
among other things, volume, leaf area coverage, and height [44, 79]. Within LIDAR
sensors, there are two kinds of laser scanner: 3D and 2D LIDARs; however, the
latter are more often used, as they are less expensive and can be used to get 3D data
with an appropriate setup. Several studies have reported on the use of point clouds
derived from 2D or 3D LIDARs to extract structural information from the canopy
such as volume, area, leaf density, and branch dimensions. The use of terrestrial and
aerial applications to categorize vegetation in vast landscapes or acquire a geometric
description of the crop has been described by numerous publications [80, 81]. Fieber
et al. [82] described how a laser scanner was used to categorize trees, grass, and
ground exploiting the landscape back-scattering. The data from a LIDAR is utilized
to create allometric models for measuring the biomass and volume of individual
trees in [83] or, similarly, in [84]. The hyperspectral LIDAR, in particular, is the
most unique and is currently being researched. This device aims to combine the
advantages of traditional laser scanners with the capability to recognise different
wavelengths [85]. Livny et al. [86] described the use of a hyperspectral LIDAR to
analyse the state of vegetation in controlled situations, confirming the potentiality of
this sort of LIDAR in vegetation spectrum analysis. Furthermore, as demonstrated
by Du et al. [52] for rice leaves, hyperspectral LIDAR may be used to estimate
parameters such as nitrogen concentration (which is generally done using spectral
cameras or spectrometers).

Figure 1.3 collects and summarises the previously introduced technologies group-
ing them by phenotype features that can be estimated [39].

1.3.2 Proximal sensing

Although remote sensing may give large coverage, measurements are generally
indirect and, considering the assessment of soil properties, they are often limited to
the surface. Furthermore, the resolution is too coarse to assess the soil variability
of a field. On the other hand, using traditional point-sampling approaches alone,
the process of characterising fields is considerably time-consuming, costly, and
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Fig. 1.3 Remote sensing phenotype features and the corresponding technologies

impracticable. As a consequence, proximal soil sensing is gaining popularity as a
means of filling the data gap between high-resolution point data and lower resolution
remote sensing data.

When a sensor to assess soil properties, directly or indirectly, is in close proximity
or even in contact with the ground, it can be categorised as a proximal sensor [87].

According to Allred et al. [88], electromagnetic induction, electrical resistivity,
and Ground-penetrating radar are the most regularly utilized technologies for soils
proximal sensing. Ground-penetrating radar has been primary employed to assess
soil depth and structure by transmitting short pulses to the ground and then analysing
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the reflected signals [89]. Moreover, such sensors have been successfully used
to map soil water content, as Klotzsche et al. reported [90]. Electromagnetic
induction methods generates eddy currents to flow through the soil and measures
the corresponding electromagnetic field to evaluate the electrical conductivity of
the soil, a soil property that can provide several information about it. In the first
applications, they were employed to measure soil salinity, but nowadays they can be
used to assess soil texture, compaction, pH, and organic matter content but also water
content [91]. Similarly to electromagnetic induction, electrical resistivity methods
evaluate soil resistivity by injecting a current by inserting electrodes in the ground or
by exploiting capacitative coupling [88]. The measured resistivity has been used to
estimate soil structure, composition, and water content [92].

According to Adamchuk et al. [93], less popular soil sensing technologies
include mechanical interactions, magnetic-based, time domain reflectometry, optical
reflectance, X-ray fluorescence, γ-ray spectroscopy, ion-selective potentiometry, and
seismic. To assess soil mechanical resistance, mechanical, acoustic, and pneumatic
sensors may be utilised. From the measure, it is also possible to evaluate soil
compaction and type, and also water content (with auxiliary moisture sensors).
Magnetic-based sensors instead measure magnetic susceptibility to evaluate soil
composition (in particular magnetic minerals) and water content. Soil moisture
has also been measured employing time domain reflectometry. Proximal optical
sensors use the same technologies of vision-based remote sensors but applied at
the soil surface or even below ground. Such sensors can measure a variety of soil
characteristics such as soil composition and water content. X-ray fluorescence and γ-
ray spectroscopy sensors measure the reflected wave at the corresponding frequency
to evaluate soil composition and water content. Instead, ion-selective potentiometry
consists of evaluating the presence of specific ions to define soil composition and
water content. Finally, seismic sensors generate vibrations to assess soil compaction,
porosity, and water content.

Figure 1.4 resumes the previously introduced technologies for proximal sensing
and shows what properties they can assess.
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Fig. 1.4 Main proximal sensors for precision agriculture

1.4 Robotics and agriculture

As a consequence of intensification, mechanisation, and automation, agricultural
production has improved dramatically throughout the years [94, 95]. Agricultural
equipment productivity has improved significantly as a result of automation, which
has boosted efficiency, dependability, and accuracy while lowering the need for
human involvement [96]. Nevertheless, agriculture continues to face a significant
shortage of personnel with minimal training, particularly in the horticultural industry.
The challenges caused by the lack of workers are exacerbated by trends such as grow-
ing farm size, declining farmer numbers, and increasing environmental consequences
of food production that demand even more efficient agricultural techniques [97], and
the productivity of traditional farming, in which crop cultivation and management
are done manually by farmers, can be considerably improved by using intelligent
machines [98]. Moreover, it is necessary to exceed the highly productive levels of
conventional crop cultivation and produce a new agricultural system that minimizes
human intervention through advanced automated techniques.
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In the context of precision agriculture, the use of robots in agriculture arises as
a promising solution [99, 100] since it allows for repeated labour to be completed
without compromising precision throughout the working day. This type of application
is becoming increasingly popular in robotic research, and various robots are currently
available for purchase [101]. In fact, agricultural robotics aims to achieve more than
the application of robotic technology to farming. Most agricultural vehicles that are
utilized for weed identification, pesticide dissemination, terrain levelling, irrigation,
and other tasks are currently manually operated. Because information about the
environment may be autonomously gathered and the robot can then perform its
mission accordingly, the autonomous performance of such robots would allow
for continuous field management and improved productivity and efficiency [32].
For robots to operate adequately in agricultural settings and perform agricultural
tasks, research must concentrate on the integration of numerous complementing
sensors to obtain acceptable localisation and monitoring abilities, the design of
simple manipulators to achieve the required agricultural activity, the development
of path planning, navigation, and guidance algorithms adapted to situations other
than open fields, and the integration with workers and operators in this complex
and highly dynamic scenario. It is a key objective for the deployment of numerous
technologies aimed at increasing crop output and quality while lowering agricultural
expenses. In fact, the main long-term goal of food security during climate change
calls for a change in the current agricultural paradigm focused on reducing the
use of natural resources to increase crop production. As an example, precision
seeding and planting, combined with precise treatment application, which implies
only adding water and plant nutrients required by the crop at the optimal place
and time, have been proved by Tremblay et al. [102, 103] to not only an increase
in the average plant size and uniformity of plant maturity, but also a reduction in
the ratio of phytosanitary products and water to crop production and, therefore,
environmental impact. Moreover, according to recent research, using robots or
autonomous tractors to perform different agricultural jobs reduces fuel consumption
and pollutants [104, 105].

In the early 1960s, agricultural research on autonomous vehicles began, with
an emphasis on the development of automated steering systems [106]. The vast
majority of mechanical activities in field crop farming in the 1990s comprised
massive, powerful, and high-capacity machinery with significant energy needs and
high handling and running expenses. However, research at many universities and
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research institutes across the globe has experienced a paradigm change in the last
decade: the automation of agricultural robots is now deemed vital for boosting overall
productivity and should include the potential for improving fresh produce quality,
cutting production costs, and eliminating the repetitive tasks of manual labor [107].
Yet, cultivation and production methods are complex in nature, varied, labor-intensive,
and often unique to each crop. Many variables influence the kind of procedure and
its components, such as crop qualities and needs, the geographical environment, and
climatic and meteorological contexts. This implies that the technology, equipment,
and techniques needed to complete an agricultural operation involving a certain crop
and environment may not be appropriate for a different crop or environment.

Nonetheless, in recent years, a considerable body of research on this subject
has proved the technological feasibility of agricultural robots for a range of crops,
agricultural activities, and robotic characteristics [108]. However, automation solu-
tions for field operations have not yet been commercially deployed effectively and
broadly, and just a few recent advances have been validated, adopted, and put into
service [109, 110]. The majority of the methods were modified from an industrial
standpoint [111]. Many agricultural robotics and intelligent automation research
projects have never made it to the implementation stage in the last three decades.
The main reasons for these failures were the high cost of the designed system, the
inability to perform the essential agricultural work, the poor durability of the system,
and the inability to effectively repeat the same operation in slightly different settings
or fulfill mechanical, economic, and/or industrial requirements.

Bechar and Vigneault [112, 113] stated some requirements whose fulfilment can
guarantee,in most circumstances, that robots technology can be used in agriculture:

• The cost of using robots is less than the cost of using any other approach.

• Using robots increases agricultural production capabilities, yield, profit, and
survival while also improving the quality and consistency of the output.

• In growth and production processes, the employment of robots reduces uncer-
tainty and variance.

• In comparison to the traditional system, the introduction of robots allows the
farmer to make higher-resolution judgments and/or improve the quality of the
output, allowing for optimisation in the growth and production phases.
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• The robot is capable of doing particular activities that are deemed unsafe or
impossible to complete manually.

In the literature, it is possible to identify two major trends in robotics for agricul-
ture, namely, flying drones for remote sensing and some minor crop management
tasks and ground rovers for all-around local monitoring and multi-tasks specialisa-
tion.

1.4.1 UAV in precision agriculture

As introduced before, remote sensing from aerial images is a widely adopted solution
to monitor a whole field. For the average farmer, satellite photos are too expensive
and their resolution and quality are sometimes inadequate and impractical due to
weather conditions. As a result, aerial images obtained by human-piloted aircraft
have a higher quality than satellite images, but they are still expensive for most
farmers [34]. Unmanned Aerial Vehicles (UAVs) recently entered the market and
have found several applications in many fields, and most studies confirm the large
potential of UAVs in PA [34, 33, 40](Figure 1.5). UAVs can provide centimetre-level
resolution, combine 3D canopy height and orthophoto data, provide multiangular
data, provide high-quality hyperspectral data, and have a wide range of auxiliary
sensors. UAVs have the potential to become the standard platform for remote sensing
applications needing very high-resolution, thermal, or hyperspectral data, such as
early drought stress assessment, weed identification, and early crop disease detection
[33].

Several authors [34, 33, 40] have tried to categorise the most common UAV
application in PA. Soil and crop monitoring by remote sensing is the most common
application, followed by patch spraying [34]. remote sensing is based on collecting
several aerial images in different spectra. For example, drought stress detection relies
mainly on thermal imagery, while pathogen detection through the fusion of thermal
and hyperspectral data shows great results. Weed detection, instead, is based on
machine learning object-based image analysis done with RGB cameras. Nutrient
status assessment and yield prediction with UAVs are promising, but integration with
models can improve its applicability [33]. According to recent research, combining
electrical conductivity data with elevation and slope maps, as well as crop indices
that describe crop vigour, can help enhance the definition and quality of MZs in
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Fig. 1.5 A UAV monitoring a field

vineyards or fields with considerable slope [114]. It appears clear that there is a
complete lack of standardisation since different techniques are employed for the
same application [40, 33, 115], except for irrigation management, where thermal
and/or multispectral sensors monitor the needs of water of the crops [40].

Although UAVs may offer individual plant monitoring, the average spatial res-
olution of the MZ is about 10 m (e.g., sprayers with independent nozzles). As a
result, UAVs can encourage technology advancement to improve management zones
resolution [33].

1.4.2 UGV in precision agriculture

Unmanned ground vehicles (UGV) can perfectly fit the UAVs monitoring resolution
gap since they can be deployed locally and act on the required spot. Moreover, UGVs
are not limited to remote sensing, but they can perform proximal sensing and are
often designed to do one or more specific agricultural tasks such as seeding, planting,
weeding, treating, pruning, picking, handling, and harvesting. The robot must also
be able to do many supporting activities in order to complete its main function that



20 Introduction

are instead simpler or even neglected in UAVs, such as localisation and navigation
with obstacle avoidance, detection of the item to treat, the treatment or action to
conduct, and so on. For example, in developing a disease monitoring robot [116], the
main activity is disease monitoring, but the robot also needs to be able to perform the
secondary tasks of self-localisation, trajectory planning, steering, and navigating in
the field, collaborating with workers and operators, or interacting with other robots
or unexpected objects. Similarly, Ceres et al. [117] designed and implemented
a framework for a human integrated citrus harvesting robot, whereas Nguyen et
al. [118] created and implemented a framework for motion and hierarchical task
planning for an apple harvesting robot. Hellstrom and Ringdahl [119] created a
framework for agricultural and forestry robots.

Many available examples in the market and academic literature are re-adaptation
of agricultural machines where different degrees of automation are implemented.
Although actual tractors and agricultural machinery in general (autonomous or not)
are massive and powerful, they tend to increase soil degradation and traversability
[120]. For this reason, more recently, dedicated robotic UGVs have been developed
tailored to some specific tasks to reduce bulkiness, weight, and soil degradation due
to undesired compaction while still being able to fit into the requirements of the
PA approach. Compared to UAVs, where the mobile robotic platform makes little
difference while the focus is mainly on the employed remote sensing, the design of
agriculture UGVs is producing more unique proposals that are highly centred on
and related to the work environment and the capabilities required by the activities
[121, 122].

In the following, a very brief state of the art about commercial and academic
agricultural UGVs is given. In addition, different kinds of agricultural robots classifi-
cation are proposed based on the most notable trends.

Agricultural robot main functions taxonomy

The vast majority of agricultural robots are exclusively dedicated to remote or proxi-
mal monitoring of the soil or the crop (also known as phenotyping, i.e., measuring
plant traits to identify their status and potential beneficial treatments), partially be-
cause related technologies can be easily employed in UAVs. Since the focus in this
class of robots is mostly on the sensors, their designs are usually quite straightfor-
ward. Underwood et al. [126] proposed a mobile robot mounting a scanning system
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(a) [123] (b) [124]

(c) [125]

Fig. 1.6 Examples of robots employed in monitoring activities

for almond orchards that can efficiently map flower and fruit distributions, as well
as estimate and forecast production for individual trees. Mueller-Sim et al. [127]
presented a robot capable of autonomously navigating below the canopy of row crops
such as sorghum or corn and deploying a manipulator to gather plant phenotypic data
with a modular array of non-contact sensors. Virlet et al [128] developed instead a
quite different and massive robot based on an overhead gantry architecture employing
sensors such as RGB, chlorophyll fluorescence, hyper-spectral, and thermal cameras
to produce high throughput and detailed monitoring data. Cubero et al. [123] and
Rey et al. [129] proposed instead two different robotic platforms with the particu-
lar task of detecting pests and disease on carrot fields and olive trees respectively.
Barbosa et al. [130] successfully tested an autonomous robot for monitoring cotton
and soy crops; the robot proposed by Menendez-Aponte et al.[131] specialise in
strawberry field scouting; ByeLab is instead a robot developed to monitor plants
volume and health in orchards [132–135]. Some robotic platforms have recently
become commercially available [124, 125].

The second most popular function for mobile robots in agriculture is mechanical
and chemical weed removal. Researchers are mostly focusing on systems employing
a vision system for weed detection and classification to then proceed to its removal
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by a precise mechanical actuator or a localised application of chemicals. A decade
ago, Bakker et al. [136] proposed a versatile research vehicle with a diesel engine,
hydraulic transmission, four-wheel drive, and four-wheel steering to test one of
the first autonomous weeding robots. More recently, Bawden et al. [137] tested a
robot that removes weeds chemically or mechanically based on the species with an
accuracy of correct weed detection of 92.3% by employing a vision-based online
algorithm. Utstumo et al. [138] proposed instead a three wheeled robotic platform
for chemical weeding in indoor carrot fields that achieved a substantial reduction
in herbicide use, avoiding overdosing herbicides that would otherwise affect and
harm the vegetables. In addition, the industrial sector seems particularly interested
in autonomous weeding robots. Naïo Technologies developed three weeding robot
models of different size: Oz [139], DINO [140],and TED [141]. Carré instead
designed Anatis [142] to mechanically remove weeds without a detection system, an
autonomous solution closer to conventional agricultural machinery with the typical
three-point hitch to mount weeding equipment. On the contrary, AVO by Ecobotix
[143] is an autonomous robot with a large photovoltaic panel accurately spraying
herbicide to remove weeds thanks to a vision-based detection.

(a) [137] (b) [138]

(c) [140] (d) [142]

Fig. 1.7 Weeding agricultural robots
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Another significant fields of application of agricultural robots are seeding, plant-
ing, and transplanting. For example, Haibo et al. [144] carried out a study and an
experimental campaign on a robot for wheat precision seeding with an accuracy of
about 90%. Also Ruangurai et al. [145] achieved a similar seeding accuracy for a
peculiar three-wheel rice seeding robot. Hassan et al. [146] proposed a low-cost
modular robot with a custom designed seeding mechanism, Srinivasan et al. [147]
instead designed a modular tracked robot. Several authors designed and tested their
precision seeding system employing very simple and low-cost autonomous robotic
platforms [148–153]. Mohammed and Jassim [154] manufactured and tested a robot
for combined seeding, i.e., a robot for seeding, fertilisation, and watering. Li et
al. [155] developed instead a unique robotic seeder for desert areas inspired by
tumbleweed powered by solar and wind energy. Also, Iqbal et al. [156] designed a
robotic pepper transplanter moving on rails for indoor farming, while Liu et al. [157]
made a crawler-type sweet potato transplanting robot.Few commercial solutions are
available, Rowbot [158], an autonomous seeding robot for row crops, is one of them.

(a) [155]

(b) [157]
(c) [158]

Fig. 1.8 Seeding and planting agricultural robots

Robotic harvesters are also a quite popular trend heavily focusing on integrating
vision-based crop detection systems, dedicated manipulators, and suitable mobile
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platforms. In 2006, Foglia and Reina [49] developed and tested a pneumatic robotic
arm for the harvesting of red radicchio guided by one of the first vision-based
systems to precisely locate the plants. More recently, some authors proposed their
variation of tomato harvesting robots [159, 160], but there are also a lot of harvester
for strawberries [161–163], sweet peppers [164–166], carrots and cantaloupes [167],
lettuce [168], asparagus [169], apples [170] or fruits in general [171].

(a) [161]
(b) [166]

Fig. 1.9 Harvesting agricultural robots

Spraying agrochemicals is another activity heavily relying on vision-based sys-
tems to precisely apply just the required amount of chemical products to avoid their
hazardous dissemination. Chemical weeding robots fall within this category, but
there are also other treatments that are achieved through spraying, specially in or-
chards. Cantelli et al. [172] provided several insights in developing a reconfigurable
robot for the distribution of plant protection products in greenhouses and the relative
spraying management system. Danton et al. [173] traced the development of a robot
for vineyards and orchards that is able to autonomously perform spraying tasks to
treat vegetation while minimising the dissemination of dangerous products by em-
ploying an array of independent sprayers. Following a quite different approach, Terra
et al. [174] developed an autonomous sprayer to apply only the required amount of
pesticides that is towed by a conventional tractor.

There are also some agricultural robots that do not specialise in a single task, but
they are able to perform several, usually thanks to modular implements. For instance,
Amrita et al. [175] developed a robot for automatic ploughing, seeding, crop picking
and pesticide spraying. Grimstad and From [176] presented Thorvald II, a modular
robot that can be configured based on the environment and on the type of crop.
Industrial manufacturers, especially agricultural machinery ones, also developed



1.4 Robotics and agriculture 25

(a) [172]
(b) [173]

Fig. 1.10 Agrochemicals spraying agricultural robots

some robotic solutions based on conventional tractors that can be equipped with
common agricultural implements [177–179].

(a) [176] (b) [177]

(c) [178] (d) [179]

Fig. 1.11 Multi-purposes agricultural robots

The very high flexibility of robotic platforms has also led to more unique solutions
for peculiar tasks. Agrobot commercialised Bug Vacuum [180], a pest control robot
that removes bugs by aspiring them. Williams et al. [181] tested a novel kiwifruit
pollinating robot designed, while Galati et al. [182] developed a tracked robot to
compress flax fibers, and Loukatos et al. [183] designed a robot that works together
with farmers during harvesting as a fruits or vegetables autonomous carrier.
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Agricultural robots and vineyards

Among all possible crops, whose with higher market value seems to be the one
where robotics is applied more often. Particularly, vineyards seem to attract a lot of
agricultural robot proposals. One good example of an advanced agricultural robot is
a selective pesticide sprayer designed by Oberti et al. [184], or the semi-autonomous
sprayer by Adamides et al. [185], or even the European project Rovitis4.0 [186].
There is clearly some prototypes dedicated to phenotyping [187], and some designed
for mechanical weeding operations [188], but there are also robots developed for
pruning [189] and shoot thinning [190], or even multi-purposes robots [191].

(a) [186] (b) [191]

Fig. 1.12 Agricultural robots for vineyards

Agricultural robots classified by size

When agricultural robots are categorised according to their size, several tendencies
in capabilities, design, and features emerge. A significant majority of precision
agriculture UGVs are tiny electrically powered robots that solely conduct crop and/or
soil monitoring activities. Because of their small size and low power, they are
seldom used for activities other than remote and proximal sensing. Despite this, they
need less financial investment, are more agile, do not have special energy supply
difficulties, and can be adapted to a broad variety of crops.

On the other end of the range of robot size, there are robots with the size and
power of traditional agricultural machinery and tractors. In this case, the more
widely accepted design tendency, particularly among major agricultural equipment
manufacturers, is to implement autonomous characteristics into existing agricultural
vehicle architectures (e.g., tractors, combine harvesters) without introducing entirely
new designs [96, 192]. Aside from farmers’ experience with comparable machinery



1.4 Robotics and agriculture 27

and the adaptability of tractor implements (i.e., an autonomous tractor with the
typical three-point hitch, or a similar interface, can easily employ conventional
agricultural machinery usually pulled and powered by traditional tractors), these
systems tend to be expensive and successful only in wide open fields.

Medium-sized robots stand as the best of both worlds, as well as the most varied
and distinctive designs. Robots in this category can typically monitor the field by
remote and proximal sensing, but they can also carry out operations on the field. As
illustrated before, many robots are highly specialised for a relatively narrow range of
duties; as a result, their design is entirely determined by the job requirements. Other
robots, on the other hand, are multipurpose platforms that can execute a variety of
tasks, resulting in more adaptable and modular designs.

Small-medium size systems that can do various processes (i.e., multipurpose
systems) are regarded a promising alternative among all of them. Indeed, they have
the potential to reduce the needed economic investment [193] and to promote a new
production paradigm (particularly in developing countries), an approach that uses
profitable technology with considerable environmental and social benefits [194].

Agricultural robot by mobility layout configurations

The reviews on agricultural robots by Fue et al. and Oliveira et al. [195, 196]
gave a measure of the most employed mobility layout configurations. According
to Oliveira et al. [196], 63% of agricultural robots are four-wheel drive robots
or four-steering-wheel robots, where the latter are generally preferred when great
manoeuvrability in tight spaces is required. All other layouts (e.g., tracked, legged,
on-rail, ...) are significantly less adopted. Fue et al. [195] also highlighted the
considerable employment of robots moving on rails within greenhouses, or more
in general where the environment is highly structured. The authors of both reviews
also gave some attention to legged robots suggesting similar ideas: Despite they
are relatively light and excel in very impervious terrain, their feet must be designed
appropriately to avoid soil damaging by penetration and potential sinkage of the
robot due to the high pressure present in the small contact points.

