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Abstract: The field of Non-Road Mobile Machineries (NRMM) is now more than ever considering the
adoption of electric systems to reduce the amount of pollutant emissions per unit of work. However,
the intensity and complexity of the tasks performed by a working machine during its life is an
obstacle to the widespread adoption of electric systems. Specific design solutions are required to
properly split the power output of the hybrid powertrain among the different loads (wheel, power
take off, hydraulic tools, etc.). In this work, a performance analysis between a traditional agricultural
tractor and a proposed hybrid electric architecture of the same vehicle is shown. The comparison was
performed on a set of tasks characterized on a real orchard tractor which were used to build the input
signals of two different numerical models: one for the traditional diesel architecture and the other
for the hybrid electric solution. The two models were tested with the same operating tasks to have a
one to one comparison of the two architectures. Peak power capabilities of the hybrid solution and
performance of the Load Observer energy management strategy were investigated to validate the
feasibility of the proposed solution.

Keywords: hybrid electric tractor; non-road mobile machineries; hybrid electric vehicles; energy
management; numerical simulation

1. Introduction

The electrification process that is involving all the transportation field is a trend deriving from
the need for a lower impact on air quality, especially in the production of CO,, NOy, and particulate
matter [1-4]. However, transportation is not the only contributor to air pollution [5,6]. Industrial
processes, agriculture, and residential and commercial buildings also play a big role in the production
of the aforementioned pollutants as well as for other unhealthy substances. Industrial heavy-duty
vehicles, especially in agriculture, construction, and handling, combine the type of pollutant production
of transports, due to the use of the same propulsion units, with the massive quantities usually
related to industrial processes and their power demanding tasks. For this reason, in the last decade,
strict regulations were progressively applied to the Non-Road Mobile Machineries (NRMMs) [7-11] to
push manufacturers towards the design of machines with the lowest possible environmental impact.
Traditionally, NRMM have been equipped with high power diesel engines known for their robustness
and reliability when subjected to heavy duty tasks in harsh environments. Nowadays, this propulsion
system is a mature technology both from the performance and manufacturing point of view which
translates in a very attractive value of the ratio between performance (power output) and Total
Cost of Ownership (TCO). However, the environmental impact of this type of propulsion system
is well known in the scientific community [12-15]. To meet national and international regulations
on pollutant emissions that would prevent sales of non-compliant NRMMs exceeding pollutants
emissions, the use of exhaust gas after-treatment systems has been the most widely accepted method
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among manufacturers. However, the most recent regulations will require very complex, cumbersome,
and expensive exhaust after-treatment systems to properly filter the pollutants out from the gas stream
at the pipeline [16-18]. Filtering systems can be very space consuming on industrial vehicles. To be
competitive, the available on-board space on industrial vehicles should be used to implement new
productivity features and functionalities rather than just allowing the machine to operate in compliance
with regulations. This is one of the reasons why several NRMM manufacturers and researchers started
to explore hybrid electric systems as alternative propulsion units [19-23]. The optimal hybridization
level of the architecture [24,25] allows increasing the overall efficiency of the machine reducing the
amount of pollutants produced per unit of work [26]. Moreover, hybrid and electric solutions allow
introducing new functionalities for a given on board volume thanks to the high level of flexibility
of electric and electronic drives. The possibility to work in full electric mode allows using the same
machine in closed environments and low emissions zones in the city centre, opening a machine to
completely new market scenarios.

Recently, both manufacturers and the scientific community have shown an increasing interest
towards electric powertrains for agricultural tractor. In [27], Moreda et al. reviewed the actual
state of the art in tractor electrification research, highlighting the characteristics of an electric or
hybrid tractor architecture. A tractor powertrain must be able to provide power to different users:
the driveline to propel the vehicle; the Power Take Off (PTO) if power needs to be transferred to
one or more external units (usually called implements); the hydraulic system for machines that use
hydraulic tools and actuators to perform heavy tasks (handling, lifting, processing, etc.). This power
split can be achieved electrically in a series configuration as in [28] or mechanically with proper
gearboxes or parallel configurations [29]. A proper energy management strategy becomes a crucial
point if several paths need a comparable amount of power to perform a certain task. To the authors’
knowledge, very few studies explored numerically performance of agricultural electric tractors and
their control strategies [30-33]. However, now more than ever, practical use cases can be found in the
literature [29,32,34]. In this work, a critical performance comparison between a traditional orchard
tractor and the proposed hybrid solution was performed. Nowadays, orchard tractors represent a very
specialized tractor family where the availability of on-board space is limited, so the energy storage
system and the energy management strategy should be carefully designed to fulfill the most common
working cycles of the machine. Thus, the design of the battery pack for this particular application
is critical. Not only could a poorly design pack strongly affect the current peculiar characteristics
of these vehicles but it could also strongly affect the costs of the final vehicle, affecting the overall
success of the solution. The battery pack represents a critical part of every batteries based electric
vehicles. This is particularly true for NRMM and their specific loading profiles. New design and
testing methodologies have already been proposed in the literature addressing the use of LiB in heavy
duty working vehicles [35-37].

