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Abstract: The agricultural sector is constantly evolving. The rise in the world’s population generates
an increasingly growing demand for food, resulting in the need for the agroindustry to meet this
demand. Tractors are the vehicles that have made a real difference in agriculture’s development
throughout history, lowering costs in soil tillage and facilitating activities and operations for workers.
This study aims to successfully design and build an autonomous, electric agricultural tractor that can
autonomously perform recurring tasks in open-field and greenhouse applications. This project is fully
part of the new industrial and agronomic revolution, known as Factory 4.0 and Agriculture 4.0. The
predetermined functional requirements for the vehicle are its lightweight, accessible price, the easy
availability of its spare parts, and its simple, ordinary maintenance. In this first study, the preliminary
phases of sizing and conceptual design of the rover are reported before subsequently proceeding to
the dynamical analysis. To optimize the design of the various versions of the automated vehicle, it is
decided that a standard chassis would be built based on a robot operating inside a greenhouse on
soft and flat terrains. The SimScape multi-body environment is used to model the kinematics of the
non-back-drivable screw jack mechanism for the hitch-lifting arms. The control unit for the force
exerted is designed and analyzed by means of an inverse dynamics simulation to evaluate the force
and electric power consumed by the actuators. The results obtained from the analysis are essential
for the final design of the autonomous electric tractor.

Keywords: automated self-driving tractor; agriculture; robot; multibody; control systems

1. Introduction

In the course of human history, there has been an evolution in agricultural production
concerning yield, endurance, and requirements [1,2]. Throughout the centuries, humankind
always has looked for various types of alternative energy sources for farming activities;
suffice it to say that the sector only started relying on human and animal power a century
ago [3]. The first tractors and farming machines were introduced only in vast areas due
to the high costs of the new technology. Nevertheless, the mass production of tractors
and machines allowed for such tools to be accessible to small land owners [4]. Moreover,
advancements in electronics and automatism resulted in a milestone that fostered the
development and production of automated self-driving vehicles [5]. This study aims to
design and develop an autonomous electric tractor capable of performing activities both in
the open field and in greenhouses [6-8]. Agriculture 4.0 is the systematic use of innovative
technologies, and the utilization of electric vehicles is an integral part of it [9-11]. Currently,
many companies are developing technologies and actual models that fit the perspectives of
Agriculture 4.0. For this reason, a preliminary market investigation has been conducted
to understand the state-of-the-art technology in propulsion and automation [12,13]. Such
analysis showed that the propulsion used in such applications is either electric or hybrid
for easier vehicle management. For these valid reasons, this type of propulsion has been
adopted for our model [14].
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2. Materials and Methods

The authors have been involved for some time in the dissemination and application of
Agriculture 4.0 methods and in the research and development activities of medium-small
companies, which are typical in the agricultural sector of southern Italy [15-20]. This work
reports a study concerning the design of a new electric tractor for precision agriculture
applications, one that is capable of working in both open fields and greenhouses. For this
purpose, it was decided that a modular machine would be designed based on the same
frame, but with the possibility of being equipped with ad hoc devices according to the
needs encountered. Given the high versatility of the robot, three configurations have been
identified [21]. The first substantial difference between an electric tractor and a traditional
machine lies in the lifting and in the towed machine’s driving systems. In a traditional
machine, the operating machine is lifted by a hydraulic lift, while a Cardan joint is operated
by the power take-off. In our vehicle, both lifting and driving are guaranteed by electro-
mechanical drives [19]. The electric tractor must be equipped with a lift mechanism that is
capable of operating all the operating machines that are already on the market. With such
consideration, an operational width of 130 cm was identified, which would allow many
activities to be carried out both in the open field and in greenhouses [22]. In this way, based
on the catalogues of agricultural machinery manufacturers, it was possible to identify the
power and width of the tractor as a function of the working width [23]. In Figure 1a,b, it
can be seen that for an operating machine of 130 cm, a tractor with a power of 15 kW is
required, and this must be as wide as the connected tool [24]. For the missing parameters,
an analysis of the most widespread agricultural machine on the market was performed.
With the typical characteristics and through appropriate scaling, the final model was then
defined [25].
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Figure 1. Data from zanon.it.

As for the locomotion, it was decided that a pair of steering axle shafts without a
braking system would be installed for the front transmission, with a square section of
40 mm and a four-hole Balilla junction [26], and that the rover would be rear-wheel drive.
By placing the entire propulsion system on the rear axle, as is often the case in traditional
tractors, the batteries could then be used to balance the vehicle by positioning them on the
front chassis. For the rear actuators, Benevelli TX2 series motors were used (see Figure 2).
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Figure 2. Rear axle and front axle shaft.