Vidoni et al. [197] carried out an interesting comparison on mobile robotic
platform configurations, employing an ad hoc simulator, to evaluate which mobility
architecture configuration is the most suitable for agricultural operations on steep
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slopes, embankments or hills. According to the authors, a tracked vehicle can face
the steepest inclines while guaranteeing good manoeuvrability, improving traction,
and reducing soil compaction. Nevertheless, track slippage is inevitable and it causes
serious damage to the soil that can favor erosion, landslips, and exposure to rain
and water [198–204]. Wheeled configurations have many advantages such as high
efficiency and top speed. Yet, when wheeled platform faces a particularly loose or
rough soil, the efficiency drops dramatically and the vehicle could even get stuck.
Among all wheeled solutions compared by Vidoni et al. [197], a three-wheel layout
proved to be agile and simple but easily toppled when employed on steep inclines.
On the contrary, a four-wheel platforms maintain wheeled locomotion benefits with
significantly better stability over large inclines. Moreover, according to the authors,
articulated wheeled vehicles proved to be the best suited for uneven and side-slope
terrains because of their superior steering capacity, agility, and stability.

1.4.3 Collaboration of multiple robots in precision agriculture

UAVs can be employed to monitor vast fields, but on the other hand, their equipped
sensors are often constrained in terms of airspeed and altitude, as well as attitude
uncertainty, limiting their potential to correctly perform remote sensing . On the
contrary, UGVs are machines that can operate in the field and over a range of terrain
monitoring the environment and interacting with the soil and the crop. UGVs can be
used to precisely interact with targets, but they lack the quick mobility of UAVs and
their navigation is heavily constrained by obstacles, barriers, and features of the fields
in general. The natural evolution of these concepts is establishing a heterogeneous
collaboration of multiple flying and ground robots in order to achieve more effective
results [205–207]. A system composed of a team several heterogeneous, aerial and
ground, mobile robots enables a farm operator to oversee the whole process and
manage the activities required to complete a complex task composed of many steps
or even an entire mission autonomously. [208, 209]. As an example, Figure 1.13
illustrates how the PA activities can be done by a team of robotic agents throughout
a growing season.

Due to the obvious benefits of robots collaboration in PA, recent academic litera-
ture is largely focused on integrating a fleet of collaborating robots in agricultural
activities. As an example, the European Flourish project [210] optimised existing
aerial and ground robots in order to enhance PA processes, such as monitoring
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Fig. 1.13 Schematic overview of the different ways to extract spatial information and the
useful robotic platforms throughout a growing season.

multiple crops. Similarly, Tokekar et al. [13] and Bhandari et al. [211] examined
the use of teams made of commercial and low-cost UAVs and UGVs for data col-
lection in agricultural fields. In Gonzales de Santos et al. [212], the objective was
to design, implement, and test a fleet of heterogeneous UGVs and UAVs to address
diverse agricultural scenarios, such as effective weed and pest control, enhancing
crop quality, and improving farm operators health and safety. Ribeiro et al. [208]
developed and tested within the European RHEA project a team comprising aerial
and ground unmanned robots that effectively collaborate to apply precise treatments
to crops. Davoodi et al. [12] instead presented a unique team composed only of
optimally deployed UGVs such that coverage of the whole field and monitoring of
the MZs were maximised. There is also some work done by a fleet of robots within
greenhouses, instead of open fields and orchards [213].

1.5 Contribution

Almost all available robotic solutions for agriculture, except for a few small-scale
prototypes used only for monitoring purposes, target flat fields or fields with no
significant steep and impervious terrain. In the case of Italy, substantial regions of
agricultural production are in hilly or mountainous areas, particularly when orchards,
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olive groves, and vineyards are taken into account [214]. This occurrence may rise
in the future as a result of the climate change impact, which may force people to
move to higher zones in order to meet temperature needs and maintain product
quality [215]. As a result, robotic platforms must overcome and deal with a variety
of challenges, for example, to address traction concerns, wheel slippage, tight spaces
between rows, instabilities associated with terrain irregularities and changing slopes,
poor GPS signal reception, and dedicated awareness (location, terrain, environment)
systems and architectures must be built. Furthermore, activities in steep regions
are carried out either manually or with small and compact vehicles, exposing the
driver to dangerous conditions. For the latter, overturning incidents are virtually
exclusively found in hilly/mountainous locations in Italy, with a mean incidence of
more than 4 accidents per 100k working hours [216]. Field activities account for
68% of these. These dangers could be reduced or eliminated if autonomous and
teleoperated systems were used. Furthermore, it is worth noting how orchards and
vineyards activities on steep slopes, terraces, and embankments often need repeated
tasks and the physical, non-ergonomic transport of even considerable loads. This,
together with the ageing of the population and the resulting shortage of competent
workers, provides a potential issue that will need to be addressed in the near future.

In this thesis is featured Agri.Q, an innovative UGV (Figure 1.14). The rover is
especially developed for precision agriculture applications in vineyards and can func-
tion in an unstructured environment on uneven terrain, collaborating with drones if
necessary. It is outfitted with various instruments and sensors to do specific activities,
such as field mapping, crop monitoring. Thanks to a redundant 7 degrees of freedom
(DOF) collaborative robot arm, it is also possible to interact with the environment,
for example performing soil, leaf, and grape samples collection. Furthermore, it
boasts a 2 DOF photo-voltaic (PV) panel that can self-orient to assure a secure and
always flat drone landing platform or even maximise the gathering of sun rays during
the auto-charging phase. The robotic arm is fixed on such a platform, hence the robot
manipulation workspace can be dynamically adapted to different tasks and scenarios.

1.6 Thesis outline

In the next chapter, the robotic prototype named Agri.Q is described, providing
details about its design and how it has been integrated. Chapter 3 is instead dedicated
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Fig. 1.14 Agri.Q in a vineyard in Castagnito, part of the Roero historical region in the south
of the Italian region Piedmont

to modelling Agri.Q, in particular how it behaves while driving around. After that, in
Chapter 4 are reported the most significant experimental results about some aspects
of the robot. In the end, Chapter 5 concludes this work by briefly summarizing the
project Agri.Q



Chapter 2

Agri.Q

In this chapter Agri.Q, the mobile robot for precision agriculture, and its design are
presented. At first, a very brief overview of the robot is provided, then, after the
definition of the main design requirements, the adopted functional design of the PA
rover is shown focusing on key parts. At last, the required electronic and control
systems are introduced.

2.1 The mobile robot Agri.Q, an overview

As shown before, the rising employment rate of robotics in PA is driving the devel-
opment of new mobile robotic platforms to monitor, act, and manipulate fields and
crops. In addition, to perform local tasks based on PA methods, it is of great interest
the collaboration of a UGV with drones, since they are the most employed solution
to achieve fields and crops remote monitoring.

The mobile robot Agri.Q enters this scenario. The concept of this robot is shown
in Figure 2.1. The robot is composed of two modules connected by a series of joints,
resulting in an articulated vehicle. Each module is provided with two driving units
with two wheels each. At last, two PV panels, that can be oriented by means of two
joints, are mounted on the robot with the idea of being both a landing platform for
drones and a solution to increase the robot autonomy in a sustainable way.

In the following sections, the robot design solutions are introduced and explained
in detail, providing an update on what was already presented in [217–223].
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Fig. 2.1 Agri.Q schematic representation

2.2 Design requirements

Agri.Q is planned to be employed for PA tasks in orchards, olive groves, and
vineyards. The latter, in particular, is not an arbitrary choice, but instead is due to
two main reasons: first, Piemonte, a northwestern region of Italy where Politecnico
di Torino is located, has a long and great tradition of wines and vineyards; second,
vineyards are profitable and follow very strict production quality standards, therefore
it could be a valuable field where propose PA robots. The Piemonte region, but also
some other neighbouring Northern Italian regions, namely, Valle d’Aosta and Liguria,
share significant geographical and historical similarities since they are classic wine-
growing locations that produce many well-known wines, frequently in tough terrain.
Vineyard sites can be found at elevations larger than 500 m, grapes grown on slopes
greater than 30% on steep hills, terraces or embankments [224]. This characteristic
limits the use of conventional mechanized agricultural machinery only where the
slopes do not exceed 30% and the vine rows are wide enough [224].

This scenario sets some design requirements for Agri.Q:

• It has to be able to climb very steep terrains with an incline up to, at least,
25%.
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• Its size has to be compatible with the vine rows clearance, hence its width has
to be less than 1.5 m.

• Its weight has to be below 100 kg and well distributed to minimize soil com-
paction.

• It has to be able to traverse uneven and soft terrain with good off-road manoeu-
vrability.

• Its top speed on flat terrain can be limited to about 5 kmh−1.

• Agri.Q has to be autonomous or remotely controlled.

• Appropriate safety devices have to be mounted to stop the vehicle in emergency
conditions.

Other secondary requirements can also be defined, in particular regarding the PV
panels, the power flow, and the collaboration with drones:

• Its power consumption has to be minimised to increase the robot autonomy.

• The PV panels have to be able to recharge the robot battery during its tasks, or
at least they have to reduce its power consumption.

• The PV panels have to be orientable to maximise the solar exposition.

• The same mechanisms employed to orient the PV panels have to be able to
control their attitude to provide an always flat landing surface for drones.

• The PV panels surface has to be as large as possible both to maximise energy
collection and to provide a reasonable landing area. Thus, they should be light
and robust at the same time.

Agri.Q should also be able to mount and integrate a high dexterity robot arm to be
employed in its PA activities.
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2.3 Mechanical functional design

As anticipated before, Agri.Q is an articulated mobile robot composed of two mod-
ules, namely the front module F and the back module1 B (Figure 2.2). Each module
mounts two driving units composed of two wheels (W∼∼B is the rearmost, W∼∼F

is the one in the front) by means of a passive revolute joint in C∼∼. As a result,
each module is an independent skid-steered part. The back module is connected to
the front one through the yaw revolute joint Jδ , the articulation mechanism with a
revolute joint in A0, and the roll revolute joint JαB . Above the central chassis P, two
PV panels (not shown in figure) are mounted in such a way that they can rotate about
the roll revolute joint JαPanel .

Fig. 2.2 3D representation of Agri.Q and its main reference systems. The PV panels are not
shown

Figure 2.3a depicts a schematic view of Agri.Q in a generic configuration. The
driving units are free to rotate about the revolute joint in C∼∼ that links them to their
module defining the rotation angle Θ∼∼. This feature improves the transversely of
rough terrain. The revolute joint JαB guarantees better wheel-ground contact too: it
enables a relative roll rotation αB between the rear module and the central chassis in
order to accommodate ground irregularities. By combining these passive motions,
it is possible to guarantee the contact of the wheels with the ground even on very

1Back and rear are used interchangeably, but B is always used to refer to the rear module to avoid
ambiguity with the symbol R that means right
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(a) Agri.Q side view

(b) Agri.Q back view (c) Agri.Q side view with details about the pitch
motion

(d) Agri.Q top view

Fig. 2.3 Agri.Q functional schemes
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rough terrain, allowing the robot load to be evenly distributed among its multiple
contact points to avoid excessive soil compaction. The two motions also let the robot
surpass or climb some obstacles.

The front module can be pitched by an angle γ by means of the lever mechanism
composed of the lever BA0E and the linear actuator DE. The same mechanism
also imposes the pitch motion to the central chassis and the PV panels, as shown in
Figure 2.3c. By employing the joint JαPanel to roll the PV panels of an angle αPanel

about x̂P together with the pitch motion γ , it is possible to control the panels surface
attitude. Hence, it is possible to achieve the two desired panels functions: they can
be oriented to face the Sun to maximise the energy collection, but they can also be
oriented to provide an always level landing surface for UGVs.

Figure 2.3d illustrates the robot motions in the xy plane. Each module is rotated
about the ẑO axis of the heading angle ψ∼. The joint Jδ , enables the relative yaw
motion between the two modules, acting as a steering joint of the whole robot. Hence,
it is possible to define the relative yaw angle (or steering angle) as δ = ψF −ψB. It
is important to recall that the front

To summarise, Agri.Q has two active joints and six passive joints. Namely, the
active joints (excluding the locomotion units) are:

• the mechanism with a pivot point in A0 that defines the pitch angle γ;

• the panels roll joint JαPanel ;

whereas the passive joints are:

• the relative yaw joint Jδ ;

• the rear module roll joint JαB;

• the four revolute joints in C∼∼ that enables the rotation Θ∼∼ of the driving
unit rocker;

whose angles are defined as listed in Table 2.1.
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Table 2.1 Agri.Q DOFs

Name Description Definition

γ PV panels pitch angle. The front
module rotate about the same an-
gle

Rotation angle along ẑP between
a plane parallel to the ground and
the xy plane defined by {P}

αPanel PV panels roll angle Rotation angle along x̂P between
the xy plane defined by {P} and
a plane parallel to the PV panels
surface

δ Relative yaw angle. Hitch angle
in conventional articulated vehi-
cles

Rotation angle along ẑF between
{F} and {P}

αB Rear module roll angle Rotation angle along ẑB between
{B} and {A}

Θ∼∼ Rocker rotation angle Rotation angle along ŷ∼ between
{C∼∼} and {∼}, where ∼ stands
for F or B

2.3.1 Locomotion unit

Agri.Q design has been influenced by its agricultural use, and as a result, an eight-
wheel architecture with each pair supported by a rocker has been developed. As
with a track system, this method allows the normal forces acting on the ground to be
distributed over a larger contact surface. As a consequence, the vehicle is prevented
from sinking or becoming stuck in soft ground, and soil compaction is reduced too.
Nonetheless, the overall traction efficiency is comparable to that of a four-wheeled
rover. Furthermore, the consequences of track slippage whereas turning, which can
accentuate soil erosion and landslips on sloping soils exposed to wind and rain, are
greatly reduced [198–204].

As another advantage, since the rocker can passively rotate about the module,
it can act as a filter in response to the vibrations and oscillations imposed by the
ground obstacles and irregularities. Figure 2.4a depicts how the locomotion unit
can negotiate an obstacle of height ∆zW∼∼F and how such motion is reduced when
transmitted to the module, i.e. the vertical displacement ∆zC∼∼ of the rocker passive
joint, and hence of the entire vehicle, is reduced. Such behaviour is completely
driven by the passive rocker geometry. By design, the rocker points W∼∼F , C∼∼, and
W∼∼B form an isosceles triangle where the distance W∼∼FW∼∼B is the locomotion
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Fig. 2.4 Rocker mechanism negotiating an obstacle

unit wheelbase ix, and its opposing angle βW is chosen to be 120◦ as a compromise
between robot height, wheelbase length, and wheel radius. Therefore, the length
lrocker is

lrocker =
ix

2cos30◦
=

2ix
2
√

3
= ix/

√
3 (2.1)

while climbing an obstacle of height ∆zW∼∼F , the whole locomotion unit rotate of an
angle Θ∼∼ about the rear wheel centre W∼∼B. Hence

∆zW∼∼F = ix sinΘ∼∼ (2.2)

and
∆zC∼∼ = lrocker sin(Θ∼∼+π/6)− lrocker sin(π/6) (2.3)

by combining Eq.(2.1) with Eq.(2.3)

∆zC∼∼ =

√
3ix sin

(
Θ∼∼+

π

6

)
3

−
√

3ix
6

(2.4)

and then by substituting Eq.(2.2) in Eq.(2.4) it is possible to obtain the relation
between the two vertical displacements

∆zC∼∼ = ix

√3sin
(

arcsin
(

∆zW∼∼F
ix

)
+ π

6

)
3

−
√

3
6

 (2.5)

The relation between the two displacements is also shown in Figure 2.4b, where
the two quantities have been normalized about the locomotion unit wheelbase ix.
As said before, the vertical displacement ∆zC∼∼ is notably reduced compared to the
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wheel motion. When the ratio ∆zW∼∼F/ix reaches the value of sin(π/3), the rocker
has rotated of 60◦, therefore the front wheel is exactly above the rear one.

Figure 2.5 goes into more detail about the functional design of the locomotion
units. Each unit features two wheels, W∼∼F and W∼∼B, of radius rW connected to a
rocker that can freely rotates about the passive joint C∼∼ that links the subsystem
to the corresponding module. A gear-motor M∼∼, located within the module and
co-axial with the joint C∼∼, drives a roller chain transmission that links a motor
sprocket with radius rP1 with two wheel sprockets of radius rP2. A chain tensioner is
fixed to the rocker to ensure enough chain tension. Consequently, the locomotion unit
is defined by two transmission ratios that can be combined to define the transmission
ratio of the whole subsystem. First, the gear-motor has its own transmission ratio
τM∼ that may be different for the modules but the same for the two sides of each
module. Then, the chain drive defines a second transmission ratio τC∼. Therefore,
the transmission ratio of the whole locomotion unit τ∼ can be defined as follows

Fig. 2.5 Locomotion unit chain drive functional scheme

τ∼ = τM∼τC∼ = τM∼
rP2

rP1
=

ωM∼∼
ωP1∼∼

ωP1∼∼
ωW∼∼∼

=
ωM∼∼

ωW∼∼∼
(2.6)

where ωM∼∼ and ωW∼∼∼ are the angular speed of the motor sprocket and the angular
speed of the wheels.

By design, the front and rear locomotion units are not equal. The employed
motors are the same, but both the gearbox and the chain drive have different trans-
mission ratios (Table 2.2). Moreover, the rear motors are wired in such a way that
they can only spin in the same direction and at the same speed. On top of that,
each rear wheel comes with a freewheel clutch that disconnects the wheel from the
transmission when it rotates faster than the driveshaft or when it spins backwards.
As a result, the rear module is not skid-steered, thus its motors could be activated
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only if the front module requires additional traction power (e.g., climbing a hard
slope, facing an obstacle, or negotiating extremely tight curves) but not produce
a yaw moment in the back. In all other cases, the rear wheels disengage from the
locomotion unit transmission to avoid unnecessary power losses.

Table 2.2 Locomotion unit parameters

Parameter Value Parameter Value

ix 440 mm τMF = ωMF∼/ωP1F∼ 15.88
βW 120 ◦ τMB = ωMB∼/ωP1B∼ 28.93
rW 203.2 mm τCF = ωP1F∼/ωWF∼∼ 3
rP1 32.55 mm τCB = ωP1B∼/ωWB∼∼ 1
rP2F 97.65 mm τF = ωMF∼/ωWF∼∼ 47.64
rP2B 32.55 mm τB = ωMB∼/ωWB∼∼ 28.93

A very simple dynamic model of Agri.Q may be built to drive the traction motors
choice by assuming a set of appropriate simplifications. Figure 2.6 depicts such a
simplified approach. To identify a maximum motor torque, the rover is studied in a
quasi-static situation while ascending a slope with an incline of αground = 15◦ (28%
incline, as listed in the requirements). Since the robot nominal speed is restricted
to 5 kmh−1, the inertial effect and rolling frictions between wheels and ground can
be neglected. By estimating a robot total mass of mAgriQ = 100 kg that is equally
distributed among the two modules, and that the slope with inclination αground = 15◦

has to be climbed at the speed of vF = 3.6 kmh−1 = 1 ms−1 with a transmission
efficiency of η = 0.9, the power required by a motor of the front module without the
contribution of the rear motors is

PMF∼ =
vFmAgriQgsin(αground)

2η
= 141W (2.7)

A DC motor, NDP 120/522 made by Transtecno, with the following characteristics
has been selected

• Continuous duty cycle (defined as S1) nominal power Pnom,S1 = 120 W

• Short time duty cycle (defined as S2) nominal power Pnom,S2 = 160 W

• Continuous duty cycle (S1) nominal torque Tnom,S1 = 0.38 Nm

• Short time duty cycle (S2) nominal torque Tnom,S2 = 0.55 Nm
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Fig. 2.6 Simplified free body diagrams of Agri.Q on an incline

• Maximum torque Tmax = 1.10 Nm

• Continuous duty cycle (S1) nominal angular speed ωnom,S1 = 315 rads−1

• Maximum angular speed ωmax = 350 rads−1

By activating all the motors, the maximum incline that could be faced is about 36◦

or 73%.

The transmission ratio introduced before has been selected iteratively to reach the
desired performance. In particular, the chain drive sprocket radii have been selected
starting from their number of teeth. The following relation holds

Dpitch =
p

sin
(180◦

Z

) (2.8)
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where Dpitch is the sprocket pitch diameter, p = 12.7mm is the pitch of a 1/2′′× 3/16′′

( or ISO 084) chain, and Z is the number of teeth. The motor sprocket has to be
as small as possible, hence, given the technological limits, a number of teeth equal
to ZP1 = 16 was chosen. The front wheel sprockets instead should be as large as
possible, but, at the same time, they should be smaller than the wheel to avoid
interference with the ground, therefore it was chosen ZP2F = 48. By design, it has
been chosen that the rear chain drives have a unitary transmission ratio, so ZP2B = 16.

2.3.2 PV panels attitude mechanisms

The remaining robot active joints control the attitude of the robot PV panels to
achieve the two desired behaviours: an always level landing platform for UAVs
working together with Agri.Q and orientable PV panels to maximise the Solar energy
collection. The two DOF related to the joints are the pitch γ and roll αPanel rotations.

The αPanel roll angle and the revolute joint JαPanel are driven by a linear actuator
mounted between the central chassis and the PV panels (Figure 2.7). The range
of motion of αPanel is set to ±20◦ to compensate for any transversal inclination
within that range. Such a range has been defined as a design compromise between
transversal incline compensation, solar tracking, limited PV panels height from the
ground, and sufficient clearance between the panels and the wheels.

Fig. 2.7 Agri.Q PV panels roll DOF
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The pitch motion γ is also controlled to achieve the double behaviour of self-
leveling landing surface or solar energy collection optimisation. Consequently, it is
possible to define some key PV panels pitch angles γ related to some requirement
position (Figure 2.8):

Fig. 2.8 Agri.Q in relevant poses with respect to the nominal one. Top, requirement of a
self-levelling PV surface in slight descends. Centre, requirement of a self-levelling landing
surface in the maximum slope incline. Bottom, the maximum PV panels tilt angle to
maximise Sun rays collection

• γ = γN = 0◦, nominal (N) condition where the panels surface is parallel to the
ground;

• γ = γd = -5◦, pitch angle to compensate slight descents (d);

• γ = γi = 24◦, pitch angle to compensate the maximum slope incline (i);

• γ = γS = 33◦, max pitch angle to track the Sun (S)
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(a) (b)

Fig. 2.9 Pitch mechanism kinematic schemes

A specifically designed linkage BA0E drives the pitch motion. The linkage is
pivoted on the chassis at A0, is connected to the rear module at B, and is actuated by
a linear actuator fixed in D and moving the point E. The dimensional synthesis of
this mechanism is provided below, and focused on the selection of the location of
the kinematic pairs and the determination of the link lengths, utilizing the kinematic
inversion approach, thereby maintaining the chassis fixed and moving the positioning
device. As illustrated in Figure 2.9a, the pivot joint A0 is located on the γi bisecting
line; as a result, the actual trajectory of B, rotation around A0, corresponds to
imposing that the key points BN and Bi that are the same distance lBN from F . To
put it another way, the angle γ0 is selected to be equal to γi/2. At the maximum
pitch angle γS, the distance A0B, i.e. rB, is set as the maximum one consistent with
the necessity to avoid self-collision of rear and front wheels since the mechanism
can shorten the distance lB up to a minimum value equal to lBmin = 2rW + ix. This
approach also means that a minimal variation of lB within the 0-γi range is ensured
in order to avoid affecting the robot dimensions while driving. The relation between
the desired rotation γ of B about CF∼ (platform orientation) and the rotation β

of the link BA0 driven by the positioning mechanism is depicted graphically in
Figure 2.9a. Instead of utilizing the variables β and γ , (having β = 0◦ when γ = 0◦),
the A0F direction is used as a baseline for measuring the angles βFB and γFB, having
β = βFB+β0 and γ = γFB+γ0. The angular shift between the two reference systems
is identified by the constant angles β0 and γ0.
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To obtain the mechanism function β = β (γ) it is convenient to use the auxiliary
angle ζ . Hence

ζ = βFB− γFB (2.9)

rB sin(ζ ) = rA0 sin(γFB) (2.10)

therefore

βFB = γFB +ζ = γFB + arcsin
(

rA0

rB
sin(γFB)

)
(2.11)

β0 = γ0 + arcsin
(

rA0

rB
sin(γ0)

)
(2.12)

where γ0 = γi/2 by definition. The angle β and its range of motion ∆β can be defined
as functions of γ as follows

β = β (γ) = βFB +β0 = β0 +(γ− γ0)+ arcsin
(

rA0

rB
sin(γ− γ0)

)
(2.13)

∆β = βS−βd (2.14)

recalling that γ = γFB + γ0.