In this study, a parallel hybrid architecture for an orchard tractor was investigated according to a
set of field working scenarios to investigate the effectiveness of the adoption of this technology in such
a particular field of application. The tasks were derived from an experimental activity described in
Section 2 aimed to characterize performance of a traditional diesel-powered orchard tractor during its
most common daily activities. Measurements were used to size the components of the two different
numerical models presented in Section 3: one for the traditional diesel powered vehicle and the other
for the proposed hybrid architecture. Models were compared in terms of peak power performance
to study the proposed solution and its energy management strategy during similar loading scenario,
as described in Section 4.

2. Experimental Analysis of Tractor Performance

Because of the wide variety of NRMM and the lack of standardized testing procedures,
any analysis focused on NRMM performance comparison should start from the field, looking at
their most common use cases. The proper combination of elementary tasks can result in representative
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working cycles to be use in performance analysis. In this work, the analysis started from measurements
of field performance of an orchard tractor during some of the most common tasks that these vehicles
can approach. The characteristics of the orchard tractor considered for this work are shown in Table 1.

Table 1. Main characteristics of the orchard tractor.

Vehicle Properties

Mass 2500 kg
Nominal power 75 kW @ 2300 rpm
Vehicle wheelbase 1900 mm
Max vehicle width 1850 mm
Number of possible gear ratios 36

Top speed 40 km/h
Minimum speed 0.4 km/h

To characterize the tractor daily activities, the attention focused on the monitoring of engine data
and of driver commands available on the CAN BUS network of the vehicle [38] according to the SAE
J1939 standard [39], very common in heavy duty applications. The attention mainly focused on the
following parameters:

e  The driver pedal signal as reference of the desired the working speed

e  The engine rotational speed

e  The actual engine load estimated by the VCU according to the characteristic map of the engine
e  Vehicle speed

Data were collected from the CAN BUS network using a USB CAN Analyzer connected to
a personal computer installed on the vehicle. The acquisition system was in a pure listening
mode to prevent any undesired influence on the CAN BUS communication of the machine.
The raw CAN BUS data was then post-processed to obtain the parameters of interest in a useful
numeric format. The experimental activity focused on the monitoring during some specific tasks
chosen as representative of the most common activities performed by an orchard tractor. The authors
here identified one possible use case scenario for the vehicle which does not aim to represent all the
possible tasks combination but can represent a realistic use of the machine. Data were collected during
the following working operations:

e  Transportation with empty and fully loaded trailer
e  Use of a shredding implement

e  Use of a rotary harrow implement

e  Use of an atomizer implement

In Figure 1, data collected during the acceleration test with a fully loaded trailer (6000 kg mass)
are shown to give a picture of the type of information available. This test consisted in a complete
acceleration from 0 km/h to the maximum speed (around 40 km/h). Despite the overall high mass to
be moved (tractor, trailer, and goods), the capabilities of engine exceeded the average power required
by the application as demonstrated by the engine load at top speed. This is a typical example of a task
where the installed engine is clearly oversized in terms of power required to perform it. In Table 2,
a general overview on the characteristics measured during each of the activities mentioned before are
shown in terms of average or Min/Max value registered. The experimental activity highlighted the
multi-purpose nature of the machine. Depending on the main use of the tractor made by the farmer,
the typical power demand can change significantly, at least in terms of peak capabilities. This justifies
the need for oversized diesel engines that could at least approach all the possible working scenarios.
However, measurements showed that the average power demand is quite lower with respect to the
engine capabilities which could justify the adoption of a hybrid electric architecture with a downsized
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diesel engine. In this case, the thermal unit could be sized to cover the average load leaving the peaks

to the most efficient electric system.