In this phase, the sizing relative to the estimation of the position of the vehicle’s centre
of gravity concerns the known masses and their position with respect to a reference sys-
tem [27]. The position of the centre of gravity will help to calculate the weight distribution
on the front and rear axles. As for the isodiametric vehicle, the weight must be distributed
evenly, with 50% on the front axle and 50% on the rear axle [28]. In our calculations, the allo-
cation of the centre of gravity resulted in the vehicle’s longitudinal axis of symmetry being
89.2 mm higher than the vertical axis and 725.4 mm further away from the longitudinal axis.
Once the position of the centre of gravity was determined, the focus shifted to the weight
dispersion on the axes [29]. By placing the battery pack on the front axle without any tool
connected to the vehicle, the front axle would then bear 89.6 % of the weight. However, it
should be borne in mind that the three-point hitch and the second engine for the power
take-off (PTO) in the rear part of the vehicle still need to be evaluated [30].

Another aspect to consider is the choice of rims and tires to use for the vehicle.
The European Tire and Rim Organization, a Belgian-based entity established in order to
address the needs of tire manufacturers, provides specifications and harmonises sizes and
nominal dimensions to avoid any ambiguity (see Table 1). However, to evaluate all the
forces that are discharged on the tires, it is impossible to neglect the dynamic effects of the
lifter’s handling of the operating machines [31]. For this reason, in the following section,
all the activities carried out to evaluate the actions on the frame caused by the presence of
the operating machine are reported.

Table 1. Tyre measure and matching rim.

TIRE SIZE | SERVICE DESCRIPTION | ADDITIONAL CHARACTERISTICS
Standard code designation
11.5/70 - \ 16 135 A6 14 PR \ -

-Metric designation-
Tire size PR | Pattern Diameter Width | Max.Load (kg) | Rim size
6.50/80-12 | 4 KT801 604 165 500 5J12

3. Numerical Activity

For the sizing of the chassis, it is necessary not to neglect the effect of the dynamic
actions of the operating machine manoeuvred during the various processes [17]. For this
reason, the SimScape environment of Mathworks was used to model a generic operating
machine and the lifting mechanism. These geometries, shown in Figure 3, were modelled
in Solidworks and imported into the multibody modelling environment.

An MBD (model base design) approach was adopted for the development of the
multibody model. In this way, starting from a simplified model of the system and the
drives, it was possible to build a particularly efficient and effective model in stages in order
to determine the requirements that the drive system must possess. For the numerical
activity reported, an electromechanical model of the drive was developed, the parameters
of which are given in Table 2. The kinematic model of the lead screw mechanism and a
friction model were also added to the model, to evaluate the irreversible behaviour. The
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lifting system had been designed by taking into account the ISO730 directives and category
1, which include vehicles with a PTO power of up to 48 kW.

Table 2. Electric motor data.

Nominal electric engine speed 5200 rpm
Electric engine mechanical power 1200 W
Nominal CC supply voltage 48V
Transmission Ratio 4

Furthermore, this choice was justified by the desire not to use a hydraulic system on
the vehicle, a system that is generally used on traditional machines to operate the hydraulic
pistons for lifting operating machines.

T-Lower link
2-Actuator
3-lifting lever
4-Upper link
5- Liftrods
6-Equipment

Figure 3. A 3D Model of the equipment attached to the three-point hitch, designed in the Solidworks
environment.

Furthermore, the choice of using a worm screw drive allowed for the exploitation of
the irreversibility of the mechanism itself, in order to keep the lifting mechanism in position
without having to supply torque and, in this way, to save energy [32].

The mechanism’s representation and its equivalent mechanical model are reported
in Figure 4. The load is pushed up or down, depending on the direction of the screw’s
rotation. Due to the presence of the load, frictional stresses are expected to arise between
the thread and the slider, which the actuator will have to overcome [33,34]. The screw is
essentially characterized by the pitch and the nominal radius that define the slope of the
thread according to the following relation:

tan¢g = % @)

From the equilibrium at the translation of the system schematized in Figure 4, it is possible
to write the final expression as follows:

P =Wtan(A — ¢) 2)
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where W is the load, P is the peripheral active force (P = T/r), and A is the friction cone
(u =tanA).

Figure 4. Representation of self-locking screw and equivalent mechanical model during down motion.

With (2), it is possible to identify the condition in which the mechanism becomes
irreversible. In the case of ¢ < A, the active force P must be applied to move the load.

In order to analyse the behaviour of a more detailed model, a multibody model
was developed by importing a three-dimensional CAD into the SimScape multidomain
simulation environment [18,35].

The study of multibody systems consists of the analysis of the dynamic behaviour
of rigid or flexible bodies interconnected by constraints, each of which can undergo large
translational and rotational displacements, depending on the force fields to which they
are subjected.