The rotation β is obtained thanks to a linear actuator hinged between the point
D, fixed to the chassis, and the point E, which is part of the linkage BA0E, and their
variable distance sE (Figure 2.9b). The mechanism actuation design parameters are
the position of the point D, the shift angle ε , and the lengths rE and rD. According
to the figure, one has

rD + rE cos(αE) = sE cos(λ ) (2.15)

rE sin(αE) = sE sin(λ ) (2.16)

By means of the non-dimensional parameter p1 = rD/rE , it is possible to get the
auxiliary angle λ and the non-dimensional input wE = sE/rE as function of the
output angle αE

λ = λ (p1,αE) = arctan
(

sin(αE)

p1 + cos(αE)

)
(2.17)

wE = wE(p1,αE) =
sE

rE
=

p1 + cos(αE)

cos(λ (p1,αE))
= (p1 + cos(αE))

√
sin(αE)2

p2
1 cos(αE)2 +1

(2.18)
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Moreover, the mechanism transmission angle µ can be worked out as

µ =

αE −λ , if αE −λ ≤ π/2

π− (αE −λ ), otherwise
(2.19)

Figure 2.10 depicts some results of the parametric analysis in terms of the an-
gular position αE , the linkage instantaneous transmission ratio ∂αE/∂wE and the
transmission angle µ as functions of the non-dimensional input wE = sE/rE at dif-
ferent value of the non-dimensional parameter p1 = rD/rE . The desired pitch angle
range of motion ∆γ = γS− γd = 38◦ defines, thanks to Eq.(2.13) and Eq.(2.14), a
corresponding ∆β = βS−βd = 81.93◦− (−12.55◦) = 94.48◦. This window is then
useful to identify the appropriate range of wE for where the angle αE has an almost
linear variation and the instantaneous transmission ratio ∂αE/∂wE is as constant
as possible in order to optimise the actuator effort. At the same time, a minimum
acceptable value of the transmission angle µ has to be guaranteed. The angle ε and
the length rD are chosen to reduce the volume occupied by the whole mechanism
during its motion. The final parameters are listed in Table 2.3. To achieve the desired
performance, the Mecvel L03 linear actuator has been chosen to be mounted between
the anchor points D and E. It is a 24 V DC linear actuator with a stroke of 360 mm
and a maximum speed of 20 mms−1.

Table 2.3 Pitch linkage parameters

Parameter Value Parameter Value

rA0 723 mm αEd 42.44◦

rB 498 mm wEd 4.055
rE 247 mm sEd 1002 mm
rD 807 mm γS 33.00◦

p1 3.264 βS 81.93◦

ε 121◦ αES 137.31◦

γ0 = γi/2 12.00◦ wES 2.615
β0 30.00◦ sES 646 mm
γd -5.00◦ ∆β 94.48◦

βd -12.55◦ ∆sE 356 mm

Figure 2.11 depicts the PV panels range of motion projected into the local sky
following the methodology discussed in [225]. In particular, the red area represents
the surface covered by the PV surface centre only due to the previously described PV
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Fig. 2.10 Pitch linkage mechanism parametric analysis. The red colour highlights the final
design range

panels attitude mechanisms, i.e. the αPanel and γ DOFs. The grey area, instead, is
the sky surface covered by Agri.Q panels if its planar motion, namely, its possibility
to assume any heading angle, is considered. As a result, the PV panels can cover
a spherical surface defined by an elevation angle between 90◦− γS = 57◦ and 90◦

and a azimuth angle between ±20◦ or ±180◦, when the rover is static or moving
respectively. The figure also shows the daily Sun path during the Winter Solstice,
the two Equinoxes, and the Summer Solstice. Hence, during the year, the Sun
follows a similar path that starts in the east at sunrise, reaches its maximum elevation
around noon, and ends in the west with sunset. Such a path is always bound between
the Solstice curves. Whenever the daily Sun path intersects the PV panels surface
coverage, it means that at that time of the day it is possible to orient the PV surface
normal to the Sun as a means to collect the maximum Solar radiation possible. If
the path does not intersect the projected surface, the PV panels attitude is always
sub-optimal in terms of energy collection. Figure 2.11 illustrates as an example the
daily Sun paths in North-West Italy (at 45◦04′N 7◦42′E). When Agri.Q is on flat
terrain, it is able to optimally orient its PV surface only during some days before and
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Fig. 2.11 PV panels range of motion compared to the Sun paths at 45◦04′N 7◦42′E

after the Summer Solstice and during the central hours of the day (the actual time
period is between the 22nd of April and the 20th of August). Nevertheless, Agri.Q
is designed to operate in hilly terrains and vineyards on hard slopes, therefore, the
ground inclination can reduce the elevation angle in order to be able to increase the
range of days and hours around noon in which it is possible to optimal orient the PV
panels.

2.4 Final mechanical design

This section presents the final mechanical design of the Agri.Q rover and its main
parts. First, an overview of the final assembly is provided, and then the two modules
and the central chassis are discussed. At last, the locomotion unit final design and
the integration of a commercial robotic arm are presented.
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Assembly

Figure 2.12 shows a schematic representation of the final design of Agri.Q (Fig-
ure 2.13). The whole robot (except for the safety bumper and the accessory robotic
arm) is within the size of the PV panels assembly (1050 × 2122 mm). When the
PV surface is flat, the robot height is about 650 mm. The robot is mostly made of
aluminium and weighs 112 kg. When the robot is on flat ground, the PV panels are
parallel to it and the two modules have the same heading (i.e, δ = 0◦), the centre of
mass (CoM) of the assembly, with respect to {F} is located in (−534,−15, 90)mm,
which roughly corresponds to the point E. Hence, in the static condition, the front-
back mass distribution is about 59%-41%.

Fig. 2.12 Agri.Q assembly main parts and dimensions

Front module

The front module is an aluminium box that houses most of the robot electronic
systems and the traction motors of the two front locomotion units. Figure 2.14
depicts the main dimensions of the front module. On its left and right side, it is
linked to the two locomotion unit rockers by means of a passive revolute joint in
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Fig. 2.13 Agri.Q final assembly

{CF∼}. On the top side, there is instead the passive revolute joint Jδ that enables the
relative yaw motion between the robot modules. Its axis is slightly off the box centre,
however, it is generally considered passing through the module centre to maintain
the definition of the reference frame {F} as the reference frame defined by the axis
of the front traction motors and the Jδ axis. There is a grill mounted on the box
front face to improve ventilation, whereas on the back are housed all the connectors
required to receive and send signals from and to the rest of the robot.

Rear module and central chassis sub-assembly

Figure 2.15 highlights the rear module and the central sub-assembly (both shown in
detail in Figure 2.16 and Figure 2.17). The central chassis is based around a standard
square aluminium extrusion (2020×80×80mm) onto which the anchor points of
the pitch linkage mechanism A0 and D, and the revolute joints Jδ and JαPanel are fixed.
Then, the pitch linkage mechanism links the rear module and the central chassis by
means of the passive revolute joint Jα that enables the rotation of the rear module
about the roll axis.

The rear module (Figure 2.16) is a very simple tubular stainless steel housing for
the two rear traction motors similarly to what happens in the front module. However,
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Fig. 2.14 Final design of the front module

the rear module is slightly larger than the front one. The passive revolute joint Jα ,
made of a simple bushing, has its rotation axis parallel to x̂B but it is mounted slightly
lower than the main axis of the rear module, namely the ŷB axis.

The pitch linkage (Figure 2.17) is made of 304 stainless steel tubings welded
together to obtain the sizes and shape defined previously (Table 2.3) and graphically
summarised in Figure 2.18.

Also, Figure 2.19 shows how the distance lB changes due to the action of the pitch
linkage mechanism. While the robot is in its nominal condition (i.e., the PV panels
are parallel to the ground) or when γ = γi = 20◦, the two modules are spaced out by
lBN = 1197 mm. Between γ = 0◦ and γi, this distance increase very slightly (about
11mm) reaching its maximum at γ = γ0 = γi/2. While the PV panels are pitched
by the maximum angle γ = γS = 33◦ instead, the robot reach its minimum length of
lBS = 1067 mm. This limitation is due to the minimum length of the linear actuator
DE, but it is above the minimum required margin of lBmin = ix +2rW = 846 mm.
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Fig. 2.15 Rear module and central chassis sub-assembly

Fig. 2.16 Detail of the rear module Fig. 2.17 Detail about the pitch linkage

Fig. 2.18 Pitch linkage final design
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Fig. 2.19 Detail about the two distances between the two modules

(a) (b)

Fig. 2.20 (a) Agri.Q panels compensating the hill incline. (b) Agri.Q at its maximum pitch
angle

Locomotion units

Figure 2.21 illustrates how a locomotion unit is made. In particular, it shows the
front left unit, however, all units are almost identical, since in the rear units the
only differences are the wheel sprockets and the motor planetary gearbox, and the
units on the right side are simply mirrored. As anticipated, the locomotion unit is
driven by the NDP 120/522 DC traction motor with an integrated negative brake
and an incremental encoder to measure its speed. The motor mounts a commercial
planetary gearbox with a transmission ratio of τMF = 15.88 in the front units and
of τMB = 28.93 in the back. The gear motor drives a chain transmission through
an Ergal (7075 T6 aluminium alloy) sprocket with 16 teeth. The drive chain is a
common 1/2”×3/16” (or ISO 084) bicycle roller chain. The chain transmission
drives the two 16”×1.95” (rW = 203.2 mm) mountain bike tyres that are fixed to
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the wheel sprocket. In the front units, the sprocket has 48 teeth whereas in the back
it has 16 teeth like the motor sprocket. Hence the chain transmission ratio is τCF = 3
and τCF = 1 respectively. By combining the locomotion unit transmissions, the final
transmission ratios between the motor and the wheel are τF = 47.65 and τB = 28.93,
respectively for the front and rear units. The whole transmission is protected by an
aluminium cover.

Fig. 2.21 Locomotion unit details. The front left unit is shown, the right one is mirrored, and
the minor changes in the rear modules are annotated

The locomotion units were initially designed to be equal except for the different
planetary gearbox. However, the torque required to steer the front module was higher
than initially expected, hence the front transmission ratio has been increased to
produce more torque by increasing the wheel sprocket to the size reported here.

As said before, the rear module is slightly larger than the front one, hence
the front and rear module tracks are iyF = 817 mm and iyB = 845 mm respectively
(Figure 2.22). Moreover, the wheels of the rear locomotion units mount a freewheel
mechanism hub to transmit the rear motors power only while going forward.

Figure 2.23 illustrates in more detail how the passive revolute joint C∼∼ con-
necting the locomotion units to the corresponding module. The motor shaft driving
the corresponding sprocket rotates about a flange fixed to the module, whereas the
rocker can freely rotate about the same module flange in a similar fashion.

Figure 2.24 shows a sequence of frames where Agri.Q was successfully climbing
a step thanks to its locomotion units. The actual step height that the rover can surpass
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Fig. 2.22 Detail about the front and rear module tracks iy∼

Fig. 2.23 Detail of the C∼∼ passive revolute joint

highly depends on a proper traction control of all the locomotion units. Steps are not
a common obstacle in fields, however, since all the locomotion units are independent,
the same ability holds for more natural obstacles, such as rocks, large fallen branches
or roots.
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Fig. 2.24 Sequence of Agri.Q surpassing a step exploiting its locomotion units

High dexterity robotic arm

The rover is outfitted with a robotic manipulator to be able to gather crop, soil, or
leaf samples for field monitoring. It should also be able to reach a large section
of the landing platform to interact with a landed platform (e.g., handing over the
collecting samples to the drone to be delivered to a testing laboratory). The robot
arm workspace must be such that it can reach both the ground and crops. The
workspace should also be fairly symmetrical in order for the robot to work easily in
all directions. Therefore, workspace-wise, the robot arm has to collect a sample that
could be anywhere from the ground to the top of a typical vineyard (about 2 m).

The robot should be redundant in order to have several configurations for a given
end-effector position, allowing for better interaction with a confined environment.
This kinematic redundancy enables the main task (e.g., collecting samples) to be
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completed while a secondary activity is completed (e.g., collision avoidance with
branches of plants or with the rest of the rover). To accomplish this, both target
tracking and collision avoidance algorithms must be implemented with the aim of
directing the end-effector toward the target while the rest of the arm is avoiding
collisions [226–228].

The robot arm capabilities must allow it to transport loads of at least 0.5 kg with
minimal power consumption. Finally, the robot must be light in order for the rover
to carry it effortlessly.

The Jaco2, a 7 DOF collaborative robot arm from the Canadian manufacturer
Kinova [1], was chosen as the robotic manipulator to meet these objectives. Fig-
ure 2.25a and Table 2.4 summarise the dimensions of the robot arm. Figure 2.25b
depicts instead a kinematic diagram of the robot arm. It is made of 7 revolute joints,
hence it is clearly identifiable as a redundant robot. This joint space redundancy
allows for limitless arm configuration given a desired position of the end-effector. In
particular, Figure 2.25b shows the so-called swivel circumference: the locus of the
possible elbow positions for a given end-effector pose.

(a) (b)

Fig. 2.25 Kinova Jaco2 robot arm dimensions [1] and kinematic diagram

Kinematic analysis was performed to investigate the workspace of the robot
end-effector without the gripper. The workspace as a consequence is shown in
Figure 2.26a. From the shoulder centre, the workspace is a quasi-spherical region
with a primary radius of 825 mm. It is critical to choose properly how to mount
the robot arm on the rover to meet the criteria for robot mobility with the aim of
allowing the gripper to reach different places in a large vertical and lateral region.
Therefore, the Jaco2 workspace is not fixed in space since the arm is mounted on the
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Table 2.4 Kinova Jaco2 robot arm dimensions [1]

Parameter Value Length, mm

D1 Base to shoulder 275.5
D2 First half upper arm length 205.0
D3 Second half upper arm length 205.0
D4 Forearm length (elbow to wrist) 207.3
D5 First wrist length 103.8
D6 Second wrist length 103.8
D7 Wrist to center of the hand 160.0
e2 Joint 3-4 lateral offset 9.8

(a) (b)

Fig. 2.26 Jaco2 workspace and the extended workspace when it is mounted on Agri.Q

rear end of the central chassis of Agri.Q, which acts as a mobile platform. Moreover,
since the robot arm is fixed to the central chassis, the workspace can be rotated
about the front locomotion units axis thanks to the pitch linkage mechanism, as
depicted in Figure 2.26b. This allows the robot effective workspace to be expanded
to fulfil intended tasks such as collecting samples and interfacing with the top of a
vineyard (the highest point of the extended workspace reaches about 2.5 m). Indeed,
the robot workspace also allows to perform soil-related tasks, but it also partially
covers the PV panels surface, enabling some collaboration with a UAV landed within
the workspace.

Figure 2.27 shows Agri.Q interacting with the environment using the extended
workspace capability.
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(a)

(b)

Fig. 2.27 (a) Agri.Q interacting with an hedge.(b) Agri.Q extending the robot arm workspace
to reach the top of a vineyard row

2.5 Electrical and electronic systems design

This section is dedicated to providing an overview of the design of the electrical and
electronic systems. Figure 2.28 depicts an overview of the electrical and electronic
systems in Agri.Q. In this section particular attention is placed on detailing how the
main subsystems work, namely, the whole robot power supply, the drivers of the
rover actuators and the embedded control units.
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Fig. 2.28 Electrical and electronic systems overview

2.5.1 Power supply

Agri.Q is powered by a lithium ion (Li Ion) battery with cells arranged in 7 series of
16 parallel (7s 16p). The single cell model is Samsung 35E, which main features
are a nominal voltage of 3.6 V (with a maximum value of 4.2 V), a maximum
continuous discharge current of 8 A, and a nominal capacity of 3.5 Ah. Hence, the
whole battery features a nominal voltage of 25.2 V (29.4 V when fully charged), a
nominal discharge current of 128 A, and a capacity of 56 Ah. To complete the battery
pack, a BMS (battery management system) is employed to manage the charging
and discharging of the battery by balancing the load between the cells and avoiding
overcharge or overdischarge of the cells.
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The battery can be charged in two different ways that can be selected through
a switch on the front module (Figure 2.29). First, a dedicated wall charger can be
employed to charge the battery when in close proximity to a power source. Second,
by switching the charge mode to solar power, the PV panels DC/DC converters
(Genasun GVB-8-Li-28.4 V) are enabled to charge the battery.

(a) (b)

Fig. 2.29 Detail of Agri.Q battery meter and power switches

In particular, two flexible light-weighted panels (SXp 154Q by Solbian) have
been installed to provide an adequate recharging capability without affecting the
robot dynamics with an excessive load. Some technical details of a single panel
are shown in Figure 2.30. The data refers to a perpendicular solar irradiation of
G0 = 1000 Wm−2 at the working temperature of 25° C. Given the panel rated peak
power of Wp = 154 W, the single panel surface S = 1.0418 m2, and the reference
irradiation G0, it is possible to estimate the panels efficiency as follows

Fig. 2.30 Current/voltage characteristic of a single Solbian SXp 154Q PV panel at different
levels of Solar incident power and some of its relevant data
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ηp =
2WpG0

2S
= 0.1478 (2.20)

then, the panel efficiency enables to evaluate the nominal PV power from the
Solar Global Horizontal Irradiance (GHI) data

PPV,nominal = SηpGHI (2.21)

Two custom-made power sensors have been placed in series before and after the
battery for experimental purposes: by measuring the battery voltage and the charge
and discharge currents, and therefore the power required by the rover and the power
generated by the PV panels it is possible to evaluate the power balance of the whole
robot during its activities (Figure 2.31). In particular, Figure 2.32 shows the designed
and assembled partially populated 30×45 mm 2-layer PCB.

Fig. 2.31 Agri.Q power flows schematic rep-
resentation

Fig. 2.32 Custom power sensor PCB

Figure 2.33 depicts the electronic layout of the power sensor. It is composed
of two subcircuits, one measures the current flowing through the PCB terminals,
whereas the other measure the voltage across them. The current sensing circuit
was designed around the HO sensor family by LEM. Two different IC models were
employed depending on the side of the rover battery where they were mounted. That
is, a HO-6P is used to measure the current generated by PV panels (it measures
currents between ±20 A with a resolution of 100 mVA−1), whereas a HO-25P (it
measures currents between ±62.5 A with a resolution of 32 mVA−1) is employed to
measure the current absorbed by the whole robot. In both cases, an analog signal
between 0 and 5V and proportional to the measured current is generated and then
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Fig. 2.33 Power sensor electronic layout. The current sensor model change based on the
application, i.e., a HO-25P is employed for measuring the current absorbed by the rover,
whereas a HO-6P measures the PV panels current

acquired by the control unit ADC. As result, the following relation holds

Vcurrent =Vre f +
Gv

1000
Imeasured (2.22)

where Vcurrent is the analog voltage signal generated by the sensor, Vre f = 2.5 V is
the reference voltage that corresponds to zero current, Gv is the sensor resolution (it
depends on the sensor model), and I is the measured current.

Some passive components ( i.e., resistors and capacitors) were added following
the sensors datasheets to achieve the desired output voltage range and to improve
signals quality.
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To measure the voltage across the power sensor terminals, first an Op-Amp ( a
ADA4638) is used as a voltage follower to decouple the input and output signals,
then two voltage divider are used to scale down an input voltage in the 0-30 V range
to the 0-10 V and 0-5 V ranges. Therefore, the sensor gain is 1/3.2 and 1/6.4
respectively. An optional voltage clipper could be added as over-voltage protection.
The lower voltage output signal is then acquired by the control unit ADC.

Table 2.5 summarises the main signals related to the power sensors.

Table 2.5 Power sensor raw signals

Name Description Measured Voltage signal

PanelCurrent_RAW
PV panels

current 0-20 A 2.5-5 V

PanelVoltage_RAW
Battery voltage

(PV side) 19.6-29.4 V 0-5 V

PanelVoltage_10V_RAW
Battery voltage

(PV side) 19.6-29.4 V 0-10 V

BatteryCurrent_RAW
Battery
current 0-60 A 2.5-5 V

BatteryVoltage_RAW Battery voltage 19.6-29.4 V 0-5 V
BatteryVoltage_10V_RAW Battery voltage 19.6-29.4 V 0-10 V

The battery power line goes through the output power sensor, then there are a
series of two diodes to slightly lower the maximum voltage2, a 60 A fuse, a battery
monitor, the power switch (Figure 2.29), and a e-stop switch mounted on the back
(Figure 2.34). After that, the power is distributed wherever is required. The battery
ground is also connected to the robot chassis.

Figure 2.35 represents the complete power supply subsystem. On the left, there
are the two power inputs, i.e., the PV panels and the wall charger, and their auxiliary
elements. In the centre, there is the robot battery with a power sensor on each side to
measure the power flow as described before. To complete the system, the power line
(+BATT and GND) is distributed in the robot after a series of diodes, switches, and
emergency stop buttons.

2When the battery is fully charged generates a voltage of 29.4 V. At this voltage, the traction
motor drivers turn off to avoid over-voltage issues. Hence, as a temporary fix, the diodes are used
to drop the battery voltage by 1.4 V. This solves the over-voltage issue, but the solution is very
inefficient.
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Fig. 2.34 Agri.Q E-Stop button mounted on the back of the central chassis

Fig. 2.35 Agri.Q power supply subsystem layout

2.5.2 Wired remote controller and switching relays

Before going into other details about the robot electronic layout, it is important to
describe the wired remote controller and the switching relays to better understand
some parts of the layout. Initially, it was possible to use a wired remote controller to
drive the actuators as an alternative to the wireless controller. Therefore, a series of
relays is still present to act as selectors between the two controllers, i.e., when the
wired controller was plugged, the control signals generated by the control unit were
neglected and, on the contrary, when the wired controller was unplugged, the control
unit was able to drive the robot (the control unit is described in a following section).
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In the present iteration of Agri.Q, the wired controller is obsolete, but the relays are
still present even if they are not needed anymore.

In particular, the wired remote controller was an electrical box with some po-
tentiometers and switches to generate the required analog and digital signals (Fig-
ure 2.36). The top diagram in Figure 2.37 depicts how the wired remote controller
worked. Three potentiometers were used to generate the reference of the traction
motors. More specifically, the potentiometers defined the angular speeds of the front
left and front right motors and the torques of the rear ones (the same reference to
both motors). A number of switches were employed to engage or disengage the robot
brakes and to enable and disable the front and rear traction motors. To conclude
the user inputs, two switches were dedicated to drive the PV panels pitch and roll
motions. The wired remote also mounted an additional emergency stop button that
acted identical to the one mounted on the back of the robot. The wired remote
interfaced with the robot through a 25 pin serial port whose signals are shown in
the bottom diagram in Figure 2.37. The remote is directly powered by the robot
battery, but the dual supply across the potentiometers (±9.8V) was provided by the
respective traction motor drivers. As said before, the remote generated references for
motors and brakes and a signal called CmdRELAY that was responsible for driving
the switching relays to enable the robot wired control.

Fig. 2.36 Wired remote controller

Figure 2.38 illustrates the switching relays layout. As anticipated, the CmdRELAY
signal, when set to a high voltage, was used to drive the robot by employing the
wired remote signals. On the contrary, when CmdRELAY is low (i.e., when the wired
remote is not plugged), the onboard control unit is used. The switching relays are
composed of 3 main relays (HJ4-DC24V) whose function is to select between the
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Fig. 2.37 Wired remote controller layout. The top diagram shows the remote elements, and
the bottom diagrams depicts the exchanged signals between the robot and the remote

two alternate control modes generating reference signals for pitch, roll, and traction
motors. One of the relays also drives a secondary relay to generate a high current
signal required to engage or disengage the robot brakes. Thus, a low current signal
from one of the controller is employed to switch this relay to directly connect the
battery to the brakes when they must be disengaged.