Table 2. Tasks experimental characterization overview: (a) Trailer 6000 kg; (b) Trailer 1400 kg;

(c) Atomizer; (d) Shredder; and (e) Rotary harrow.

a b c d e

Work time (h) 0.017 0.05 0.065 0.18 0.2

Speed (km/h) 30/40 30/40 3.4 5 3.4

PTO speed - - 540 540 540

Engine Load (%) 50/100 40/100 70/75 45/60 65/90

Fuel (L) 0.1 0.3 0.9 1.1 2.5
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Figure 1. Acceleration test—fully loaded trailer 6000 kg.
3. Numerical Methods

The use of numerical simulations is crucial when it comes to the design of new hybrid electric
powertrain topologies, as shown by several authors in the literature [24,25,35].
two numerical models were designed to perform a comparative analysis: one representing the
traditional diesel powered architecture of an orchard tractor for agricultural applications and the other
consisting of the same vehicle characteristics but powered by a parallel hybrid electric powertrain.
The main goal of the first model was to replicate the actual tractor on the virtual environment. The use
of experimental data allowed characterizing the main mechanical properties of the traditional tractor
model as well as of the trailer used in some of the case studies. Then, the model was modified in terms
of the propulsion subsystem. A parallel hybrid electric powertrain with a downsized diesel engine was
proposed and included in the model maintaining the overall mechanical architecture. This allowed for
a direct performance comparison between the two architectures for given working tasks.

In this work,
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3.1. Traditional Tractor Model

Modeling an agricultural tractor is quite a demanding task due to complexity of the mechanical
architecture and of the power split among its several subsystems. Modern agricultural tractors are
machines designed to accomplish several heavy tasks as:

e  Pulling trailers on the road or ploughs in the fields

e  Lifting objects using front or rear mounted hydraulic loaders

e  Pushing terrain or snow with buckets or snowplough equipment

o  Transfer power to external devices, usually called implements, designed to accomplish specific
working tasks but without any autonomous propulsion unit

A representative numerical model of an agricultural tractor must be able to describe subsystems
from several physical domains. As shown in Figure 2, a Physical Network (PN) [40] modeling approach
was chosen to model the architecture of both the traditional and hybrid electric power unit of the
tractor considered for this study. The PN is a modular modeling approach where each element is
considered as a physical entity capable of exchanging energy with all the other subsystems to which it
is connected. Each element is characterized by two types of variables: Across and Through variables.
In each physical domain, the product of an Across and Through variable gives the power exchanged
by a certain physical element with all the others to which it is connected. Thus, the solution of the
systems must satisfy the power balance equations for each component at each time step.

”
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Figure 2. Tractor architecture model.
The following aspects were covered when modeling the traditional tractor architecture:

e  Vehicle and trailer (if present) dynamics
e  Gearbox and clutch

e Engine

e  Vehicle Control Unit (VCU)

e PTOloads

The tractor dynamic was described using a 1D longitudinal dynamic model shown in Figure 3
and given by the following equations:

mszz(Fxf+Fxr>_Fd_mg'Sin:B (1)
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where:

e 4,b,and h represent the relative position of the centre of gravity of the vehicle with respect to the
front and rear axles.

e  mis the tractor mass, g the acceleration of gravity.

e  Bistheroad slope angle.

e V. is the vehicle longitudinal speed.

e  F;is the aerodynamic drag force as F; = 0.50C;AV,? - sign(Vy), with p the air density, C; the
drag coefficient, and A the frontal cross sectional area of the vehicle.

e  Fyrand Fy are the contact forces between the wheels and the ground on the longitudinal direction
(front and rear axle).

e  F;;and F; are the normal contact forces between the wheels and the ground (front and rear axle).

Figure 3. 1D Longitudinal model of the tractor.