Figure 5 shows the 3D rendering of the electromechanical drive and its sub-model in
the SimScape environment.

fo [ |
~— B wEKF—————
e
Lead Screw Friction
Screw Lead Angle = 0.912 deg
Kinetic Friction = 0.050
E2 ® RightHand
dF B Lead Screw Joint
| < g
|}
— u\ — W
Slider F D’fc

Figure 5. Multibody model of the lead screw mechanism.
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The performance of this mechanism can be assessed by the following relations:

L, Wssing = tan¢

= Ln  Pscos¢  tan(¢p+A) ®)

As shown in Figure 5, the helix angle ¢ is equal to 0.912 deg, while the friction cone
angle A is equal to 2.86 deg. For these values, the mechanical efficiency in the retrograde
mechanism # is equal to 0.245. Inside the lead screw friction block, visible in Figure 5,
a continuous stick-slip friction model is implemented, which is used to determine the
friction force and torque coefficients according to the rotation speed of the screw—nut
system connected to the joint [36,37]. An irreversible drive will allow the electric motors to
be used only while manoeuvring the operating machine [38].

Smaller values for the velocity threshold and the low-pass filter constant make the
model more realistic but result in a numerically stiffer system. The hypothesized agricul-
tural machine must be able to work mainly autonomously and, only in particular cases, be
managed remotely [39].

Several numerical simulations were carried out to evaluate the dynamic behaviour
of the electromechanical system and the effects attributable to the inertial actions on the
frame [40,41].

In this paper, three different case studies are presented to evaluate the correlation
between the robustness of the control system, the mechanism’s coefficient of friction,
and the related constraint reactions that are transferred to the frame.

The first scenario led back to an autonomous mission. The operating machine from
the rest position initially had to be brought into contact with the ground to be worked, and
only then could it be sunk by the amount indicated in Figure 1a.

In the second case, the activation of the stress control system was emulated during a
machining operation due to an excessive resistance to advancement by the operating
machine. In such cases, the lifter management system needs to raise the machine in order
to free the vehicle.

Finally, the third case study aimed to test the realization of the non-back-drivable
condition, which depends on the friction coefficient value in the case of a sudden change in
the vehicle altitude (for example, a difference in the height of the ground). Figure 6a,b show
the reference positions and the real positions occupied by the operating machine with two
different PID controllers, for two of the scenarios mentioned above [42]. However, Figure 6¢
reports the difference in height of the ground used for testing the non-back-drivable
behaviour of the mechanism. The goal for the first two simulations was to analyse the
dynamic effects that would be transmitted onto the frame for two particular operating
conditions, considering both the effects due to the robustness of the control system and the
friction coefficient of the mechanism. The last analysis, however, had the goal of testing the
effectiveness of the irreversible mechanism in the presence of variable inertial loads [43,44].
Having chosen the size of the electric motor by means of a preliminary inverse dynamic
analysis, the aim of the authors was to investigate the correlation between the robustness
of the PID controller and the constraint reactions that would be discharged on the frame. A
control system with lower performance was indicated for the controllers with PID I, while
a much more robust PID controller was considered for those with PID II.
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Figure 6. Reference and actual motion of the multibody model of the operating machine for: (a) sink-
ing of the operating machine; (b) handling for effort control; (c) Abrupt change in the terrain profile.

4. Results

As can be seen in the first two graphs of Figure 6, the two different controllers qualita-
tively return the same positioning for the operating machine, both during the lowering and
the beginning of the tillage (case a) and as regards the activation of the effort management
system to overcome a possible obstacle present in the ground (case b).

On the other hand, this argument cannot be made when commenting on Figure 7.
This image shows the constraint reactions on the longitudinal plane for the first four points
indicated in Figure 3. In particular, it is possible to appreciate how the use of a more robust
PID controller results in a doubling of the reaction values. This behaviour is also recorded
in a decidedly significant way in the second case study; the results are shown in Figure 8.
In both cases, the particularly stressed joints are the drive attachment point (see point 2 of
Figure 3) and the lifting lever (see point 3 of Figure 3). Such results suggest a possible
future improvement of the kinematic chain used for the lifter.

Figure 9 shows the correlation between friction and the behaviour of the mechanism in
the event of a sudden change in vehicle altitude. In particular, this analysis aimed to capture
the reversibility and irreversibility conditions for the chosen mechanism, depending on
the friction value. In Figure 9a, a red line indicates the irreversible behaviour of the lift
chosen for the electric vehicle. For a friction value of 0.017, a self-braking condition by
the mechanism was identified, while for a value of 0.024, a self-locking condition was
found. Furthermore, in Figure 9b, for a value of 0.015, it is possible to see the reversible
behaviour of the mechanism with the lowering of the load, even before the irregularity
(t > 4 s). The subsequent behaviour by the load is due to the geometric limit switches of
the drive.
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Figure 7. Correlation of reaction forces calculated with various PID.
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Figure 8. Correlation of the reaction forces determined with increasing dynamic friction coefficients.
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Figure 9. Correlation of the reaction forces determined with increasing dynamic friction coefficients:

(a) Irreversibility condition; (b) Reversibility condition.