Although the wired remote is now obsolete since the control unit can be controlled
by a wireless remote controller and because all traction motors require a torque
reference value, the relays layout is still present, but it could be replaced or even
removed in future Agri.Q revisions.

2.5.3 Control unit

Inside the front module, there is the robot control unit. It consists of two main
controller units that are referred to as high and low level control units. The boundary
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Fig. 2.38 Switching relays layout

between them is not strictly defined, however, in the following the low level control
unit is the electronic subsystem mainly dedicated to interfacing with the hardware
such as actuators and sensors. On the contrary, the high level controller focuses on
managing the low level and complex sensors and actuators, like the robot arm. Up to
this time, the system design has heavily focused on the development of the low level
control unit in terms of hardware and software. The high level control unit is still in
a test and integration phase, but it is planned to be the foundation of the development
of the autonomous features.

High level control unit

The core of the high level control unit is the single board computer (SBC). In
particular, it is an AmITX-SL-G SBC by Adlink with the Mini-ITX form factor.
It features a 6th generation i7 Intel core, three display ports, two gigabit Ethernet
ports, USB ports, and SATA 6 Gb/s ports. Expansion is provided by one PCIe x16,
one PCIe x1, and two mini-PCIe slots. The onboard feature connector provides
GPIO, SMBus, and I2C support. The computer can be accessed and controlled
remotely thanks to a radio modem (pMDDL2450 by Microhard) that establish a
connection with the ground station. It is also connected to the low level control unit
micro-controller (µ−controller in short) through a serial port (a USB port). At the
moment this connection is used to program the µ−controller remotely, but also to log
and store any data coming from the low level unit. In the future, this communication
channel will be exploited to properly integrate features like autonomous navigation.
Furthermore, the SBC is also the brain behind the Kinova Jaco2 robot arm and other
sensors that are going to be implemented, such as LIDAR and cameras among the
others. To manage this complex architecture, it is planned to implement a ROS
framework. This last step will be crucial to develop an autonomous robot.
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Low level control unit

The low level control unit is responsible for collecting robot sensors data and for
generating proper commands to manage the system. This subsystem is highly
related to its robotic platform, therefore a custom 2-layer PCB has been developed
and implemented to achieve the desired functionalities. The board design was
quite straightforward and consisted mostly of integrating a µ−controller, designing
input and output signals conditioning circuits, adapting the component suppliers’
application notes and properly routing the signals to reduce any issue related to EM
noise.

(a)

(b)

Fig. 2.39 (a) Partially populated render of the low level control unit PCB. (b) PCB tracing.
The red traces are in the top layer, the green traces are in the bottom one

As shown in Figure 2.39a, the PCB use SMD passive components, whereas con-
nectors and the more sensitive elements are through-hole devices. Whenever possible
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the design has followed the principle of easy substitution of faulty components, thus
DIP sockets are directly assembled on the PCB to quickly replace a part. The final
PCB has a size of 154× 104× 1.6mm, it has been manufactured by Aisler as a
standard 2-layer PCB. Figure 2.39b shows the PCB tracing. In red there are the top
layer traces, while the green ones are on the bottom one. To better clarity, copper
pours are not shown, but both copper layers are filled with the ground reference plane
(several vias connect them). In the bottom right corner there are specific copper pour
dedicated to the power supply based on the DC converter application note to reduce
EM noise. The PCB manufacturer also assembled the SMD components, while all
other elements were soldered by hand.

In the following sections, the main subcircuits featured in the low level control
unit are presented.

Remote controller

A user can directly send some signals to the low level µ−controller by means of
an RC transmitter. In particular, the Spektrum DX9 sends 6 of its 9 channels to a
receiver placed in the front module of Agri.Q. Figure 2.40a depicts the RC controller
and the 6 channels. The left 2-axes joystick (Joystick 1) generates two analog
reference for the pitch (up-down axis, signal ξ ) and roll (left-right axis, signal χ)
motions. Similarly the right 2-axes joystick (Joystick 2) manage the longitudinal
(up-down axis, signal λ ) and lateral (left-right axis, signal ν) behaviour of the robot.
Then, there are two 3-state switches (Sw1 on the right, Sw2 on the left) that can
produce two discrete signals with 3 distinct values each. Sw1 is employed to manage
the brake state (engaged or disengaged), but also to activate a programmable state.
Sw2, instead, can selectively enable the front traction motors, all traction motors, or
turn them off. More details on the input management are given in a dedicated section
more focused on the control features.

Moving back to the electronic design, the radio receiver generates for each chan-
nel a PWM signal whose on-state duration represents the signal value. Consequently,
the µ−controller needs 6 dedicated hardware interrupt ports to deploy 6 correspond-
ing interrupt service routines (ISRs) in order to measure the PWM signal duty cycle
(Figure 2.40b). This means that when one of the signals passes a threshold value, it
triggers a high priority routine that computes the time elapsed between a rising edge
and a falling edge.
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(a) (b)

Fig. 2.40 (a) 6 channels remote controller: ξ ,χ,λ , and ν are continuos axes, SW1 and SW2
are discrete channels. (b) Remote controller working principle

To reduce the PWM signals sensitivity to noise, a pulldown resistor is added to
each line before the µ−controller interrupt ports (FIGURE 2.41). Moreover, since
signal timing is critical to properly measure the on-state duration, the proposed layout
does not implement any filtering circuits to avoid any potential signal distortion. If
some sort of filter is required, it can be implemented digitally.

Fig. 2.41 Receiver pulldown layout. RxGas,RxRoll,RxPitch, and RxYaw are the PWM
signals associated to λ ,χ,ξ , and ν , respectively

PCB power supply

The Power Supply group is responsible for accepting power from the battery and
delivering all power signals required for the functioning of the devices on the PCB.
This is performed using the Ten40-2431 commercial DC-DC converter by Traco
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Table 2.6 Traco Power Ten40-2431 main specifications

Descripiton Value

Input voltage 18-36V
Output 1 5 V / 6.0 A
Output 2 +12 V / 0.4 A
Output 3 -12 V / 0.4 A
Power 40 W
Efficiency 87%

Power whose specifications are shown in Table 2.6. Figure 2.42 represents the sub-
circuit layout. The three capacitors C1, C2 and C3 were sized for filtering reasons
but also to comply with the norm EN 55032 about conducted and radiated emissions,
accordingly to a manufacturer application note. Similarly, the subsystem layout in
the PCB and the power signals copper pours followed the same directions.

Fig. 2.42 PCB power supply

The DC-DC converter is directly powered by the robot battery, which is also
responsible for powering the roll motor driver that is mounted on the PCB. The
dual ±12V power line is needed to supply the OP-Amps employed for signals
conditioning, whereas the 5 V power line is used to power the angular sensors
(potentiometers), the power sensors, and the remote controller receiver. For both
lines, some power connectors are available to power up any new external device.
Although the µ−controller could be powered by the 5 V line, it is instead powered
by the USB connection with the SBC that is required to share data between them.
This solution was mainly due to avoiding altering a dedicated µ−controller trace.
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PCB connectors

The low level control unit PCB connects to the robot by means of a number of
connectors. Such connectors can be divided into 3 main groups, as shown in
Figure 2.43: input, output, and power signals. Moreover, both input and output
signals can be also categorised as analog and digital signals. During the design of the
PCB and the tracing of its connections, care has been taken in physically separating
as much as possible the two types of signal.

Fig. 2.43 PCB connectors divided by function and type

In the following tables are summarised all signals passing through the PCB
connectors. In particular, Table 2.7 collects the analog input signals, Table 2.8 the
digital input signals, Table 2.9 the analog output signals, Table 2.10 the digital output
signals, and Table 2.11 the power lines.
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Table 2.7 Analog Input Signals

Connector Signal Description Value

J7 Potentiometer
input

PotRoll_RAW Roll angle αPanel poten-
tiometer

0-5V

PotPitch_RAW Pitch angle γ potentiome-
ter

0-5V

PotYaw_RAW Relative yaw angle δ po-
tentiometer

0-5V

PotRollBack_RAW Rear module roll angle
αB potentiometer

0-5V

J8 Traction
motor currents

Curr_FR_RAW Front right traction mo-
tor absorbed current IMFR
(gain 2.5AV−1)

±8V

Curr_FL_RAW Front left traction mo-
tor absorbed current IMFL
(gain 2.5AV−1)

±8V

Curr_BR_RAW Rear right traction mo-
tor absorbed current IMBR
(gain 2.5AV−1)

±8V

Curr_BL_RAW Rear left traction mo-
tor absorbed current IMBL
(gain 2.5AV−1)

±8V

J9 Power
sensors

PanelCurrent_RAW PV panels current IPV 0-5V
PanelVoltage_RAW Battery Voltage (PV side) 0-5V
BatteryCurrent_RAW Robot adsorbed current 0-5V
BatteryVoltage_RAW Battery Voltage 0-5V
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Table 2.8 Digital Input Signals

Connector Signal Description Value

J10 Front
traction motor
encoders

EncMFR_B Front right traction motor
encoder channel B

0-5V

EncMFR_A Front right traction motor
encoder channel A

0-5V

EncMFL_B Front left traction motor
encoder channel B

0-5V

EncMFL_A Front left traction motor
encoder channel A

0-5V

J11 rear traction
motor encoders

EncMBR_B Rear right traction motor
encoder channel B

0-5V

EncMBR_A Rear right traction motor
encoder channel A

0-5V

EncMBL_B Rear left traction motor
encoder channel B

0-5V

EncMBL_A Rear left traction motor
encoder channel A

0-5V

J12 Remote
controller
receiver

RxGas Agri.Q longitudinal mo-
tion PWM signal λ

0-5V

RxRoll PV panels roll motion
PWM signal χ

0-5V

RxPitch PV panels pitch motion
PWM signal ξ

0-5V

RxYaw Agri.Q lateral motion
PWM signal ν

0-5V

RxSw1 Agri.Q state switch
PWM signal SW1

0-5V

RxSw2 Agri.Q state switch
PWM signal SW2

0-5V
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Table 2.9 Analog Output Signals

Connector Signal Description Value

J13 Traction
motor
references

MFL_REF Front left traction motor torque
reference voltage V T

MFL,re f

±10V

MFR_REF Front right traction motor torque
reference voltage V T

MFR,re f

±10V

MBL_REF Rear left traction motor torque ref-
erence voltage V T

MBL,re f

±10V

MBR_REF Rear right traction motor torque
reference voltage V T

MBR,re f

±10V

J16 Roll
motor
references

Roll_R PV panels roll motor supply, ter-
minal R

0V- +BAT T

Roll_L PV panels roll motor supply, ter-
minal L

0V- +BAT T

Table 2.10 Digital Output Signals

Connector Signal Description Value

J14 Motors
Brake and
Enable

MF_BRAKE_HV Front traction
motors parking
brake

0V- +BAT T

MB_BRAKE_HV Rear traction
motors parking
brake

0V- +BAT T

Pitch_BRAKE_HV PV panels pitch
motor parking
brake

0V- +BAT T

MF_ENABLE_HV Front traction
motors enable

0V- +BAT T

MB_ENABLE_HV Rear traction mo-
tors enable

0V- +BAT T

Pitch_ENABLE_HV PV panels pitch
motor enable

0V-Open circuit

J15 Pitch
reference

Pitch_DIR_HV PV panels pitch
motor direction
signal

0V-Open circuit

Digital_EN_HV High voltage dig-
ital signal. Not
used

0V- +BAT T
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Table 2.11 Power connectors

Connector Signal Description Value

J17
Potentiometer
power

+5V Potentiometers supply
voltage

5V

GND Potentiometers reference
ground

0V

J18 Remote
controller
receiver power

+5V Receiver supply voltage 5V
GND Receiver reference

ground
0V

J5 General
purpose 5V

+5V supply voltage 5V
GND Reference ground 0V

J6 General
purpose 12V

+12V supply voltage 12V
GND Reference ground 0V

Input signals conditioning

Most of the input signals require some form of conditioning to be properly acquired
by the µ−controller ADC or its digital inputs ports. This generally means that analog
input signals have to be scaled down to the 0-3.3V voltage range and eventually
filtered, whereas the digital have to be scaled down to a 0-3.3V or 0-5V logic
voltages and sometimes need some auxiliary circuits to stabilize the logic levels
against noise.

For instance, as described in 2.5.3, the 6 PWM signals generated by the remote
receiver are simply stabilized with a pulldown resistor each to reduce sensitivity to
noise, while the signal voltage ranges remain unaltered as they are already 0-5V
signals. Also, the 8 traction motor encoder signals remain unchanged since they
are in a proper voltage range. Moreover, the µ−controller internal pullup resistors
proved to be enough to acquire clear logic levels, thus, no auxiliary circuits are
required. As for the PWM signals, the encoder signals must be acquired by the
µ−controller hardware interrupt ports to achieve the best results. Such interrupts
drive dedicated ISRs to decode direction and magnitude of the motors angular speed
based on the states of the encoder channels. For all these digital signals that require
an ISR to measure a quantity is crucial that the pullup or pulldown circuits work
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properly to avoid any noise triggering the ISR and drastically affecting the final
measure.

Agri.Q αPanel, γ, δ , and αB angles must be measured with an absolute angular
sensors. As a means to achieve that, a potentiometer for each angle has been
mounted in measuring the rotations about the highlighted axes shown in Figure 2.44a.
Whereas αPanel, δ , and αB are directly measured, the angle γ is computed from the
measure of the angle β of the linkage mechanism previously described in 2.3.2 with
a linearized version of Eq.(2.13). As hinted before, the 4 potentiometers are supplied
by the DC-DC 5V line, therefore, each sensor outputs a raw analog signal between
0 and 5V proportional to the measured rotation (Figure 2.44b).

(a)
(b)

Fig. 2.44 (a) Agri.Q absolute angular sensors axes. Note that the PV panels pitch angle γ

is not directly measured, but the angle β is measured and used to derive γ . (b) Absolute
angular sensors circuit

The µ−controller ADC accepts voltages in the 0-3.3V range. Hence the po-
tentiometers signal is lowered by means of a voltage divider with a gain of 2/3, as
illustrated in Figure 2.45. The figure also shows that the conditioning circuits present
a RC circuit that acts as a low pass filter with a cut-off frequency of about 48.2Hz 3.

Traction motor drivers provide tensions proportional to the adsorbed currents.
The motor current IM∼∼ is therefore related to the sensor voltage Curr_∼∼ _RAW
by a proportional gain of 2.5AV−1. This means that, given a motor current that can
oscillate between ±20A, Curr_ ∼∼ _RAW can span within ±8V. Thus, a linear
transformation must be applied to shift the voltage range to 0-3.3V. In practice,
as shown in Figure 2.46, a cascade of two inverting OP-amp is used to achieve the

3For example, for the roll potentiometers holds f0 =
1

2πτ
= 1

2π R46C13 = 48.2Hz. Similar relations
are valid for the other angles.
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Fig. 2.45 Potentiometers conditioning circuits

results while also filtering the signal. The first OP-amp is needed to scale the voltage,
whereas the second is a simple inverting voltage follower to get an always positive
output.

To obtain the desired output voltage, the conditioning circuit must produce the
following linear relation

Vout = mVin +b =
Vout,max−Vout,min

Vin,max−Vin,min
Vin +(Vout,min−mVin,min) (2.23)

where m = −0.206 and b = −1.648V. Considering that the second OP-amp is
responsible of changing the signal sign, it is possible to design the first stage aiming
for an output voltage of −3.3-0V. By arbitrarily choosing the feedback resistor R29
value as 100kΩ and the reference voltage Vre f value as 5V, the remaining resistors
are defined as

R25 =
R29
∥m∥

= 485kΩ
Standard value−−−−−−−−→ 470kΩ (2.24)

and
R26 =Vre f

R29
∥b∥

= 303kΩ
Standard value−−−−−−−−→ 300kΩ (2.25)

The first stage design concludes by adding a 0.033µF capacitor in parallel to the
feedback resistor to obtain an active low pass filter with a cut-off frequency of
f0 = (2π R29C8)−1 = 48.2Hz.

The second stage resistors are chosen arbitrarily with the only constraint of being
equal. The same design was repeated for all Curr_∼∼ _RAW signals.

Two common LM324 by Texas Instrument have been used to implement such an
architecture since a single IC contains four OP-amps. Thus each LM324 can handle
two motor current signals.
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Fig. 2.46 Traction motor current signals conditioning circuit
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The last acquired analog signals are the voltage and current signals from the two
custom power sensors. They are partially conditioned by the design of the power
sensor, but an additional voltage divider for each signal is used to scale down by 2/3
the signals from the sensors (Figure 2.47). It has been chosen to not implement an
analog filter but a digital one within the µ−controller algorithm.

Fig. 2.47 Power sensors signals conditioning circuit

Micro-controller

To control and manage the low level control unit, a Teensy 3.5 powerful and compact
development board designed by PJRC was chosen. Teensy 3.5 features the following
specifications

• ARM Cortex-M4 at 120 MHz

• Float point math unit, 32 bits only

• 512K Flash, 256K RAM, 4K EEPROM

• 64 digital input/output pins, 20 PWM output pins. All digital pins are 5 V
tolerant and have interrupt capability

• 27 analog input pins, 2 analog output pins

• USB port, 12 Mbit/sec

• 6 serial, 3 SPI, 3 I2C ports

• 2 CAN bus

• 1 SDIO (4 bit) native SD Card port
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• 16 general purpose DMA channels

Figure 2.48 represents all µ−controller connections. Teensy pins can be pro-
grammed to achieve various functions, thus, the signal-to-pin allocation process has
been an iterative process to use the proper pins but also to use pins in convenient
locations considering the PCB design and the signal tracing.

Fig. 2.48 Teensy 3.5 micro-controller layout

The µ−controller also presents two connectors for future functionalities. Con-
nector J3 allows establishing an SPI bus exposing the MISO and MOSI data lines
together with a CS signal. If a single SPI peripheral is added, this architecture can
work as it is, otherwise, a multiplexer is required because there is a single CS signal.
J4 connector, instead, can be programmed to act as an additional serial interface or
as an I2C bus. In the latter case, it could be useful to add a pullup resistor to each
signal line to improve signal quality, especially if the bus line is particularly long.

As said before, the board is directly powered through its USB connector, which
also acts as a serial communication interface, by the SBC. The board could be
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powered by its supply pins, but to avoid supply issues with the USB port a trace
should be cut.

Output signals conditioning

The µ−controller capability of generating analog signal is limited, therefore it is
more convenient to generate PWM signals with an amplitude of 3.3V at 488.28Hz
and then manipulate them with a dedicated conditioning analog circuit. For example,
traction motor drivers require as a reference torque signal an analog voltage V T

M∼∼,re f

in the range of ∓10V (a negative voltage generates a positive torque and vice-versa).
Therefore, the conditioning circuit in Figure 2.49 has been designed to apply a linear
transformation from 0-3.3V to ±10V. To simplify the circuit, the sign inversion to
control torque direction is handled in the µ−controller software, thus, a desired max
positive torque generates a 0V signal that then becomes a −10V, whereas a desired
negative torque at maximum magnitude produces a 3.3V signal that corresponds to
10V.

Taking as an example the front left motor reference conditioning circuit, the
input-output relation of the proposed architecture is

V T
MFL,re f =

(
1+

R11
R5+R1||R2

)
R8

R7+R8
PWM_FL− R11

R5+R1||R2
R2

R1+R2
5V

(2.26)
and the desired characteristic is

V T
MFL,re f = mPWM_FL+b (2.27)

where
m =

Vout,max−Vout,min

Vin,max−Vin,min
= 6.06 (2.28)

and
b =Vout,min−mVin,min =−10V (2.29)

The resistor were designed by following an iterative process and by assuming some
arbitrary values. The design is the same for all four conditioning circuits. As for the
other OP-amp based conditioning a LM324 by Texas Instrument have been used. A
single IC is enough for all traction motors.
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Fig. 2.49 Traction motor reference signals conditioning circuit

Choosing the filter requires a trade-off between reaction speed and eliminating
the PWM frequency. The lower the filter corner frequency, the more constant the
output becomes, but the slower it reacts to changes. A more advanced filter may give
a quicker response and cleaner output, but at the expense of additional components
and complexity. In the end, the capacitor C4 was sized to obtain a first-order active
low pass filter with a cut-off frequency of 48.2Hz.

Moving to the roll motor analog output signal, they do not require any condition-
ing since the corresponding motor driver is mounted on the control unit PCB and
can be easily controlled by the µ−controller. More on this topic is described in the
further section dedicated to motor drivers.

Motor drivers and brakes logic control signals need to be considerably higher
voltage than the voltages that the mu−controller can generate. To achieve this, the
architecture proposed in Figure 2.50 has been implemented. The PS2502-4 IC is a
package containing four NPN silicon Darlington connected phototransistors driven
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by a LED each. By doing so, a low voltage digital signal from the µ−controller can
generate an high voltage digital signal (with voltage equal to +BAT T and current up
to 1A) suitable for driving Motor drivers and brakes logic control signals, i.e., enable
and direction signals for motors and activation signals for the stationary brakes.

Fig. 2.50 Photocoupler layout for high voltage output digital signals

Since an additional channel was available, there is also an extra signal called
Digital_EN_HW that can be used for future applications. Also note the different
wiring for Pitch_ENABLE_HV and Pitch_DIR_HV , respectively the signals that
enable the pitch motor and that set its direction. Such wiring is required to generate
an output signal in the range of 0V-Open circuit.

2.5.4 Actuators drivers

Agri.Q comes with six actuators and each of them is driven by a driver directed by
the control unit. In the following, the electric layout of traction, pitch and roll motors
are briefly presented.

Traction motors

A similar architecture was implemented for each traction motor since they are the
same model, but with different gearboxs between the front and rear modules. A
12-1020 Micro BLDC motor driver by INTECNO drives each motor. Figure 2.51
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depicts the electric layout of the traction motor sub-system, whereas Table 2.12
collects and describe the control signals.

Fig. 2.51 Traction motor subsystem layout. The figure depicts the front left motor, but the
layout is similar for the other traction motors

The driver is wired to enable the motor current (that is proportional to the motor
torque) closed loop control. Hence the driver receives from the control unit a
reference signal V T

M∼∼,re f , an analog voltage proportional to the motor reference
torque TM∼∼,re f . The driver measures the motor current in order to close the loop,
but it also generates an analog voltage signal proportional to the current that is
acquired by the control unit. Similarly, the driver also mirrors the motor encoder
channels to measure the motor angular speed. To conclude the list of signals, the
driver and its motor can be enabled or disabled by means of a digital signal. In this
case, the motors of the same module are enabled by the same signal. When the wired
controller was still in use, the two reference voltages at ±9.8V were used to power
its potentiometers. Besides the actual driver signals, there is another digital signal
employed to engage or disengage a negative brake (ND 120.240 by Transtecno)
mounted on each traction motor (i.e., when there is no power the brake is engaged,
when it is powered the brake is disabled). A single digital signal commands all
negative brakes. Figure 2.52 shows all traction drivers and their signals. Moreover, it
clearly depicts that the front motors share the enable signal. The rear motors shares
both the enable signal and the reference torque signal, thus, the rear module can not
be differentially driven. All driver shares the same brake signal.
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Table 2.12 Traction motor driver signals

Name Description Value

M ∼∼ _REF_RELAY Torque reference analog sig-
nal V T

M∼∼,re f . A positive
torque requires a negative
voltage

∓10V

+9.8V _M ∼∼ Auxiliary output voltage.
Used to power the wired re-
mote potentiometers

+9.8V

−9.8V _M ∼∼ Auxiliary output voltage.
Used to power the wired re-
mote potentiometers

−9.8V

M ∼ _ENABLE_HV _RELAY Digital voltage. High logic
value enables the front/back
motors

0V- +BAT T

Curr_∼∼ _RAW Voltage proportional to mo-
tor current (gain 2.5AV−1)

±8V

EncM ∼∼ _A Motor quadrature encoder
channel A signal

0-5V

EncM ∼∼ _B Motor quadrature encoder
channel A signal

0-5V

M ∼ _BRAKE_HV _RELAY Digital voltage. High logic
value disengage all motor
brakes

0V- +BAT T

Fig. 2.52 Traction motors subsystem block diagram

PV panels pitch motor

The DC linear actuator employed in the pitch linkage mechanism is driven by a
Kelvin K SCD10_10 driver (Figure 2.53). This driver is wired in such a way that the
motor reference speed is always half of the maximum speed, i.e., the corresponding
reference voltage at pin SET is always at 5 V due to the voltage divider. Therefore,
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the controller only set the direction of motion together with the possibility to enable
or disable the motor. Both pins have an internal pullup resistor, thus, they are driven
by a voltage that can be exactly 0 V or any other value. At last, a relay driven by the
controller is used to manage a negative brake similarly to what happens in a traction
motor. Table 2.13 summarises all relevant signals.

Fig. 2.53 Pitch motor driver

Table 2.13 Pitch motor driver signals

Name Description Value

PITCH_ENABLE_HV _RELAY Digital voltage. High logic
control value set voltage to
0 enabling the motor

0V-Open circuit

PITCH_DIR_HV _RELAY Digital voltage. High logic
control value set voltage to
0 turning the motor clock-
wise

0V-Open circuit

PITCH_BRAKE_HV _RELAY Digital voltage. High logic
value disengage the motor
brake

0V- +BAT T
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PV panels roll motor

Differently from the other drivers, the roll driver is located on the low level control
unit PCB4. Figure 2.54 depicts the subsytem diagram. The G2 24v13 driver by
Pololu is a simple H-bridge circuit to set the angular speed of the roll motor and
its direction. However, the roll linear actuator is quite slow, hence the reference
speed is always set to the maximum value or to zero. By doing so, a PWM signal
is not required to modulate the motor speed, but a simpler digital signal is enough.
As a result, the roll motion is only direction controlled, similarly to the pitch. As
with the other motor drivers, a digital signal can turn on or off the motor as required.
Since this driver is located in the control unit PCB, it is directly managed by the
µ−controller; therefore the digital signals are between 0 and 3.3 V. More generally,
Table 2.14 lists all signals of the subsystem.

Fig. 2.54 Roll motor driver

Table 2.14 Roll motor driver signals

Name Description Value

ROLL_DIR Digital voltage. High logic set clockwise
rotation

0-3.3V

ROLL_PWM Digital voltage. High logic value set maxi-
mum motor speed. Speed reference value
can be set continuously if a PWM is used

0-3.3V

ROLL_SLP Digital voltage. High logic value enable
the motor

0-3.3V

4Previoulsy, the roll motor was directly driven by the wired remote without any driver.
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2.6 Control architecture

In this section, the low level control unit main processes are discussed. Figure 2.55
represents a simplified flowchart of the main control loop implemented into the
µ-controller. When turn on, the control unit initialises all required variables and
setup all its peripherals. After that the actual control cycle (with a frequency of
100Hz) begins by acquiring the signals from the remote controller. Then, such
signals are conditioned and manipulated to obtain the corresponding signals (Input
Mapping block). Consequently, the received and elaborated signals are used to drive
the following blocks, namely the motors and brakes state, the PV panels roll and
pitch controller, and the locomotion units controller. At last, all remaining sensors,
i.e. all sensors not required as a controller feedback signal, are collected and then
the cycle starts again.

Fig. 2.55 Low level control unit flowchart
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In the following sections, the most relevant parts of the low level control unit are
described, namely how the remote controller signals are treated to generate reference
signals, how the traction motors are controlled, and how the PV panels attitude is
managed.

2.6.1 Remote control and signal mapping

As previously introduced, the remote controller can generate 6 different signals.
Among them, 4 channels (i.e., λ ,ν ,χ, and ξ ) are continuous analog signals that the
user generates acting on the two axes joysticks. Each signal value is represented by
the on-state time of a corresponding PWM signal that can vary between 1000µs and
2000µs following the linear characteristic shown in Figure 2.56.

1000 1200 1400 1600 1800 2000
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Fig. 2.56 Linear function relating the PWM ON-state time and the value of the corresponding
analog channel

Longitudinal and lateral motion references

In particular, signals λ and ν are reference signals related to the longitudinal and
lateral motion respectively. Among all possibilities, λ has been chosen as the
control variable of the front module reference longitudinal speed vF,re f , whereas
ν drives the front module reference yaw rate ψ̇F,re f . Figure 2.57 shows the chosen
relation between the user generated variables and the quantities driven by them. For
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both of them, the input-output relation is made by a spline composed of a cubic
polynomial, a zero-order polynomial, and then the cubic polynomial again. This
arbitrary choice allows establishing a central dead-zone to reduce sensitivity to
small joystick movements, but also to provide a smooth transition from zero to the
maximum value.

Fig. 2.57 λ and ν channels smooth mapping

Considering λ as an example, the spline relating λ and vF,re f is

vF,re f =


0, if |λ | ≤ λdead-zone

vF,maxsign(λ ), if |λ |> λsaturation

vF,max
(
a3λ 3 +a2λ 2 +a1λ +a0

)
, if λdead-zone < λ ≤ λsaturation

vF,max
(
a3λ 3−a2λ 2 +a1λ −a0

)
, if −λsaturation ≤ λ ≤−λdead-zone

(2.30)

where

a3 =
2

(λdead-zone−λsaturation)3 , (2.31)

a2 =−3
λdead-zone +λsaturation

(λdead-zone−λsaturation)3 , (2.32)
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a1 =
6λdead-zoneλsaturation

(λdead-zone−λsaturation)3 , (2.33)

a0 =
λ 2

dead-zone(λdead-zone−3λsaturation)

(λdead-zone−λsaturation)3 (2.34)

are the unitary cubic polynomial coefficients, vF,max is the maximum desired lon-
gitudinal speed, λdead-zone is half of the dead-zone amplitude, and λsaturation is the
value from which starts the output saturation. The last two quantities are chosen
empirically since their value is strongly related to how the user interfaces with the
joystick. The four polynomial coefficients are defined imposing C1-continuity (the
first derivative is a continuous function) at ±λdead-zone and that at ±λ the curve
reaches ±1. The spline relating ν and ˙ψF,re f has the exact same form but different
parameters. Table 2.15 collects all value required to define the two splines as function
of λ and ν .

Table 2.15 λ and ν channels smooth mapping parameters

Parameter Value

λdead-zone 0.1
λsaturation 1
vF,max 1.28ms−1

νdead-zone 0.15
νsaturation 1
ψ̇F,max 1.08rads−1

Note that ψ̇F,max is not the maximum yaw rate that the robot can achieve but
about 1/3 of it. This choice is made based on several trials to optimize the driving
feel.

Due to the differential drive architecture, vF,re f and ψ̇F,re f can not assume any
arbitrary value between their minimum and maximum values. In other words, since
the front traction motors are responsible for both the longitudinal and angular motion,
there are some sets of longitudinal speed and yaw rate that can not be achieved
because they can not spin faster than their limit. For instance, considering the robot
going straight at top speed, if it has to turn on one side with a desired yaw rate, the
inner curve side motor must slow down. Also due to its differential drive nature, the
front module can rotate on the spot without moving forward. Input mapping-wise,
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all this means that the user signals smoothing is not enough and some more complex
mapping has to be implemented.

Since the traction motor speeds are the limiting factors, it is convenient to
map the user input in order to achieve feasible motor speeds. To achieve that, a
front traction motors reference speeds mapping algorithm has been implemented
(Algorithm 1). Such algorithm takes as inputs the user signals λ and ν and the
corresponding smoothed reference signals vF,re f and ψ̇F,re f , then it checks in which
state the reference condition is, i.e., it establishes if the robot is commanded to go
forward or backward, to turn left or right, or to rotate the front module on the spot
(lines 1, 3, 8, 14, 17, 22, and 28). The previous step allows to compute the reference
speed of the motor that needs to spin faster (the outer side turn motor or any motor
if turning on the spot) based on the user inputs (lines 5, 10, 19, 24, and 30) and
eventually saturate its value to limit its speed (lines 6, 11, 20, 25, and 31). At last, the
opposite motor reference speed is computed to achieve the desired yaw rate given
the outer motor reference speed (lines 7, 12, 21, 26, and 32). This means that this
algorithm gives priority to the yaw rate by automatically reducing the longitudinal
reference speed if it is not feasible to obtain the desired yaw rate. In other words, the
robot follows the yaw rate reference at any cost, whereas the longitudinal speed is
limited to the closest feasible value.

Moreover, the algorithm takes care of keeping the turn direction coherent with the
user’s intention (line 16). Practically speaking, if the user set the ν axis at a defined
value while going forward and then going backwards at the same longitudinal speed
value, the two resulting trajectories must be the same one. To achieve that, the yaw
rate sign has to be inverted whenever the robot is moving backwards. However, this
requirement also means that severe discontinuities occur when λ crosses its zero
value. Going back to the previous example, when the robot has to switch direction,
the traction motors have to reverse their directions too, and this is done by exerting
very high torque, and, thus, currents. Therefore, this behaviour must be handled with
care, and this is accomplished by developing a smooth transition between forward
and backward motion, while also mapping the front module turning on the spot
state. Line 30 of the algorithm use a cubic polynomial to smoothen the transition
between −λdead-zone and λdead-zone, but also to generate a peak value at λ = 0 to get
faster rotation on the spot (Figure 2.58). The polynomial was designed by imposing
C0-continuity at ±λdead-zone, a peak at λ = 0 and C1-continuity at λdead-zone. A
fifth-order polynomial could achieve C1-continuity for any λ within ±λdead-zone at
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Algorithm 1: Front traction motors reference speeds mapping algorithm
input : λ , ν , vF,re f , and ψ̇F,re f
output : ωMFL,re f and ωMFR,re f

1 if λ > λdead-zone then /* Going forward */

2

3 if ψ̇F,re f ≥ 0 then /* Turning left */

4

5 ωMFR,re f ← τF
2vF,re f+ψ̇F,re f iyF

2rW
;

6 ωMFR,re f ←max(−ωMFR,max,min(ωMFR,max,ωMFR,re f ));
7 ωMFL,re f ← ωMFR,re f −

τF iyF
rW

ψ̇F,re f ;
8 else /* Turning right */

9

10 ωMFL,re f ← τF
2vF,re f−ψ̇F,re f iyF

2rW
;

11 ωMFL,re f ←max(−ωMFL,max,min(ωMFL,max,ωMFL,re f ));
12 ωMFR,re f ← ωMFL,re f +

τF iyF
rW

ψ̇F,re f ;
13 end
14 else if λ <−λdead-zone then /* Turning backward */

15

16 ψ̇F,re f ←−ψ̇F,re f ;
17 if ψ̇F,re f ≤ 0 then /* Turning left */

18

19 ωMFR,re f ← τF
2vF,re f−ψ̇F,re f iyF

2rW
;

20 ωMFR,re f ←max(−ωMFR,max,min(ωMFR,max,ωMFR,re f ));
21 ωMFL,re f ← ωMFR,re f +

τF iyF
rW

ψ̇F,re f ;
22 else /* Turning right */

23

24 ωMFL,re f ← τF
2vF,re f+ψ̇F,re f iyF

2rW
;

25 ωMFL,re f ←max(−ωMFL,max,min(ωMFL,max,ωMFL,re f ));
26 ωMFR,re f ← ωMFL,re f −

τF iyF
rW

ψ̇F,re f ;
27 end
28 else /* Turning on the spot */

29

30 ωMFR,re f ← τF
2vF,re f−ψ̇F,re f iyF

2rW

((
λ

λdead-zone

)3
− 3

2

(
λ

λdead-zone

)2
+ 3

2

)
;

31 ωMFR,re f ←max(−ωMFR,max,min(ωMFR,max,ωMFR,re f ));
32 ωMFL,re f ←−ωMFR,re f ;
33 end
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cost of a higher computational cost, but the third-order polynomial proves to be
robust enough to avoid dangerous instabilities.
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Fig. 2.58 Third-order polynomial to have a smooth transition between backward and forward
motion without major discontinuities and to increase yaw rate when turning on the spot. The
curve exists between ±λdead-zone

Figure 2.59 shows the results of the mapping algorithm for the left and right front
traction motors. The two maps are mirrored and clearly show the main features of
the mapping process. For instance, at high values of λ and ν , ωMFR,re f saturates to
its maximum value while ωMFR,re f drops quite quickly to ensure that the desired
yaw rate ψ̇F,re f is achieved. Within the λ dead-band instead, it is visible the effect of
the smoothing polynomial that eases the transition between forward and backward
motions, but also lets the motor reference speed peak at a higher value when λ is
close to 0, and, therefore, the front module is rotating about its centre on the spot.

From these maps it is also possible to compute the actual reference values vF,re f

and ψ̇F,re f corresponding to the motor reference speeds, as depicted in Figure 2.60.
In both maps is still visible the underlying characteristic previously shown in Fig-
ure 2.57, nevertheless, some new features are present. The vF,re f map shows really
well that at higher yaw rates the longitudinal speed is reduced to allow the motors to
set to the proper angular speeds even if this means that the maximum longitudinal
speed can be achieved only while going straight. The ψ̇F,re f mapping, instead, illus-
trates both the discontinuity between positive and negative values of λ but also how
the cubic function allows a smoother transition between the two conditions. Also,
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Fig. 2.59 Front left and right traction motor reference speed input mapping

when turning on the spot (λ = 0), ψ̇F,re f peaks at a value larger than the one allowed
while in normal drive mode.

Fig. 2.60 Front module longitudinal speed and yaw rate motor reference speed input mapping

The actual reference values vF,re f and ψ̇F,re f can also be represented through the
space of the allowed front module speeds (Figure 2.61). The polygon area and bound-
ary represents all possible combination of the feasible values of vF,re f and ψ̇F,re f . This
representation shows that the top longitudinal speed can be reached only when the
yaw rate is zero, otherwise the robot has to slow down to perform any turn at the re-
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quired ψ̇F,re f . Below a speed of about 0.85ms−1, the motors can reach the maximum
yaw rate of ψ̇F,max = 1.08rads−1 without slowing down. The polygon also shows the
peak yaw rate at 1.62rads−1 (1.5 times ψ̇F,max). Again, note that ψ̇F,max is not the
actual maximum value that the traction motors can reach, but about 1/3 of it. If ψ̇F,max

is set to the actual maximum value, the polygon in Figure 2.61 becomes a rhombus
with its four vertex at (vF,max,0), (0, ψ̇F,max), (−vF,re f ,0), and (0,−ψ̇F,max). This
would also mean that if the user set λ and ν to the maximum, the robot barely moves
forward to reach the desired yaw rate. Therefore to improve the robot drivability, a
lower value of ψ̇F,max where chosen.

Fig. 2.61 Space of the feasible speeds after the application of the mapping algorithm

PV panels attitude references

Regarding the control of pitch and roll motions of the PV panels, user input mapping
is significantly simpler because the two motors dedicated to the rotation are direction
controlled. This means that the signs of ξ and χ are sufficient to define the directions
(i.e., the signs) of the pitch rate γ̇ and the roll rate α̇Panels. To reduce joystick 1
sensitivity to undesired motions, a central dead zone is applied to both user signals
ξ and χ where the corresponding motors are disabled and the brakes are engaged
(Figure 2.62).
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Fig. 2.62 PV panels reference mapping

2.6.2 Traction allocation control

As discussed in the previous section, a user generates the command signals λ and ν

related to the longitudinal and lateral behaviour of the robot respectively. In particular,
λ defines the reference longitudinal speed vF,re f , whereas ν determines the front
module yaw rate reference value ψ̇F,re f . These four variables are then combined in
the mapping algorithm to compute the corresponding front traction motor reference
angular velocity. Therefore, in order to let the robot motors follow the reference
signals, a closed-loop velocity control architecture is defined. As shown at the top
and bottom of Figure 2.63, the front traction motors reference speed ωM∼∼,re f is
compared with the actual motor speed ωM∼∼,meas measured by its quadrature encoder.
The error, i.e., the difference between the reference value and the measured one, is
then feed to a PID controller CM∼∼. By design, the controller generates a torque
reference value T∼∼,re f required to compensate for the velocity error. After that, the
µ-controller generates a PWM signal whose duty-cycle is a linear function of the
torque, then the PWM signal is conditioned (Eq.(2.26)) to obtain an analog reference
voltage V T

M∼∼,re f proportional to the reference torque (Figure 2.64). At last, this
voltage is sent to the motor driver that acts as a closed-loop torque controller based
on the reference value and the measured current. In simpler terms, the front traction
motors are driven by a controller composed of an external velocity closed-loop and
an internal torque closed-loop. The two front motor reference torque TMFL,re f and
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TMFR,re f are also sent to a block defined as Traction Allocation Control Strategy
that is responsible of defining the rear traction motor reference torques TMBL,re f and
TMBR,re f based on the front motor torques and the state of Sw2. The two torque
signals are treated similarly to the front ones being conditioned to become a reference
voltage V T

MB∼,re f to driver the corresponding motor driver torque controller. The
figure shows the most general architecture where the two rear motors could receive
different references, yet, the actual implementation forces that the two motors receive
always the same reference. Moreover, it is important that the rear motors are torque
controlled, otherwise, it could be possible that interference between front and rear
module controllers may occur if both of them are controlled with a velocity reference.
By controlling the rear motors torque, they can adjust their speed to the one dictated
by the front ones.

Fig. 2.63 Traction allocation control block diagram

Figure 2.65 illustrates more in detail how the CMF∼ controller is implemented.
The controller is based on a parallel PID architecture with some additional features,
thus, the proportional, integral, and derivative terms are summed to obtain the control
command. This architecture introduces three main features typical of practical
applications of PID controllers. First, the control signal is saturated to better represent
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Fig. 2.64 Reference torque, PWM duty cycle, and output voltage relations

the system capabilities. Second, the integral part of the controller implements an
anti-windup system that avoids command signal saturation due to the integral term
build-up. This feature is obtained by temporary stop the integral term growth when
the command has been saturated and the error and the integral term have the same
sign (their product is positive). Third, the derivative part only uses the measure
and not the error to avoid derivative kicks whenever the reference signal changes.
The controller gains KP,MF∼, KI,MF∼, and KD,MF∼ were defined empirically based
on experimental step responses and the final value are collected in Table 2.16. The
experimental evaluation proved that the derivative term is not required to achieve
remarkable results. Also, it is important to recall that these gains are strongly
related to the controller time sample of ts = 10ms (100Hz), since the actual PID
implementation is done on a digital device.

Table 2.16 Traction motor controller CMF∼ PID parameters

Parameter Value

KP,MF∼ 6.0Nm/(rad/s)
KI,MF∼ 0.01Nmrad−1

KD,MF∼ 0.0Nm/(rad/s2)
ts 10ms
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Fig. 2.65 Traction motor controller CMF∼ PID architecture

Heavy and off-road vehicles operate in demanding and frequently harsh work
situations. Such vehicles are equipped with enhanced traction solutions to help
them deal with severe road conditions. Multiple driven axles, varying degrees of
differential locking, and electronic traction control are all part of these systems,
which enable the vehicle to handle harsher terrains.

Traction allocation control is a rather novel method that may be applied to most
over-actuated systems. In essence, a higher-level controller defines the generalised
forces required to achieve the desired behaviour, then a dedicated low level controller,
specific to the actual platform, produces such required generalised forces based on the
available actuator. This approach allows the high level controller to be independent
from the actual vehicle and, thus, to be reusable across other mobile platforms.

The most typical approach to traction allocation in vehicles with all-wheel-drive
capabilities is to manage the locking of the vehicle differentials (either inter-wheel
differentials or inter-axle differentials). By varying the differentials state between the
open and locked configurations, it is possible to manage how the torque is distributed
among axles and wheels. Specifically, torque is distributed to achieve a trade-
off between steerability and traction by managing wheel slip employing different
strategies, e.g., in [229–231] the front/back traction distribution is controlled to
improve cornering.

With the introduction of ABS and independently controlled brakes first [232–
234], and independent axles or wheels actuation later [235, 236], traction control
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allocation strategies defined as torque vectoring further developed to improve ve-
hicles performance, in particular, to enhance vehicle handling and avoid wheels
slip. With the spread of electric vehicles, especially vehicles with independent
wheel-motors, research about the topic has become even more popular [237–241].
As an example, Sforza et al. [242] reported in their review article several publi-
cations regarding various torque allocation strategies for different passenger car
architectures.

While Agri.Q front traction motors are required to both define the longitudinal
and lateral behaviour of the robot, the rear traction motors can be activated on demand
to improve the robot performance. Ideally, Agri.Q could behave similarly to a four
independent traction motors electric vehicle, however, the implemented electrical
architecture force that the rear motors can only receive the same reference torque
signal. This means that the back module can not produce any rear yaw moment,
but it can just push the front module. Even if this condition limits the potential of
implementing a dedicated yaw motion controller, the simpler architecture allows
implementing less complex yet functional traction allocation strategies.

As a first approach, it has been implemented a traction allocation strategy that
set a front-back wheel torque distribution based on the value of a distribution ratio
kTA defined as

kTA =
TWF

TWF +TWB
(2.35)

where TW∼ is the average torque of all wheels part of the module ∼

TW∼ =
TW∼LF +TW∼LB +TW∼RF +TW∼RB

4
(2.36)

When the distribution ratio kTA is 1 then only the front motors are used, when it is
0.5 the torque is equally distributed between front and back wheels, while kTA = 0
only the rear module is powered. However, two important notes must be made.
First, the distribution ratio does not consider any longitudinal or lateral load transfer,
thus the ratio is theoretically correct only in steady state. Nevertheless, its value
is still considered valid during transients. Second, when kTA = 0, Agri.Q can be
seen as a car-like vehicle where the rear motors are responsible for the longitudinal
characteristic whereas the front ones are only dedicated to steering (the average front
torque is zero). Although this is an interesting behaviour, it is not considered for
the first integration of a traction allocation control for many reasons. For instance,
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the free-wheel mechanism in the rear locomotion units does not allow them to
go in reverse without the intervention of the front motors. Furthermore, the mass
distribution and the transmission ratio clearly favour a vehicle that can exert most of
its tractive effort at the front.

Considering that the front motors torques are defined by the desired longitudinal
velocity vF,re f and the desired yaw rate ψ̇F,re f , the rear motors contribution can be
compute if a value of kTA is set

TWB =
1− kTA

kTA
TWF (2.37)

then, since all traction motor control procedures are done at motor level, it becomes

TMB =
τF

τB

1− kTA

kTA
TMF (2.38)

where TM∼ is the mean traction motors torque of the module ∼. At last, considering
that the rear motors are setup in such a way that they exert the same torque, the
average torque corresponds to the torque of one of the two motors, therefore

TMBL = TMBR = TMB =
τF

τB

1− kTA

kTA
TMF (2.39)

By substituting to TMB∼ and TMF the same value in Eq.2.39, it is possible to
compute a significant value of kTA that is k∗TA = 0.62. With this particular value of
distribution ratio, the traction motor effort is equally distributed among front and
back, or, in other terms, the rear motor traction torque is equal to the average of
the front motor torques. This particular condition is interesting because with this
distribution ratio possible to saturate all traction motors at the same time drastically
affecting the robot performance. However, TMF saturates only if both front motors
have saturated, thus this event generally can occur only while going straight on
a slope (it also defines the maximum inclination that can be climbed). It is less
frequent that all motors saturate at the same time while turning because when the
front motor at the outer side of the turn saturates, the front motor on the other side
drops its torque to keep turning at the same yaw rate, thus the front torque average
drops too and consequently the rear motors follow. However, on some occasions
(e.g., during extreme manoeuvres), the timing of the torque drops may be too slow
to avoid sequential saturation of the motors.
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The first implementation of the traction allocation control consists of two fixed
value of kTA between which the user can choose by setting SW2 to front-wheel drive
(FWD), when kTA = 1, or all-wheel drive (AWD), when kTA < 1. A number of tests
were made to evaluate the effect of various distribution ratios. Their results are
discussed later in Chapter 4.