The self-locking condition is obtained when the angle of the friction cone is greater
than the helix angle. The following self-locking factor r can be defined in the following way:

. tan (A)
~ tan(¢)

If the self-locking factor is greater than unity, there will be no movement in static
conditions. In our case, by applying (4) and considering the helix angle of the mechanism,
it was possible to estimate the friction coefficient necessary for self-locking with a factor
of 1.1.

(4)

tan (A) = 1.1tan (0.912) — p = 0.017 (5)

On the other hand, the automatic braking condition is verified when the friction energy
that is transmitted from the nut is greater than the energy adduce from the screw. In this
case, the braking factor, indicated with b, is evaluated in the following way:

bzl_tan(cp—)t) ©)
tan (¢)
In this case study, b must be equal to 1.5 for a low feed rate [45].
1.5:1—w—>)\:1.37—>y:0.024 @)

tan (0.912)

It is important to always keep in mind that the self-locking action (static condition)
does not necessarily include the self-braking action (dynamic condition). In Figure 9, the
cases of irreversible condition and reversible condition are illustrated.

To summarize what has been highlighted, the areas of reversibility and irreversibility
as a function of the thread angle and the friction coefficient of the mechanism were graph-
ically represented. Figure 10 illustrates the so-defined stability map of the mechanism,
which shows both the helix angle values and the friction value used (metal contact on
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lubricated metal) for this application as well as the conditions shown in the previous graph.
On the stability map, it is possible to see how the mechanical performance changes as a
function of the two parameters mentioned above. Furthermore, this map is useful in the
eventual redesign of the actuation device, which will modify the dynamic behaviour of the
lifter [46].
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1073 102 107 10°

Friction coefficient p
Figure 10. Correlation of the reaction forces determined with increasing dynamic friction coefficients.

The preliminary concept of the electric tractor is shown in Figure 11. However,
the results exhibited in this work and a subsequent phase of geometry optimization will
significantly influence the final shape of the vehicle.

Figure 11. A 3D rendering of the concept.

5. Conclusions

This paper reports the preliminary phase of a much larger project, which is fo-
cused on the development of a new autonomous electric tractor for greenhouse and
open-field applications.

The use of virtual modelling and prototyping techniques together with the low cost of
electronic components makes it possible to significantly lower both the cost and the devel-
opment time of a new machine. It also completely breaks down the technology gaps that
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have precluded less industrialized countries from competing with industrialized countries
on equal footing.

After identifying the basic components for the construction of the vehicle, such as the
chassis, tires, transmission, engine, battery, and lift, the authors focused on the reference
standard for the sizing and design of the vehicle in order to estimate the centre of gravity
of the whole system. The rover’s centre of gravity remained the most sensitive variable
needed to proceed with the dynamic analyses. To estimate the centre of gravity, it was nec-
essary to evaluate the constraint reactions transmitted onto the frame by the lifter and the
power take-off because the centre of gravity was positioned too far forward, and therefore
the weight distribution between the two axes was unbalanced (front and rear). For this
reason, the study focused on the rear part of the tractor, and in particular, on the lifting
mechanism, which had been designed and sized. To evaluate the reactions transmitted to
the frame by the lifter, the system was modelled and simulated in Mathworks” SimScape
multidomain simulation environment. Inverse dynamic analyses made it possible to iden-
tify the characteristics required of the electric motors. The direct dynamic analysis, on the
other hand, made it possible to test the reversible and irreversible behaviour of the lifter for
an optimal component design. The results were essential for the subsequent chassis design
phase and for the final vehicle construction phase. The irreversible electromechanical drive
proposed by the authors was designed for a newly developed all-electric or hybrid tractor.
However, nothing detracts from the fact that such a solution could also be thought of for the
retrofitting of machines that are already on the market. Such a scenario, although unlikely
given that hydraulic circuits are also used to operate the steering and power external users
in conventional tractors, would require a retrofit of the machine itself. In such a case, it
would be necessary to equip the vehicle with the appropriate energy accumulators to ensure
lifter manoeuvrability. It would also be necessary to install a microcontroller that is capable
of handling the drive. Such a solution could be part of a retrofitting process for obsolete
machines, which would extend the useful life of machines destined for decommissioning.
On the other hand, using an irreversible mechanism on tractors that use hydraulic systems
would make the machine fail-safe for the circuit itself.
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