2.6.3 PV panels attitude control

PV panels pitch and roll motion controls are considerably simpler. Both rotations
are driven by setting the direction of motion, i.e., the signs of γ̇ and α̇Panel .

Two modes of operation have been implemented to control the two angles: a user
controlled open-loop mode and an automatic angular position close-loop control.
The first mode is straightforward, the user set ξ and χ to define γ̇ and α̇Panel as
described in the previous section. Then the sign of γ̇ and α̇Panel are used to generate
the logic direction input. The second mode is instead a bit more interesting, although
it is a very simple closed loop architecture. The user defines the desired angles on
the SBC and they are sent to the µ−controller through the serial port connection.
The µ−controller parses the received message to obtain the two reference angles,
then the basic control loops in Figure 2.66 are implemented. The logic operation
e < 0 is used in both control loops to define the logic signal that defines the direction
of rotation. This means that when the error is positive the output of the logic block
is 0, whereas when the error is negative the logic value is 1. All this is valid in this
particular case because a 0 logic value as direction increases the corresponding angle
and a 1 logic value corresponds to a decrease of the angle. When the error is zero,
the corresponding motor turns off (i.e., the enable logic value is set to 0).

Fig. 2.66 PV panels attitude motors controllers



Chapter 3

Agri.Q Modelling

This chapter is dedicated to modelling various aspects of Agri.Q to better comprehend
its behaviour. The chapter mostly focuses on kinematic and dynamic modelling
of Agri.Q to assess how the robot act as a vehicle, thus, analysing its longitudinal
and lateral behaviours. At first, a kinematic model is defined to get a reference
theoretical baseline behaviour, regardless of the strong assumptions made. Then,
such hypotheses are relaxed and a dynamic model of the robot is defined in two
alternative ways.

This chapter also provides the kinematic modelling of the 7 DOF robotic arm
mounted on Agri.Q.

3.1 Agri.Q kinematic modelling

It is critical to define a kinematic model for multi-axle articulated robots in order
to assess a robot optimal behaviour and then utilize the findings as a baseline for
dynamic models. For example, a kinematic model can contribute to define the
theoretical limits of the robot handling behaviour. Also, a kinematic model can
give a starting point to understand how Agri.Q behaviour is influenced by its own
parameters. Therefore, a simple kinematic model has been developed based on
previous works about modelling articulated vehicles with an architecture similar to
Agri.Q [243, 244], namely vehicles composed of two skid-steering modules linked
together by a joint that enables at least their relative yaw motion where each module
has more than one non-steering axle.
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In order to simplify the modelling problem, the following hypotheses have been
defined:

• The model ignores out-of-plane motions, thus, it only examines planar motions
on a flat surface.

• The locomotion units are simplified by using a single equivalent wheel per side
whose rotation axis passes through the module geometric centre (Figure 3.1).

• Wheels pure-rolling condition is considered, therefore, longitudinal slip is
neglected.

Fig. 3.1 (a) Agri.Q while turning with significant lateral wheels slip. (b) Simplified kinematic
model with virtual wheels and no lateral velocity

While the first point is merely due to avoid complicating the model due to sec-
ondary motions like pitch and roll rotations of the whole robot of just one of its
modules, the second hypothesis is quite strict. As depicted in Figure 3.1, Agri.Q is
particularly affected by wheels side slipping while turning, i.e. the lateral velocity
component of a wheel is quite significant compared to the wheel linear velocity,
because of its architecture composed of multiple non-steerable axles that do not
pass through their module centre of mass. Moreover, the aforementioned wheel slip
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issue is emphasised by the locomotion unit design that constrains both wheels of
the unit to spin at the same velocity. Consequently, the hypothesis of considering
only a virtual (or equivalent) wheel per side of each module, instead of the actual
architecture, neglects the robot lateral slippage during turns, hence, results from this
model can diverge quite significantly from the actual robot behaviour in some limit
cases. Also the last hypothesis relates to wheels slip, in particular the longitudinal
one: by assuming pure-rolling condition, longitudinal wheels slip is not considered.
Considering the low speed of the robot, this hypothesis is not as limiting as the
previous one because the longitudinal slip occurs more rarely and for short transient.
However, if a loose ground, or more generally driving off-road, is taken into consid-
eration, significant wheels slip may occur, thus, such a model is not well suited for
particularly complex terrains.

The diagram of the kinematic model is shown in Figure 3.2 , where (x∼,y∼,ψ∼)
represent the pose of the ∼ module (∼= F for the front module, ∼= B for the back),
delta represents the relative yaw rotation between the modules, iy = 0.817m is the
module wheel track, and lBN = 1.197m represents the distances between the joint
Jδ and the rear module. Note that, since only planar motion is considered, the PV
panels pitch motion can not affects the distance lBN . The longitudinal and angular
speeds of the ∼ module in its reference frame are v∼ and ψ̇∼, respectively.

Fig. 3.2 Agri.Q simplified kinematic model diagram
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Given the robot architecture, the following constraints can be defined

xB = xF − lBN cosψB (3.1)

yB = yF − lBN sinψB (3.2)

δ = ψF −ψB (3.3)

Furthermore, two additional holonomic constraints can be added.

ẋF sinψF − ẏF cosψF = 0 (3.4)

ẋB sinψB− ẏB cosψB = 0 (3.5)

Where ẋ∼ and ẏ∼ are the time derivatives of x∼ and y∼. Such velocities can also be
defined as a function of the module longitudinal velocity v∼:

ẋ∼ = v∼ cosψ∼ (3.6)

ẏ∼ = v∼ sinψ∼ (3.7)

Hence, the kinematic model of the system can be defined as

q̇ =


ẋF

ẏF

ψ̇F

δ̇

= Akin

[
vF

ψ̇F

]
(3.8)

where q is the kinematic model minimum state vector.

While the first three rows of Akin are straightforward, the function relating δ̇

to vF and ψF can be obtained by differentiating Eq.(3.1), (3.2), and (3.3), and by
substituting the results in Eq.(3.5)

δ̇ = ψ̇F −
vF

lBN
sinδ (3.9)
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consequently, the kinematic model showed in Eq.(3.8) becomes

q̇ =


ẋF

ẏF

ψ̇F

δ̇

=


cosψF 0
sinψF 0

0 1
− 1

lBN
sinδ 1


[

vF

ψ̇F

]
(3.10)

given that the front module is basically a skid steering robot, it is possible to highlight
the following relations that link vF and ψ̇F to the angular speed of the virtual front
wheels ωWFR and ωWFL (note that the angular speed of the virtual wheel is the same
of an actual wheel)

vF =
rW

2
(ωWFR +ωWFL) (3.11)

ψ̇F =
rW

iy
(ωWFR−ωWFL) (3.12)

As mentioned before, this kinematic model can be helpful in defining the theoret-
ical limits of this robot architecture, in particular regarding the handling behaviour.
In the most generic configuration, each module has its own instantaneous centre of
rotation (ICR), and they may not coincide, as depicted in Figure 3.3a. When the
articulated robot reaches the steady-state condition during a turn, there is no more
relative rotation between the modules (δ̇ = 0), thus, the robot can be considered as a
whole and a single ICR can be defined (Figure 3.3b).

The steady state configuration represented in Figure 3.3a allows to define a
geometric relation between the steady state curvature radius of each module R∼,ss

and the steady state relative yaw angle δss, that is

RF,ss =
lBN

sinδss
(3.13)

RB,ss =
lBN

tanδss
(3.14)

or. equivalently, the corresponding curvature ρ∼,ss is defined as

ρF,ss =
1

RF,ss
=

sinδss

lBN
(3.15)

ρB,ss =
1

RB,ss
=

tanδss

lBN
(3.16)
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(a) (b)

Fig. 3.3 (a) Agri.Q during a transient turn where the ICRs do not coincide. (b) Steady state
turn where the ICRs coincide

Considering that the angle δ can reach up to 40◦, the corresponding minimum
theoretical turning radii are 1.862 m fore the front module and 1.427 m for the back.

Generally speaking, the curvature radius of the front module is always larger than
the rear one, thus the rear module is always at the inner side of the front trajectory
(Figure 3.4).

As aforementioned, however, it is important to recall that the significant wheels
slip of the actual robot causes Agri.Q to diverge from the kinematic trajectories
showing an under-steering behaviour that widen all curved trajectories, as reported
later. Nevertheless, it may be possible to compensate for such behaviour acting on
the kinematic model and, in particular, on the virtual wheels track iy. As proven
by a previous study on a smaller articulated robot with multi-axle skid-steering
modules[243], if the virtual wheels track iy is not constant but it is a linear function
of the front module yaw rate ψ̇F , or alternatively of the ratio vF/RF , this kinematic
model can partially compensate for un-modelled behaviour of the previously defined
model, namely the under-steer effect at lower speeds. Although this path could lead
to interesting results, it has never been tested on Agri.Q since it was more valuable
to develop a proper dynamic model of the robot.
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Fig. 3.4 (a) Agri.Q generic trajectory. (b) Steady state curvature ρ∼,ss as a function of δss

3.1.1 Pure pursuit path tracking

Although the kinematic model presents evident issues, its simplicity makes it very
useful for complex tasks such as real-time path tracking. Among all possible path
tracking methods, pure pursuit is one of the simplest yet effective and reliable ones. It
exploits the simplicity of kinematic models to drive the vehicle toward a moving point
along the desired path, hence the name of pure pursuit [245]. A slightly modified
version of pure pursuit has been developed in anticipation of the integration of an
autonomous navigation system. The proposed algorithm has not been implemented
yet, but it was tested with kinematic and dynamic models of Agri.Q.

Figure 3.5 represents the working principle of the pure pursuit methods. The
method calculates the circular arc that allows the vehicle to go from its present
location to a target point G placed at a look-ahead distance L from the vehicle current
route projection. The pursuit circular arc can be traced either from the front or the
back module with minor differences. Then the front module linear and angular
velocity reference values are then calculated using the curvature that has resulted.

As a requirement, the tracking method needs a reference path. The desired
path is sampled at a series of points (P0, P1, . . ., PN) that are linked by segments
Sn =

−−−−→
PnPn+1. The trajectory pursuit works regardless of the number of points,
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Fig. 3.5 Pure pursuit working principle diagram

however, the more they are, the better the path is tracked. After that, the pure pursuit
algorithm performs cyclically the following step until the last point is reached

1. Robot localisation

2. Find robot closest projection on the path

3. Define the target point G

4. Compute the curvature ρB of the pursuit circular arc

5. Define the corresponding reference value vF,re f and ψ̇F,re f

Robot localisation

This step requires the robot to localise itself within the global reference frame where
the path has been defined. This phase is heavily affected by the available localisation
sensors and by the localisation algorithm employed. Since Agri.Q autonomous
navigation integration is still at an early stage, this step has not been properly
implemented, instead, the robot pose is assumed to be always known.
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Find robot closest projection on the path

Once the robot is localised in the same reference frame of the path, the algorithm has
to identify which segment Sn is the closest to the robot, defined relevant segment. To
do so, only a limited subset of segments is chosen starting from the relevant segment
of the previous iteration (if it is the first iteration, the subset starts from the first
segment). The actual number of segments is a heuristic parameter used to reduce
computational time and mostly depends on the total number of segments and the
density of the sampled points. Also, this value affects the possibility to skip parts of
the path to reach the end as fast as possible or to ensure that the trajectory is followed
more strictly. As depicted in Figure 3.6, the origin of the reference frame {B} is
projected into each segment to evaluate the corresponding distance εn, also known
as cross-track error. This is done by computing the geometric quantities shown in
Figure 3.7, namely the actual segment

Fig. 3.6 Search for the closest segment dia-
gram

Fig. 3.7 Pure pursuit geometrical parameters

Sn =
−−−−→
PnPn+1 == [xS yS]

T (3.17)

the location of {B} with respect to Pn

Qn =
−−→
PnB = [xQ yQ]

T (3.18)

their included angle

αn = arctan
(

xQyS− yQxS

xQxS + yQyS

)
(3.19)
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and, thus, the cross tracking error

εn =−∥Qn∥sinαn (3.20)

The segment with the shorter cross track error is the closest and, therefore, the
relevant segment.

Define the target point G

The classic pure pursuit algorithm finds the target point G as the intersection between
the segment Sn and a circle centred in {B} with radius L. The hereby proposed
method instead defines G as the point at a distance LŜn from the projection of {B}
onto Sn (i.e., the point CP). Therefore, the target point is defined as

G = Pn +
(
∥
−−−→
PnCP∥+L

)
Ŝn = Pn +

(
Qn ·Sn

∥Sn∥
+L

)
Ŝn (3.21)

The previous relation is valid in the most general condition (Figure 3.8a), however
there are some limit cases that need particular attention to develop a smoother
tracking algorithm. Figure 3.8b depicts the first case, namely when the projection
CP on the closest segment is behind Pn, or, in other terms, when ∥

−−−→
PnCP∥Ŝn < 0. In

such a case, the target point can be defined in two different way depending on the
value of L

G =


Pn +

(
Qn·Sn
∥Sn∥ +L

)
Ŝn, if L > Qn·Sn

∥Sn∥

Pn, if L≤ Qn·Sn
∥Sn∥

(3.22)

Figure 3.8c illustrates instead the opposite case, that is when the projection CP

on the closest segment is beyond Pn+1, or, in other way, when ∥
−−−→
PnCP∥Ŝn > ∥Sn∥.

When this condition occurs, the following segment Sn+1 becomes the relevant one
where G is defined, or, if Pn+1 = PN (i.e., it is the last point), PN becomes the target
point.

G =

Pn+1 +
(

Qn+1·Sn+1
∥Sn+1∥ +L

)
Ŝn+1, if Qn·Sn

∥Sn∥ +L > ∥Sn∥

PN , if Pn+1 = PN

(3.23)

Typically the look-ahead distance L is a constant value. A large value of L lets the
robot tracks the path very loosely but smoothly, on the contrary, a lower L allows it to
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(a) (b) (c)

Fig. 3.8 Target point definition cases: (a) General case; (b) case 1; (c) case 2

closely follow the path at the cost of a more nervous behaviour. Since L significantly
affects the tracking behaviour, sometimes is more convenient to use an adaptive
look-ahead distance. Therefore, this method defines L as a linear function of vF

Compute the curvature ρB of the pursuit circular arc

After that G has been found, it is possible to represent the same point in {B}, that
is BG =

[BxG
ByG

]T . This change of reference frame allows to easily compute the
radius RB of the pursuit circular arc connecting {B} and G with the hypothesis that
its centre ICRB lies along the rear module virtual axis, which corresponds to ŷB. In
particular, from Figure 3.9 it is possible to define

Fig. 3.9 Geometric definition of the circular pursuit arc
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R2
B,ss = l2 + Bx2

G (3.24)

and
RB,ss = l + ByG (3.25)

thus
Bx2

G + By2
G−2RB

ByG = 0 (3.26)

therefore, by recalling that Bx2
G + By2

G = ∥BG∥2, the arc radius is

RB,ss =
∥BG∥2

2 ByG
(3.27)

and the corresponding curvature is

ρB,ss =
2 ByG

∥BG∥2 (3.28)

Define the corresponding reference value vF,re f and ψ̇F,re f

By knowing the radius RB,ss it is possible to find the corresponding radius RF,ss

computing first δss using Eq.(3.14) and then combining Eq.(3.13) and Eq.(3.14) to
obtain

RF,ss =
RB,ss

cosδss
(3.29)

This radius fixes the ratio between the reference longitudinal speed of the front
module vF,re f and the reference yaw rate of the front module ψ̇F,re f , namely

RF,ss =
vF,re f

ψ̇F,re f
(3.30)

but the two reference values can be defined arbitrarily. Although classical pure
pursuit algorithm sets vF,re f to a constant value (usually the maximum value), the
hereby proposed methods defines vF,re f as a linear function of BxG that saturates at
vF,max when BxG ≥ L. This approach allows the robot to slow down when G is closer
and to stop at PN . On the other hand, ψ̇F,re f is computed based on RF and vF,re f .
However, to guarantee that the robot can achieve the desired yaw rate, whenever
ψ̇F,re f is larger than ψ̇F,max, the reference yaw rate is set to be equal to the maximum
value and vF,re f is computed again using RF,ss and ψ̇F,max. As a result, the proposed
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pursuit algorithm automatically adjusts vF,re f to the path, slowing down before tight
curves and speeding up on straight sections.

3.2 Agri.Q dynamic modelling

The previously discussed kinematic model of an articulated vehicle composed of
multi-axle skid-steering modules hardly suits the real behaviour of this kind of
robot due to a large number of contact points and the non-negligible slippage to
which the wheels are prone. Therefore, previous research focused on developing
dynamic models of increasing complexity with the goal of understanding the actual
behaviour of robots with such an architecture. [246] proposed a planar dynamic
model of an articulated wheeled mobile robot with wheels slippage. The system
dynamic equations were derived using the Newton-Euler technique, and a very basic
ground-wheel contact force model was built to reflect wheel dynamics. The model
parameters guiding the system longitudinal and lateral dynamics were estimated
through an experimental identification done on a small articulated robot. The same
dynamic model has been compared in [244] with a dynamic model of Agri.Q made
with the multibody software ADAMS, where the contact forces were modelled with
Pacejka’s Magic Formula. In [247] a more sophisticated dynamic 3D model was
developed with the intent of better characterising the contact forces. Also, the paper
reported an experimental campaign to identify Agri.Q parameters required to model
it.

The latter model is presented here and adapted to Agri.Q. The kinematic structure
of an eight-wheeled robot is depicted in Figure 3.10 in a simplified planar version.
There are a pair of drive units in each of the two modules. Two wheels on each
drive unit are in contact with the ground. The two modules are linked together by
a universal joint in O that is the combination of the two revolute joint Jδ and JαB ,
respectively the relative yaw and the relative roll joints. The front and rear positions
of the two modules are defined by the corresponding reference frames, namely {F}
and {B}, respectively. The origins of the reference frames are both at the junction
of the longitudinal axis and the axis of rotation of the driving units carriers. The
reference frames are orientated so that the x axis is parallel to the module longitudinal
axis and the z axis is parallel to the ascending vertical direction (perpendicular to the
plane of motion). As a result, the y axis is parallel to the transversal direction and
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points to the left driving units. A collection of six parameters determines the poses
of {F} and {B}, three for position and three for orientation. The coordinates of the
reference frames are denoted by two vectors p∼, which are

p∼ =
[
x∼ y∼ z∼

]T
(3.31)

where ∼ stands for F and B for the front and back module respectively.

Fig. 3.10 Agri.Q kinematic diagram and geometric parameters

The attitude of the two modules must be carefully studied. During movements
on flat surfaces, the construction of articulated robots prevents rotations along the
longitudinal and transversal axes (x and y directions of {F} and {B}). However,
because such rotations cause non-symmetric wheel load distributions on the right
and left sides of the rover, the kinematics model cannot ignore their impact. A x-y-z
rotation around the axes of the global reference frame is used to define the orientation
for this purpose:

R∼ = Rz,ψ∼Ry,γ∼Rx,α∼ (3.32)

where α∼, γ∼ and ψ∼ are the roll, pitch and yaw angles respectively of the∼module.
The resulting rotation matrix is simplified later by assuming small rotations of α∼

and γ∼.
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The kinematics of the wheels were also modified in order to develop a trustworthy
and significantly simplified model. They were thought to be constantly in touch
with the ground, with the movements of the rockers being ignored. The inertial
contribution of both wheels and carriers has been taken into account, but their
movement has been limited to the appropriate module, as illustrated later.

A Lagrangian approach was used to study the dynamics of Agri.Q. To make the
kinematics formulation as simple as possible, the model was built using Lagrangian
multipliers and a universal joint to constrain the front and rear modules. However,
due to the non-negligible wheels slip, the soil-tyre contact was solely calculated
using the exerted forces. In other words, the model that has been implemented is

d
dt

(
∂L

∂ q̇

)
− ∂L

∂q
+Jqλλλ = ∑Q⋆ (3.33)

where

• L is the system Lagrangian function, which is computed as the difference
between kinetic and potential energy;

• q is the generalized coordinates vector defining the space of the configurations
of the mechanical system whose definition is given later;

• Jq is the Jacobian of the homogeneous constrain equations deriving from the
kinematic joints in the mechanical system;

• λλλ is the Lagrangian multipliers vector

• Q⋆ is the vector of the generalized forces exchanged by the ⋆ wheel on each
coordinate; the meaning and the values of Q⋆ are discussed later, as the wheel
contact model is introduced.

Kinetic and potential energies

As aforementioned, the Lagrangian function L is defined as

L = ∑
∼=F,B

T∼−V (3.34)
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where T∼ is the kinetic energy of the ∼ module (front and back), and V is gravity
potential forces exerted on the bodies of the system.

The kinetic energy T∼ of the front and back modules are obtained as

T∼ =
1
2

ṗT
∼m∼ṗ∼+

1
2

ωωω
T
∼I∼ωωω∼ (3.35)

where m∼ is mass of the∼module and I∼ is its inertia matrix with respect to the fixed
reference frame, namely I∼ = R∼{∼}J∼RT

∼ with {∼}I∼ being the diagonal principal
inertia matrix of the module. To simplify the model, the small angle hypothesis is
done for rotations α∼ and γ∼, therefore, the inertia matrix can be written by using
only the yaw rotation ψ∼, thus

I∼ = Rz,ψ∼diag
(
Ix,∼, Iy,∼, Iz,∼

)
RT

z,ψ∼ (3.36)

Also, the modules centres of mass are also assumed to be positioned at the origin
of the relevant reference frame {∼} for the sake of simplicity. Hence, the two
velocity vectors ṗ∼ and ω̇ωω∼ can be easily obtained as

ṗ∼ =

ẋ∼
ẏ∼
ż∼

 (3.37)

and

ωωω∼ =

α̇∼ cosγ∼ cosψ∼− β̇∼ sinψ∼
α̇∼ cosγ∼ sinψ∼+ β̇∼ cosψ∼

ψ̇∼− α̇∼ sinγ∼

 (3.38)

Considering small pitch and roll rotations, the angular velocity ωωω∼ simplifies as

ωωω∼ =

α̇∼ cosψ∼− γ̇∼ sinψ∼
α̇∼ sinψ∼+ γ̇∼ cosψ∼

ψ̇∼

 (3.39)

The contributions of the wheels attached to the module to the kinetic energy is
significant. If the rocker motion is neglected, part of their contribution is related to
the kinematics of the module itself since they share the same velocity. Thus, it is
possible to modify the inertial parameters of the front and back chassis to integrate
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such a consideration. That is

m∗∼ = m∼+4mw

I∗x,∼ = Ix,∼+4Iw,x +2mwi2y
I∗z,∼ = Iz,∼+4Iw,z +2mw

(
i2x + i2y

) (3.40)

where mw is the mass of a wheel, Iw,x and Iw,z are the inertia matrix components
computed with respect to a reference frame centered at the wheel centre of mass and
oriented as {∼}. All wheels have been considered identical. At last, the geometry
parameters ix and iy respectively represent the module wheelbase and its transversal
track, as depicted in Figure 3.10. Table 3.1 lists all relevant inertial parameters. The
masses were measured whereas the inertia components were estimated by the CAD
software.

Table 3.1 Agri.Q relevant inertial parameters

Parameter Value Parameter Value

m∗F 66.1kg m∗B 45.9kg
IF,x 5.729kgm2 IB,x 2.604kgm2

IF,y 5.729kgm2 IB,y 2.604kgm2

IF,z 9.167kgm2 IB,x 4.167kgm2

Iw,x = Iw,y 0.155kgm2 Iw,y 0.038kgm2

It is worth noting that the model ignores the likelihood that the wheels connected
to their rocker move differently due to the simplified kinematics assumed for the
rocker. From the standpoint of kinetic energy, this is a reasonable assumption, yet it
may be important in terms of the vertical force produced by each wheel on the ground.
This is now being investigated, even though the findings that will be presented later
show that such simplification does not preclude the model from accurately following
the experimental data.

The rotation of the wheels around their own axes would be investigated later
since it is relevant for the developed transmission model. Also, the soil-tyre contact
model is critical regarding the exchanged forces. These forces have an impact on
the actual actuation workload as well as the robot overall behaviour, in particular
along curved paths. As a result, it is important to estimate the motor-to-wheels power
flow as accurately as possible with the aim of investigating wheels sliding and their
contribution to robot dynamics.
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The vector of the generalized coordinates is defined as

q =

[
qF

qB

]
(3.41)

where
q∼ =

[
x∼ y∼ z∼ α∼ γ∼ ψ∼ ϑM∼R ϑM∼L

]T
(3.42)

where (x∼, y∼, z∼) and (α∼, γ∼, ψ∼) are respectively the coordinate and the atti-
tude of {∼} in the global reference frame, whereas ϑM∼R and ϑM∼L are the rotation
angles of the right and left motors respectively, whose derivatives are the motor
angular velocities ωM∼R and ωM∼L . The influence of such coordinates on the robot
dynamics is described later as the transmission model is defined.

The potential energy V in Eq.(3.34) only considers the gravitational potential.
Although it should be part of the potential energy, the energy component related
to the vertical stiffness of the wheels is instead considered within the contact force
model with the ground. Therefore, by considering as a reference the origin of the
global reference frame, it is:

V = ∑
∼=F,B

m∗∼gT p∼ (3.43)

where g=
[
gx gy gz

]T
is the gravity acceleration vector and, thus, ∥g∥= 9.81ms−2.

By appropriately varying the components of g it is also possible to replicate various
sloping surfaces.

Kinematic constraints

As stated before, the articulated robot Agri.Q is made up of distinct front and rear
modules linked by a universal joint. This kind of kinematic pair is made up of two
revolute joints with perpendicular axes that cross at the connecting point O. The
first revolute is parallel to ẑF and corresponds to the joint Jdelta, whereas the second
one is parallel to x̂B and correspond to the joint JαB . Hence, the resulting constraint
equations are

ΦΦΦ =

pF +RF
{F}O−pB−RB

{B}O[
0 0 1

]
RT

FRB

[
1 0 0

]T

 (3.44)
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where the first three rows ensure that the point O is part of both modules, while the
fourth constrains the two axes of the universal joint to remain perpendicular (i.e.,
z axis of {F} and x axis of {B}). This is equivalent to constraining the last row of
RT

F , which is the last column of RF , to be perpendicular to the first column of RB.
Consequently, the Jacobian matrix Jq is computed by differentiation of Eq.(3.44),
that is

Jq =


∂ΦΦΦ1

∂q1
· · · ∂ΦΦΦ1

∂q16
... . . . ...

∂ΦΦΦ4

∂q1
· · · ∂ΦΦΦ4

∂q16

 (3.45)

which results in a 4×16 matrix.

3.2.1 Tyre contact forces

In modelling the dynamics of wheeled vehicles, the contact forces caused by the
wheel-ground interaction are crucial. In most studies on wheel slip and skid, the
Pacejka’s Magic Formula [248] is employed to represent such forces. The Magic
Formula tyre model is an experimental model whose parameters are identified
experimentally. The Pacejka Magic Formula appears as follows in its most generic
formulation

Y (X)

Fz
= Dsin(C arctan(BX−E (BX arctan(BX)))) (3.46)

where Fz is the tyre normal force, Y can be either the tyre longitudinal force, the
lateral force, or even an aligning torque, while X represents the longitudinal slip
ratio, the slip angle, or the wheel camber angle. B, C, D, and E are the experimental
coefficient. In particular, D is the peak value of Y (X)

Fz
, whereas the product BCD is

the stiffness related to X . The first iterations of the Magic Formula consider each
component (longitudinal, lateral, and aligning torque) independent from the other,
however, more recent versions of Pacejka’s Magic Formula correctly combine their
effects.

Unfortunately, identifying the experimental coefficients may be challenging
both due to the nature of the actual tests required to obtain them and their number.
Although in the automotive field there are some datasets available for some generic
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tyres, data about bicycle tyres, like the ones mounted on Agri.Q, are scarce. Moreover,
among the few experimental studies on the characterisation of bicycle tyres, the tyre
longitudinal behaviour is completely neglected, and the assumption made by Maier
et al. in [249] of using the dataset of a 120/70 ZR17 motorbike tyre to represent the
longitudinal behaviour is shared among most of the studies. Dressel and Rahman
[250] and Doria et al. [251] are the two works where most tyres were characterised
on asphalt regarding the side slip and the camber angle effects. Both studies found
quite similar side-slip coefficients, while the camber angle ones differ a bit. Bulsink
et al. [252] developed a bicycle model based on the data in [251] and have also
provided the data required to define the same tyre on ADAMS. As said before,
for the longitudinal characteristics, the hypothesis of using motorbike tyre data is
adopted, like in other works. More recently, Dressel and Sadauckas [253] conducted
a characterization of four modern mountain bike tyres studying the effect of side-slip,
camber, void ratio of tyre knobs, and tyre pressure.

Agri.Q mounts 16”×1.95” mountain bike tyre, thus, initially a simpler model
based on wheel normal, longitudinal, and lateral stiffness was developed and used.
Such model was already validated in [244] for another smaller articulated robot with
a similar architecture. Later, a Pacejka’s Magic Formula model based on the data
provided by [252] was implemented in ADAMS too.

In the following, the custom contact model is described. In the next chapter, the
related experimental identification of the coefficients is reported. Regardless of its
simplicity compared to Pacejka’s Magic Formula, the proposed tyre-ground contact
model takes into account the following phenomena:

• the longitudinal force imposed on the ground by the tyre as a result of wheel
rotation. In particular, this force component is proportional to the tyre-ground
relative velocity at the contact area centre;

• the tyre lateral force proportional to its lateral velocity; this phenomenon is
particularly significant for Agri.Q and other articulated robots with similar
architecture;

• the vertical elastic force proportional to the tyre vertical deformation;

• A torque opposed to the rotation sense is produced by a rolling resistance
described as a non-symmetric distribution of pressure inside the contact region;
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this phenomenon is formalized as a displacement in the longitudinal direction
of the forces application point.

Referring to Figure 3.11, the considered force components are computed as

Fig. 3.11 Tyre-ground contact model

{∼}F⋆ =

Fl,⋆

Ft,⋆

Fn,⋆

=

kl (rW ω⋆− ṗx,⋆)

−kt ṗy,⋆

kn (rW − r⋆)

 (3.47)

where

• the subscript ⋆ identifies each wheel of the articulated robot equivalently to
the previously introduced subscript W ∼∼∼, specifying which module of the
robot (front and back, F and B), which side of the module (right and left, R
and L), and which wheel within the rocker (front and back, F and B);

• kn, kt and kl are the vertical, transversal and longitudinal tyre stiffness respec-
tively; such parameters must be identified and strictly depend on the contact
condition;

• r⋆ is the actual wheel radius, depending on the load applied on the ⋆ wheel;

• ṗx,⋆ and ṗy,⋆ are the longitudinal and transversal velocity components; Despite
the fact that their values are dependent on wheel attitude, they were assumed
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to be identical to those of the wheel connection point to the rocker (i.e., the
wheel hub), which is a reasonable assumption for small roll angles α∼;

• ω⋆ is the wheel angular rate; such value is directly related to the respective mo-
tor velocity ωM∼∼ and, later on, it is described as a function of the locomotion
unit transmission.

The vertical dynamics of the wheels have been ignored due to the robots low
speeds and the lack of an elastic suspension system. Nevertheless, given the impor-
tance of tyre-ground contact in motion dynamics, the model was given a force satura-
tion effect analogous to the Coulomb classic friction model. In particular, considering
the force component of each wheel lying on the ground plane Fh,⋆ =

√
Fl,⋆+Ft,⋆,

The forces exerted on the wheel-ground contact were changed as follows

Fh,⋆ > µsFn,⋆ ⇒

{
F∗l,⋆ = µdFn,⋆

Fl,⋆
Fh,⋆

F∗t,⋆ = µdFn,⋆
Ft,⋆
Fh,⋆

(3.48)

The eight forces computed by Eq.(3.47) act on the corresponding Q⋆ vector,
which is computed using the virtual works concept as follows

δqT Q⋆ = δpT
⋆ F⋆⇒Q⋆ = ∑

i

∂pT
⋆

∂qi
F⋆ (3.49)

where the vectors p⋆ and F⋆ must be represented in the same reference frame,
thus the actual orientation of each wheel has to be considered. For the sake of
simplicity, the pitch and roll rotations of the modules have been ignored, since they
only have a minor impact on the force components. Thus

Q⋆ = ∑
i

∂pT
⋆

∂qi
Rz,ψ∼

{∼}F⋆ (3.50)

Also, the tyre-ground forces application point is defined as

p⋆ = p∼+Rz,ψ∼Rx,α∼
{∼}p⋆ (3.51)

It worth mentioning that the pitch angle γ∼ is ignored for wheel orientation since
the rockers are not affected by this rotation because they are attached to the chassis
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through a passive revolute joint parallel to the y axis of the relevant reference frame
{∼}. In addition, the assumption of small rotations αsim simplifies the equation
even further.

The eight constant vectors {∼}p⋆ defining the position of the wheel-ground forces
application point with respect to the corresponding module reference frame are

{∼}p∼RF =

[
ix
2
+uW −

iy
2

0
]T

(3.52)

{∼}p∼RB =

[
− ix

2
+uW −

iy
2

0
]T

(3.53)

{∼}p∼LF =

[
ix
2
+uW

iy
2

0
]T

(3.54)

{∼}p∼LB =

[
− ix

2
+uW

iy
2

0
]T

(3.55)

For simplicity’s sake, the wheels centre and the origin of the corresponding referece
frame {∼} were considered coplanar, thus {∼}pz,⋆ = 0. Also, the displacement of
the force application point in relation to the wheel rolling resistance is represented
by the uW parameter. As is well known, the length of such a contact is a function of
the contact characteristics, particularly the wheel radius rW and rolling resistance
coefficient. Therefore,

3.2.2 Transmission model

As previously stated, the transmission power flow is critical for the modelling of
mobile robots with a large number of wheels since the number of sliding tyre-soil
contacts has a significant impact on their dynamic behaviour. The power flow model
is graphically shown in Figure 3.12 and was used to achieve this goal.

Fig. 3.12 Transmission power flow diagram
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TM∼∼−TC∼∼
1

τ∼η
=

(
JM + JW

1
τ2
∼η

)
ω̇M∼∼ (3.56)

where

• TM∼∼ is the torque exerted by the motor of the module ∼ at the side ∼;

• TC ∼∼ is the torque corresponding to the contact forces of both wheels of the
same locomotion unit; for the four motors it is:

TCFR = rW
(
Fl,FRF +Fl,FRB

)
+uW (Fn,FRF +Fn,FRB) (3.57)

TCFL = rW
(
Fl,FLF +Fl,FLB

)
+uW (Fn,FLF +Fn,FLB) (3.58)

TCBR = rW
(
Fl,BRF +Fl,BRB

)
+uW (Fn,BRF +Fn,BRB) (3.59)

TCBL = rW
(
Fl,BLF +Fl,BLB

)
+uW (Fn,BLF +Fn,BLB) (3.60)

• τ∼ is the reduction ratio of the transmission of the module considering the
gearbox and the drive chain. Particularly, τF = 47.64 and τF = 28.93;

• JM and JW respectively are the inertial parameters of the motor rotor and of
the attached wheels;

• η is the efficiency (< 1) of the transmission; such parameter assumes different
meanings for direct and reverse power flows:

TM∼∼ωM∼∼ ≥ 0⇒ η = ηd

TM∼∼ωM∼∼ < 0⇒ η =
1
ηr

(3.61)

with ηd efficiency of the transmission when the power flows from the motor
to the wheels, and ηr efficiency when the motor acts as a brake; such dis-
tinction is important because the difference among the values of ηd and ηr

might be significant when the transmission ratio τ∼≪ 1. In particular, the
efficiency parameters have been assumed ηd = 0.6 and ηr = 0.35 based on
the implemented locomotion unit transmission.

• ω̇M∼∼ = ϑ̈M∼∼ is the motor angular acceleration.

Four equations, one for each motor, are obtained using Eq.(3.56) to be added to
the sixteen non trivial equations from Eq.(3.34).
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In the next chapter, it is reported how the model parameters were identified
together with some analysis of the identified model of Agri.Q

3.2.3 ADAMS multibody dynamic modelling

To address the limitation of the latter dynamic model, for example, among the
others, the simplification of the small roll and pitch rotations, the rotation of the
rockers about their passive pivot, two multibody models of Agri.Q have been created
employing ADAMS by MSC, a modelling and simulation software for multibody
systems.

The models are based on the available CAD of Agri.Q, where all joints and
constraints have been defined accordingly. By doing so, the simulation software can
easily handle the phenomena previously neglected. Another improvement from the
previous analytic model is the modelling of realistic locomotion units, in particular
how the motor drivers handle current saturation. This allows for more realistic
simulations since Agri.Q motors tend to saturate during tight turns, as it is shown
later.

The main difference between the two models is how the contact forces were
defined. One model use the simplified contact model described before, while the
second model uses the Pacejka’s Magic Formula with the parameters provided by
[252].

3.3 Robotic arm kinematic modelling

Agri.Q mounts a commercial redundant 7 DOF robotic arm at the end of its central
chassis. As discussed in the previous chapter, such a configuration allows adapting
the robotic arm workspace to the required task exploiting the mobile base mobility,
in particular, the pitch motion of the central chassis. Although the synchronised
motions of the mobile base and the robotic arm could lead to interesting applications,
the precision of the mobile base motions and the relatively low speed of the pitching
motion make separate control of both elements more suitable. Thus, this section
focuses on the robotic arm alone, whereas the integration of the whole mobile
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manipulator concept is briefly introduced but most of the topic will be treated in
future.

The manipulator can be modelled as a kinematic chain consisting of eight mem-
bers (whose lengths are collected in Table 2.4), which are connected by seven revolute
joints (Figure 3.13a). The first member, member 0, is the base of the manipulator
and is fixed to the central frame of Agri.Q. Member 7, on the other hand, is the
manipulator end-effector. For the study of direct kinematics, the Denavit-Hartenberg
convention was used, in analogy with the Kinova manual (Figure 3.13b), as reported

in Table 3.2, where θθθ =
[
θ1, . . . ,θ7

]T
are the rotation angles of each revolute joint.

(a) (b)

Fig. 3.13 (a) Kinova Jaco2 kinematic diagram. (b) Kinova Jaco2 reference frames as defined
in [1]

Table 3.2 Kinova Jaco2 Denavit-Hartenberg parameters

Link i ai αi di θi

1 0 −π/2 -D1 θ1
2 0 −π/2 0 θ2
3 0 −π/2 -(D2+D3) θ3
4 0 −π/2 -e2 θ4
5 0 −π/2 -(D4+D5) θ5
6 0 −π/2 0 θ6
7 0 π -(D6+D7) θ7



3.3 Robotic arm kinematic modelling 133

Therefore, the following homogeneous transformation can be defined

bT1 =


c1 0 −s1 0
s1 0 c1 0
0 −1 0 −D1
0 0 0 1

 (3.62)

1T2 =


c2 0 −s2 0
s2 0 c2 0
0 −1 0 0
0 0 0 1

 (3.63)

2T3 =


c3 0 −s3 0
s3 0 c3 0
0 −1 0 −(D2+D3)
0 0 0 1

 (3.64)

3T4 =


c4 0 −s4 0
s4 0 c4 0
0 −1 0 −e2
0 0 0 1

 (3.65)

4T5 =


c5 0 −s5 0
s5 0 c5 0
0 −1 0 −(D4+D5)
0 0 0 1

 (3.66)

5T6 =


c6 0 −s6 0
s6 0 c6 0
0 −1 0 0
0 0 0 1

 (3.67)

6T7 =


c7 s7 0 0
s7 −c7 0 0
0 0 −1 −(D6+D7)
0 0 0 1

 (3.68)

with sn = sinθn and cn = cosθn, where n = 1, . . . ,7. By properly combining them,
it is possible to obtain the transformation between any reference frames of the
manipulator.
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For the next section is useful to define the following transformations

bT3 =
bT1

1T2
2T3 =

=


s1 s3 + c1 c2 c3 c1 s2 c3 s1− c1 c2 s3 c1 s2 (D2+D3)
c2 c3 s1− c1 s3 s1 s2 −c1 c3− c2 s1 s3 s1 s2 (D2+D3)
−c3 s2 c2 s2 s3 c2 (D2+D3)−D1

0 0 0 1

 (3.69)

and

4T7 =
4T5

5T6
6T7 =

=


s5 s7 + c5 c6 c7 c5 c6 s7− c7 s5 c5 s6 c5 s6 (D6+D7)
c6 c7 s5− c5 s7 c5 c7 + c6 s5 s7 s5 s6 s5 s6 (D6+D7)
−c7 s6 −s6 s7 c6 c6 (D6+D7)−D5−D4

0 0 0 1

 (3.70)

Inverse kinematics

The following part is devoted to solving the inverse kinematics of the robotic ma-
nipulator, i.e. calculating the joint sizes required to obtain the desired end-effector
pose. Since the robotic arm is redundant because the number of DOFs is larger
than the dimensions (6) of the operational space, the inverse kinematics problem
has ∞1 solutions that can be computed by employing both analytical and numerical
approaches. Here a closed-form solution based on the concept of swivel angle Φ

[254, 255].

Figure 3.14 shows the manipulator with an alternative representation as it is
composed of

• a spherical joint S at the intersection of first 3 revolute joints axes (rotations
θ1, θ2, and θ3);

• the elbow revolute joint E that define the rotation θ4;

• a second spherical joint W at the intersectoin of the last 3 revolute joints axes
(rotations θ5, θ6, and θ7).

Consequently, by employing the kinematic decoupling, it is possible to solve
for θ1, θ2, θ3 and θ4 defining the end-effector position and for θ5, θ6, and θ7 using
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Fig. 3.14 Alternative kinematic representation of the manipulator

the end-effector orientation. In particular, by knowing the desired pose of the end
effector pEE it is possible to define the position pW of the second spherical joint W

pW = pEE − (D6+D7)ẑ7 (3.71)

where ẑ7 is the z axis of the reference frame {7} of the manipulator end-effector.
Consequently, it is possible to project W onto the plane S1 that contains the points S
and E an perpendicular to the elbow joint axis (or equivalently to the offset length
e2). The resulting point is W ′. In such plane, the robotic arm is equivalent to a dyad
composed of two links, namely U = D2+D3 and L = D4+D5, connected by the
elbow revolute joint, as represented in Figure 3.15.

Fig. 3.15 Plane S1 of the manipulator

Taking Figure 3.15 as reference, it is possible to define the distance d⊥ as

d⊥ =
√
|pW −pS|2 + e22 (3.72)

and the angle Ψ as

Ψ =±arccos
(

L2 +U2−d⊥
2UL

)
(3.73)
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It is also possible to identify a plane S2 as the one containing the points S, E, and
W that is perpendicular to the swivel circle (Figure 3.16a). The swivel circle is the
locus of all feasible elbow positions given pW whose centre C lies along the segment
joining points S and W and defines a reference frame whose axes are oriented as
follow

n̂ =
pW −pS

|pW −pS|
, (3.74)

û =
â− (â · n̂)n̂
|â− (â · n̂)n̂|

, (3.75)

v̂ = n̂× û (3.76)

where n̂ is by definition the axis of the swivel circle, â is an aribitrary unit vector, of
which the component parallel to n̂ is eliminated in order to obtain the unit vector û
in the plane of the swivel circle. The unit vector v̂ is orthogonal to both.

(a) (b)

Fig. 3.16 (a) Manipulator swivel circle and its reference frame. (b) Relevant geometric
quantities

From Figure 3.16b it is possible to define the following quantities

L⊥ =
√

L2 + e22, (3.77)

α =±arccos
(

U2 + |pW −pS|2−L⊥
2|pW −pS|U

)
, (3.78)
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pC = pS +U cos(α)n̂, (3.79)

R =U sinα (3.80)

where L⊥ is the projection of L into S2. Such quantities together with the swivel
angle Φ define the location of E as follows

pE = pC +R(cos(Φ) û+ sin(Φ) v̂) (3.81)

Finally, given pW , pE , and the end-effector orientation, it is possible to solve the

manipulator inverse kinematics by computing θθθ =
[
θ1, . . . ,θ7

]T
. Regarding θ1 and

θ2, by considering that the translation vector in bT3 is pE Eq.(3.69), it turns

θ1 =−arctan
(

ypE

xpE

)
, (3.82)

θ2 = arctan


√

x2
pE
+ y2

pE

D1− zpE

 (3.83)

Concerning θ3, it is sufficient to note that

pW +Lẑ4 = pE + e2ẑ3 (3.84)

where
ẑ3 =

[
−c1c2s3 + s1c3, s1c2s3 + c1c3, −s2s3

]T
, (3.85)

ẑ4 =
[
−s4(c1c2c3 + s1s3)+ c1s2c4, −s4(s1c2c3 + c1s3)− s1s2c4 − s2c3s4− c2c4

]T

(3.86)
By solving Eq.(3.85) and Eq.(3.86) for s3 and c3, it is possible to compute θ3 as

θ3 = arctan
(

s3

c3

)
(3.87)

The joint angle θ4, instead, is by definition

θ4 = Ψ =±arccos
(

L2 +U2−d⊥
2UL

)
(3.88)
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These joint values allow to define the transformation matrix bT4, and thus its inverse
4Tb. This homogeneous transformation matrix together with the one about the
end-effector pose, bT7, is useful to define

4T7 =
4 Tb

bT7 (3.89)

From this last matrix, equivalent to Eq.(3.70), it is possible to compute the remaining
joint angle as

θ5 = arctan
(4T7(2,3)

4T7(1,3)

)
, (3.90)

θ6 = arctan
(
−4T7(3,2)/sinθ7

4T7(3,3)

)
, (3.91)

θ7 = arctan
(
−4T7(3,2)
−4T7(3,1)

)
(3.92)

where 4T7(i, j) is the element of 4T7 at the row i and the column j.



Chapter 4

Results, Tests, and Integration

4.1 Agri.Q dynamic behaviour discussion

This part is dedicated to discussing the dynamic behaviour of Agri.Q. First, the
experimental identification of some system parameters is described. Then, the results
of the identification tests and of the dynamic model are compared and discussed.

4.1.1 Experimental system identification

Given Agri.Q primary mission of monitoring vineyards and crops in general, the
rover might be subjected to a range of application scenarios. External elements such
as soil unevenness and slopes, ground moisture, and grass prevalence are only a
few examples of external factors that might influence robot behaviour. It is difficult
to foresee an always valid collection of parameters. Nonetheless, once the model
has been proven on a substantial application case, it may be used to build actuation
schemes. Thus, as aforementioned, an experimental campaign was performed in
order to identify the main system parameters, especially the one related to the
tyre-ground contact model. The following is a summary of what has already been
presented in [247] about the experimental identification.

For this piece of study, the tests concentrated on identifying the Agri.Q parameters
in a rather basic setting, i.e., the tests were conducted on a flat grassy field with little
unevenness. The rover was programmed to follow a trajectory made of four phases
(Figure 4.1), namely
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(a) (b)

Fig. 4.1 (a) Example reference kinematic trajectory. Agri.Q is commanded to do several
revolutions during the circular path phase (b) Corresponding front traction motor reference
velocities

• A transient acceleration phase from standing start to the cruise velocity vF =

vF,cruise, where the velocity profile is a cubic function with v̇F = 0.5ms−2;

• a short straight segment at cruise speed;

• a quick cubic transient to steer the front module to achieve the cruise yaw rate;
ψ̇F,cruise

• a circular path with constant radius and constant cruise velocity vF,cruise.

The corresponding traction motors velocities were defined accordingly to the kine-
matic model reported in Section 3.1. Because of the model assumptions, the kine-
matic model uses a virtual axle with just two wheels per module (one on each
side), rather than the real number of wheels, hence any wheel slippage is ignored.
Figure 4.1 shows an example test trajectory and the corresponding traction motor
velocities.

The robot was operated with varied values of the distribution ratio kTA in a
series of experiments with varying velocities and curve radius. In terms of soil
evenness, the testing was conducted on a flat grassy field, which was comparable
to the envisioned rover operating environment. The ground was virtually quite wet
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due to the weather and humidity, providing a broad variety of operating circum-
stances, from slick patches with wet grass to muddy areas with less thick grass.
The predetermined reference trajectory was provided to the front actuation units as
mentioned earlier, while the rear motors contributions were determined using kTA,
as described in Section 2.6.2. The obtained data set was then utilized to identify
the contact parameters for the tyres: the modelled articulated robot was driven by
imposing reference quantities that were equal to those recorded on the rover during
the experiments.

Fig. 4.2 Aerial view of the experimental identification setup

A properly measured reference trajectory is required to perform validation in
terms of positioning accuracy. A total station (the Leica MS50 by Leica Geosystems)
located on the vertices of a small geo-referenced topographic network tracing a
moving 360◦ prism target (Leica GRZ122) mounted on the edge of the PV panels
structure of the rover captured its trajectories, which were used as ground truth. The
components of the prism location are in the same reference frame since the network
is geo-referenced. The network was geo-referenced by placing two dual-frequency
multi-constellation geodetic GNSS receivers (Leica GS14) on the materialised ver-
tices in static acquisition for around an hour. Following that, the observations were
post-processed using a differential technique and network corrected, to obtain coor-
dinates tracking with centimetre-level accuracy projected in a cartographic system
(WGS84 reference system with the UTM32N projection). An aerial view of the test
setup is shown in Figure 4.2. The markers shown in the picture were not utilised
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in this study. In fact, the same experimental tests were used to calibrate a visual
positioning system based on the usage of a UAV by employing the methods discussed
in [256, 257] and tested in [243, 246] with a static camera providing an aerial view
of a small robot.

Finally, the estimated contact parameters are listed in Table 4.1 under the assump-
tion that all eight wheels are identical.

Table 4.1 Relevant wheels contact parameters of Agri.Q

Parameter Symbol Value

Tyre longitudinal stiffness kl 2939.81 Nsm−1

Tyre lateral stiffness kt 2039.05 Nsm−1

Tyre vertical stiffness kn 15×103 Nm−1

Rolling friction parameter uw 8.32×10−3 m
Static friction coefficient µs 0.63
Dynamic friction coefficient µd 0.30

4.1.2 Dynamic behaviour results and discussion

This section collects all relevant insights about the dynamic behaviour of Agri.Q
and of articulated robot with a similar architecture presented in previous works. In
particular, [243, 244, 246] discussed articulated robot more generally, whereas [247]
reported actual experimental data about Agri.Q and its behaviour.

Experimental results

Figure 4.3 shows some comparison data for two trajectories that were not employed
in the identification procedure in terms of planned, experimental and simulated
trajectories, motor angular velocities, and torques. The experiments (hence referred
to as Test 1 and Test 2) were conducted at various cruise velocities (0.5 ms−1 and
1.0 ms−1) and intended curve radiuses (2 m and 3 m respectively). As can be seen,
the model fits the real trajectories and torques with reasonable precision, and it
may be considered verified for the application case under investigation, particularly
for low range velocities. Despite this, there is a significant difference between the
planned motion and the actual robot trajectory. This is due to at least two obvious
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phenomena: on the one hand, the lateral contact forces acting on the tyres shift the
robot away from a strictly holonomic behaviour; on the other hand, the driving motors
appear to be unable to follow the reference velocity given by the motion planner with
accuracy. This is visible in both the ωMFL and ωMFR curves in Figure 4.3, and it is
supported by the torque graphs, which indicate that the motor on the outer side of
the curve approaches its maximum thrust limit and then saturates to a lower torque,
preventing the external wheels from achieving the desired motion in both cases.
Also, this issue also affects the odometric trajectory. In fact, since the robot can not
achieve the required motor velocities, the odometric trajectory derived from encoder
readings does not match the planned kinematic path.

The deviation from the ideal position was determined using the error accumu-
lated by the front module heading angle ψF while completing the motion in order
to provide a dimensionless parameter to compare the modelled and experimental
behaviours. It was utilised in particular eψ, which is defined as

eψF =

∫ t f
0
(
ψF −ψF,re f

)
dt∫ t f

0 ψF,re f dt
(4.1)

where ψF,re f is the reference front module heading angle, and t f is the final instant
of the simulated test. In order to evaluate the performance considering the Cartesina
position of the robot front module, a second parameter, epF , was defined as

epF =
∥pF −pF,re f ∥

σ
(4.2)

where pF,re f is the planned position of the front module at the end of the trajectory,
and σ is the length of such planned path. For experimental, simulated, and odometric
findings, the computed values of such parameters are recorded in Table 4.2.

As previously stated, the outer tyres are unable to achieve the necessary speed,
resulting in an odometric estimate of the path that is considerably different from
the one intended. The values of eψF and epF in Table 4.2 substantially confirm this
behaviour, as can be seen by values of eψF and epF . Instead, the disparity between
odometric estimation and experimental trajectories reveals the impact of the wheels
lateral forces on the trajectory: the robot is forced to execute increasingly greater
curves with positioning and orienting errors that grow with cruise velocity and curve
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Fig. 4.3 Comparison among simulated and experimental variables for two trajectories with
different radius and cruise velocity

Table 4.2 Positioning error parameters in terms of heading angle and Cartesian position of
the front module for experimental and simulated trajectories

Parameter Test 1 Test 2

eψF , experimental −42.20% −48.69%
eψF , simulation −40.39% −43.77%
eψF , odometric −24.76% −30.81%

epF , experimental 24.02% 16.45%
epF , simulation 24.30% 14.33%
epF , odometric 3.53% 5.05%
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radius. Nonetheless, experimental and simulated data reveal a promising overlapping,
indicating a low mutual deviation.

The radius of the robot circular trajectories might be a better approach to under-
standing its behaviour. The two reference radius were RF,re f = 2m and RF,re f = 3m,
as demonstrated in the two experiments in Figure 4.3. Because the external wheels
were unable to achieve the requisite angular velocities, the resultant odometric
path estimates deviate significantly from RF,re f , as evidenced by the mean values
RF,odo = 2.63m and RF,odo = 4.13m. Due to the contact transversal forces of the
wheels on the ground, the measured trajectories are still different from the reference
one: experimental mean values of RF,exp = 3.34m and RF,exp = 5.53m were recorded.
The dynamic model was identify to mimic this phenomenon and to match the real
dynamics of Agri.Q as closely as possible. Following the parameter identification,
the model returns RF,model = 3.34m and RF,model = 5.12m for the 0.5ms−1 and
1.0ms−1 trajectories, respectively. In conclusion, the model tends to underestimate
the real curvature of the rover trajectory by almost 7.4% at relatively high velocity
(Agri.Q top longitudinal speed is roughly 1.3ms−1). Nonetheless, the accuracy of
the proposed dynamics model at slower speeds makes it a valuable tool, in fact, it is
used in the following to investigate the influence of the back drive units on overall
machine manoeuvrability.

Simulated results

The dynamics model of articulated mobile robots developed and identified previously
is utilised in this section to evaluate the influence of back actuation on the robot
manoeuvrability. To do so, the model was simulated using the parameters stated
before while performing the following trajectory:

• a transient acceleration phase with a cubic velocity profile from standing start
to cruise velocity characterized by a maximum acceleration v̇F,max along a
straight path;

• a straight section of length s at constant cruise velocity vF,cruise;

• a circular path with constant radius RF and velocity vF,cruise covering an
angular distance of 3

2π in counterclockwise direction;
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• a circular path with constant radius RF and velocity vF,cruise path for an angular
distance of 3

2π in clockwise direction;

• a straight section of length s at constant cruise velocity vc;

• a transient deceleration phase with a cubic velocity profile from cruise velocity
vF,cruise to full stop characterized by a maximum deceleration −v̇F,max in
straight direction.

Table 4.3 details the complete trajectory parameters, while the resulting simu-
lations are depicted in Figure 4.4. The reference motor velocities are passed to the
driving units, just as they are with the actual prototype, with no indication of the
robot actual stance. The simulations were repeated for several kTA values, including
kTA = 1 (back motors turned off), kTA = 0.8 (80% of the traction effort at tyres level
is performed by the front module), and kTA = 0.6 (60% of the traction effort at tyres
level is performed by the front module). The cruising velocity chosen for the robot
indicates the prototype maximum performance. Because the inertial effects on the
robot behaviour grow as this value is increased, this decision enables the analysis of
the worst potential operating state.

Table 4.3 Parameters of the simulated trajectory

Parameter Value

RF 2.00 m
s 2.00 m
vF,cruise 1.00 ms−1

v̇F,max 0.50 ms−2

Due to the lack of external input correcting the influence of the lateral forces
exerted on the wheels, Agri.Q is not able to follow the specified trajectory with
accuracy. It is indeed worth noting that the front module wheels exactly follow
the designed velocity profile if torque constraints are not simulated. To offer a
quantitative comparison among the trajectories, the two performance parameters
already introduced in Eq.(4.1) and Eq.(4.2) are employed again. Table 4.4 collects
the results computed among the planned and completed trajectories with varying
kTA. The actuation of the rear module improves the ability of Agri.Q to follow
curved trajectories, as evidenced by the results in Table 4.4 and the representations
of Figure 4.4.
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Fig. 4.4 Simulation performed on Agri.Q model to evaluate back driving units contribution

In terms of traction effort, the most significant improvement is made. In fact,
it’s evident how the actuation on the back drive units relieves some of the load on
the front motors. This is especially crucial for Agri.Q, which has shown a critical
behaviour when approaching tight curves due to the physical limitations of its motors
in the test. As a result, using the rear locomotion units can improve manoeuvrability
indirectly since the whole traction effort, or at least a portion of it, is distributed to
the back motors, while the torque applied by the front motion units can be solely
dedicated to steering the front module.

4.2 Traction allocation control integration and tests

In order to evaluate the effects of the proposed traction allocation strategy, an
interesting evaluation method is the use of g-g diagrams, which is an extensively
employed diagram in automotive sports as an indication of vehicle performance in
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Table 4.4 Positioning error parameters in terms of yaw angle and Cartesian position of the
front module

Parameter Value

eψF (kTA = 0.6) 4.36%
eψF (kTA = 0.8) 4.52%
eψF (kTA = 1.0) 5.10%

epF (kTA = 0.6) 5.63%
epF (kTA = 0.8) 6.83%
epF (kTA = 1.0) 6.45%

terms of longitudinal and lateral acceleration [258]. A detailed discussion of this
diagram, as well as its typical uses, is offered in [259].

To obtain the acceleration data, Agri.Q was manually driven along a paved test
track, which is represented in Figure 4.5, while an accelerometer was measuring the
longitudinal and lateral acceleration of the front module. The test consisted of three
runs, each one with a different value of kTA, namely 1.00, 0.70, and 0.62, where
Agri.Q performed a single lap for each run. The robot started from a standstill and
completed the lap by stopping again.

Fig. 4.5 Traction allocation control experimental track

The 9-axis IMU mounted inside the front module proved to be faulty. Thus, the
tests were done by mounting a smartphone on the front module, as close as possible
to the axis of the yaw joint Jδ , to employ the embedded IMU. In particular, the
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mounted sensor was a BMI160 by Bosch, i.e., a low power low noise 16-bit 6 axis
IMU designed for mobile applications. The sampling rate was limited to 10 Hz by
the app used to collect the data from the sensor.

Figure 4.6 reports the test results in the form of g-g diagrams for each run and
then one where the areas defined by the largest accelerations of all runs are compared.
The vertical axis represents the longitudinal acceleration of the front, thus, the top
half of the diagram represents Agri.Q accelerating while the bottom part is for the
braking. Similarly, the horizontal axis represents the robot lateral acceleration during
left and right turns. All points that do not lie along the two axes were recorded
during manoeuvres where Agri.Q was both accelerating and turning. In theory, the
maximum acceleration value (in module) is limited by the vehicle friction circle, or,
in other words, by the maximum force that the tyres can sustain before sliding and
losing traction. For Agri.Q, considering a very rough contact model and equal weight
distribution, the maximum value should be equal to the static friction coefficient
µS, which has been estimated equal to 0.63 on a grassy field. More realistically,
in particular for the longitudinal acceleration, is limited by the traction motors
characteristics. On the contrary, brakes can easily make the wheel skid if used
improperly, therefore the deceleration limit is the friction circle, as for the lateral
acceleration. Therefore, the maximum acceleration value is bounded by a saturated
version of the friction circle at a defined value of acceleration.

Analysing the measured data, it can be observed that most of the points are
located in the centre within a circle of radius of approximately 0.15g = 1.47ms−2

for the three tests. This can be easily explained considering the very slow dynamics
of Agri.Q whose maximum longitudinal speed is about 1.3ms−1 and its maximum
yaw rate was restricted to 1.08rads−1. The latter is probably also the cause of the
invariance of the lateral acceleration between the various tests. The longitudinal
acceleration is also limited by the controller defined in Section 2.6.1, since the
longitudinal speed is reduced to guarantee the desired yaw rate.

Nevertheless, Figure 4.6d proves that Agri.Q can produce a larger longitudinal
acceleration when the contribution of the rear traction unit increases. Yet, since
Agri.Q can quickly reach its maximum speed, only short acceleration bursts are
observed.

Repeating similar tests on an incline should prove even more the benefit of the
traction allocation strategy, because the more the front motors are under strain, the
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(a) (b)

(c) (d)

Fig. 4.6 Agri.Q traction tests g-g diagrams at various distribution ratios. (a) kTA = 1.00, (a)
kTA = 0.70, (c) kTA = 1.62, (d) Tests comparison
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greater the contribution of the rear motors becomes. Alternatively, g-g diagrams
could be helpful in developing different traction control methods that take advantage
of the entire friction circle by managing wheel slip to maximize the tractive effort.

4.3 Agri.Q energy balance tests

Due to its nature, it is of particular interest to evaluate the energy expenditure of
Agri.Q required to perform its activities and how well the PV panels can contribute
to enhance its autonomy. Therefore, this section summarises and comments the
experimental results collected in [220, 260] about Agri.Q power flows and energy
balance.

Recalling Section 2.5.1, Agri.Q mounts two custom power sensors that monitor
power flows from the PV panels to the battery and from the battery to the rest of
the robot. Moreover, the traction motor drivers provide a measure of the current
adsorbed by each traction motor, thus, by computing the corresponding torque and
measuring the angular speed, it is possible to compute also the power required by
the traction sub-system.

To assess Agri.Q power balance in various scenarios, a total of 8 tests were done.
In the first test, the robot was left idle in an open field for around 5 minutes with its
PV panels parallel to the ground, recharging itself. The PV panels were angled in the
second test scenario to maximize solar energy gathering when the system was still
idle. The sky was clear and no shadow was created on the solar panel for both of
these experiments demonstrating two alternative approaches to the robot recharging
technique. In the remaining tests, Agri.Q was in motion with its PV panels held
parallel to the ground and sun exposition was not optimised. In the first two tests, it
travelled along a straight path on a paved road for approximately 300m using only
its front locomotion units (run 1) or all its traction motors (run 2). The robot then
drove down a short straight section on a grassy field, first activating only its front
motors (run 3) and then in AWD mode (run 4). To complete the tests, Agri.Q was
programmed to perform circular trajectories in AWD mode on a paved surface (run
5) and on grass (run 6). All runs in AWD mode were done with a distribution ratio
of kTA = 0.62.
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All tests were performed on May 12th 2021 in Torino, Italy. Figure 4.7 shows
the data provided by Solcast [261] in terms of reference solar power incident on
the PV panels during the whole day and the two time frames when the tests were
performed, where "Idle Tests" indicates the two done when Agri.Q is stationary,
while the "Navigation Tests" are the runs from 1 to 6.

Fig. 4.7 Daily nominal solar power incident on the panels surface on May 12th 2021 in
Torino, Italy, and test time frames

The detail of the two idle tests while Agri.Q was static and recharging its battery
is depicted in Figure 4.8. First, Agri.Q was positioned idle in a flat area with good
solar exposure and no shadows casting on it. Its PV panels were kept parallel
to the ground while recharging for about 5 minutes. After that, the PV panels
were manually orientated perpendicular to the sun (Zenith = 29◦, Azimuth = 151◦)
manually and left idle for 5 minutes. As expected, in a head-to-head comparison,
Agri.Q generates roughly 9.8% more power from the sun exposure when the panels
are angled to optimize incident solar irradiance than when the panels are kept
horizontal. Furthermore, the generated power is lower in both situations than the
projected nominal trend, but the differences are relatively small: the horizontal panels
produce 19% less power than the estimated power, while the oriented panels generate
13% less power. Part of this small variation is because Solcast data are satellite
collected and, therefore, they do not exactly represent the conditions at the test spot.
Also, PV panels attitude was manually set, thus it is possible that the actual PV
panels inclination was slightly off from the optimal orientation. In addition, sensor
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noise and transient variations in lighting conditions are to blame for the occasional
peaks in the collected data.

Fig. 4.8 Collected PV power while idle in different configurations

Likewise, Figure 4.9 represents how the panels behave whenever the robot is
moving but not actively attempting to recharge. Consequently, in all subsequent
test runs, the PV panels were held parallel to the ground and Agri.Q was driven
independently of the sun exposure, trying to replicate plausible manoeuvres. Because
the first two runs were done in partial or complete shade, the resultant collected power
is noticeably lower than in the two prior scenarios with full sun exposure. Instead,
Runs 3 and 4 took place in an open grass field with direct sun exposure; thus, the
gathered power is similar to that of the horizontal panel when idling. As the latter
two tests were conducted in regions overshadowed by nearby structures, the amount
of solar energy captured was nearly zero.

To better assess the autonomy of the Agri.Q robot, the power required by the
robot to complete its tasks was compared with the solar power gathered by its PV
panels. This comparison is depicted in Figure 4.10 for the two tests done with the
stationary robot. Agri.Q used roughly 74W of power to run its electronics when it
was idle, with the SBC, microcontroller, and motor drivers being the most energy-
intensive components. With both horizontal and angled panels, the collected PV
power is substantially higher than the idle one. The average collected power with the
PV panels parallel to the ground was about three times greater than the idle power,
whereas the oriented PV panels generated on average 3.3 times more power than
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Fig. 4.9 Collected PV power during the navigation tests

required. Consequently, it is clear that the robot can effectively recharge its battery
with decent sun exposure while idling.

solar exposure is not optimal when the robot is moving (runs 1-6); therefore,
solar power was never enough to recharge the robot, but it can significantly minimise
battery drain, as illustrated in Figure 4.11. For example, the power required to drive
down a straight path on a paved road with only the front motors (run 1 in Figure 4.11)
was nearly identical to the power generated by the panels during the same test run,
even if they were partially or totally in shadow in some occasion (i.e., when the PV
power is zero). The findings of run 2 simply indicate that increasing the necessary
power by activating all locomotion units increases the required power. However, the
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Fig. 4.10 Idling Agri.Q power balance

proposed strategy, whereby rear-wheel-drive power is a function of front-wheel drive
power, results in a minimal increase in adsorbed power since little effort is required
to negotiate a straight paved path. Although Runs 3 and 4 had better solar exposure,
the power required to negotiate the grass field was also higher. Because the panels
were shadowed for the final two tests (runs 5 and 6), the data concerning the power
balance comparison are meaningless. However, the power necessary to guide the
robot on a paved surface is roughly comparable to driving on a straight path on grass,
and the power required to follow a circular course on grass is considerably more. In
general, a well-known behaviour of this type of robot architecture is seen, which is
vulnerable to severe lateral wheel slippage when following curved paths.

Although the previously reported tests lasted a relatively short time, it is possible
to roughly estimate how long Agri.Q could work before draining its battery. On
average, on flat ground, Agri.Q requires about 300 W, thus, considering its 56 Ah
battery with its nominal voltage of 25.2 V, it can be estimated that Agri.Q could last
approximately 4.7 hours without using PV panels to reduce battery drain. Consider-
ing instead the case when the PV panels are active is less straightforward since the
PV collected power is very variable throughout the day; however, it can be estimated
that PV panels could almost double the robot autonomy, reaching about 9 hours of
activities.

The data obtained show that on a sunny day with a clear sky, Agri.Q can sustain
itself with a well-planned schedule of operations. The panels can replenish the
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Fig. 4.11 Navigation tests power balance

battery if the robot is left inactive with adequate sun exposure. The recharging
rate is improved even further by optimizing the solar panels orientation to enhance
the gathering of direct solar irradiation. Although the PV panels are insufficient
to completely balance the needed power while the robot moves, they contribute
significantly to reducing battery drain, even if the sun is not actively tracked. As
a result, by carefully planning Agri.Q tasks in a day, the robot endurance may be
greatly increased. The panels orientation, for example, might be continually changed
to maximize solar energy gathering in line with its activity. Furthermore, the time
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near the solar irradiance peak might be used to undertake an optimal recharging phase
while Agri.Q is idle. Further gains might be made by reducing the power usage of
the robot and partially redesigning its electrical architecture. Some components may
be replaced with low-power equivalents, components could be put into power-saving
mode when idle, or the power distribution system might be modified to minimise
inefficiency and heat losses, for example.



Chapter 5

Conclusions

In this thesis work, a novel prototype of rover for precision agriculture named Agri.Q
is presented. Agri.Q is a rover capable of being both a mobile drone station and a
strong answer to the needs of precision agriculture in vineyards, or more generally
in fields with relevant inclination. The robot is designed to navigate autonomously
between rows of vines and over rough terrain, monitoring the condition of the crops
through a vision system and performing sampling or vineyard operations using
a highly dexterous arm. In addition to making the robot energy independent, its
photovoltaic panels can be used as a landing platform for drones. Thus, one or
more drones can then collaborate with the rover to monitor the vineyard even more
effectively by combining proximal and remote sensing.

The design requirements that guided the development of the project are mainly
derived from the needs of viticulture, but also allow the rover to be used in other types
of fruit growing and agriculture. The robot has a small footprint (about 1×2m) and a
mass of only 112 kg to reduce energy consumption and soil compaction. The 8-wheel
locomotion system provides similar efficiency to wheeled vehicles and mobility on
rough terrain comparable with tracked vehicles. There are four locomotion units,
two in the front module and two in the rear module. Each unit has two wheels, a
rocker mechanism and an electric gear motor to transmit motion to the wheels. The
presence of rocker arms on the locomotion units and a passive rear roll joint allow a
correct distribution of the normal load on the wheels in the presence of longitudinal
and transversal irregularities. The upper surface, made using photovoltaic panels,
has a dual function: landing platform for the drones, which cooperate with the rover
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in monitoring activities, and surface for capturing solar radiation. In order to perform
these tasks properly, the panel can be oriented thanks to two degrees of freedom that
can be operated. Finally, the robot is equipped with a highly dexterous collaborative
robotic arm (7 degrees of freedom) dedicated to sampling and picking operations,
whose workspace is expandable thanks to the reconfiguration of Agri.Q

Part of this work is also dedicated to modelling, simulating, and testing the robot
with a strong focus on its kinematic and dynamic behaviour as a vehicle. A short
section is also dedicated to the robotic manipulator to define the initial foundations
of a proper mobile manipulator.

The natural evolution of this project is the implementation of some levels of
autonomous navigation and the integration of a set of sensors to perform some
monitoring activities. In parallel, it is of great interest to keep developing the topic
of traction allocation control, hereby introduced and tested with an initial proposal.
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