The trailer was modeled with the same approach, considering that the driving force does not come
from the driven wheels but from the so called three points hitch system. From the dynamic point of
view, if the connection between the tractor and the trailer is considered rigid, they will share the same
longitudinal speed. The vehicle model was powered by the energy coming from the engine through
the gearbox. Agricultural tractors gearboxes are well known for the high number of gear ratios they
can provide. This allows the driver to have the full power of the engine at different operating vehicle
speeds according to the specific working task to be performed (plough, harrowing, transportation, etc.).
To replicate this flexibility, the gearbox was modeled as follows:

e A first pair of gears to have an overall speed reduction of about 75% between the input and the
output shaft of the gearbox

e  Two pairs of gears for two different working ranges: Low speed and High speed

o  Four pairs of gears to realize four different gear ratios within each speed range

Each pair of gears was engaged during simulation through a logic signal actuation command
according to the records of the gears engaged by the real driver during the tests. The main clutch
of the driveline was modeled using a traditional Coulomb friction model [41]. The engagement
starts according to a signal that linearly increases the normal contact force between the two elements
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connected, respectively, to the input and output shaft. In this model, after a certain slip governed by
the dynamic friction coefficient, the clutch is considered fully engaged when the two shaft rotates at
the same rotational speed. At this point, the maximum torque transmittable is determined by the static
friction coefficient. Modeling the clutch was a crucial step in order to be able to shift gears during
the simulations.

Another element of the numerical model was the engine block. This subsystem had to simulate
two aspects of a traditional engine: the power output as a combination of torque and speed and the
instantaneous fuel consumption according to the current operating point of the engine. Engine power
was modeled as described in [40] with a normalized polynomial function:

p (w) = 0.6526w + 1.6948w? — 1.3474w> (4)

where w = Q% is the engine speed () normalized with respect to the engine speed at which the engine
provides the maximum power Py,4y. It is clear that, given the characteristic of the engine in terms of
operating speed [Q2,i, Qnax], maximum power Py, and its related rotational speed )y, the power
output of the engine is known for each given rotational speed. Thus, the instantaneous torque T can be
obtained as

_ Pumax p (w)
T 0w

The parameters for this model of the engine were defined for each of the two engines used in the
two architectures. Another important aspect covered by the engine model was the estimation of the
fuel consumption during operating conditions. In this case, a model proposed by the Nebraska Test
Laboratory [42] was used. This model is the result of a statistical analysis on fuel consumption on a
large set of agricultural tractors during field operations. According to the formulation proposed by
the authors, the fuel consumption was evaluated as

T @)

Qr = (0.0434 - X 4+ 0.019) - Pop; (6)

Qr=QF-[1-(N—-1)-(045- X +0.877)] 7)
where:

o  Qr is the diesel fuel consumption at partial load and full throttle (gal/h).

e Qg is the diesel fuel consumption at partial load and reduced throttle (gal/h).

e Xis the actual engine load expressed as the ratio of the actual engine output power over the
maximum power available at the same speed (decimal).

®  Pyom is the nominal engine power (hp).

e  Nis the ratio between the actual engine speed and the nominal speed at which Py, is evaluated.

The main reason behind the choice of this model relied on the parameters considered for the
fuel consumption estimation. It is reasonable to correlate the fuel consumption to the size of the
engine (given by Py,o;), the actual engine load, and its working speed. This parametric model allowed
useful relative comparison with the diesel engine considered for the proposed hybrid architecture.
The engine was controlled in the simulation environment with an engine speed controller to replicate
the real control architecture of the most common tractors available on the market. The parameters of
the PI (Proportional-Integral) controller designed for this model were set to best fit the engine speed
measured during the tests.

Finally, the modeling of the PTO loads applied by each implement attached to the tractor was
approached. Due to the lack of information about the internal design of each implement considered
during the tests, an inverse approach was used. First, the validation of the vehicle model with the
standard diesel engine unit was performed. Then, knowing the amount of power required for a certain
working speed (given by the vehicle model), the numerical PTO load was controlled on the traditional
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tractor model to apply the right torque to have the same engine load measured during the same
activity. Figure 4 shows the work-flow followed to estimate the PTO loads given the experimental
measurements and the numerical vehicle model of the tractor. A PI controller was used to make
sure that, during those simulations where the tractor was used to pull and provide power to the
external implement, the simulated engine load was as close as possible to the measured one. The
authors are aware of the approximation made with this assumption. However, the type of analysis
the models were designed for did not require a highly detailed model on the power used by the
external implement but about the load applied to the engine. This information was the key point in
the comparison between the traditional and the proposed architecture.

' 4 ™
Vehicle Input «| Wehicle Engine
data signals 1 model Model
L A _y
' ' y
.| Engine - Pl PTO
] | controller Load
e A "y Y
t Engine

Load

Figure 4. PTO load modeling approach.

3.2. Hybrid Electric Tractor Model

The hybrid electric architecture considered for this analysis was a parallel hybrid system with a
downsized diesel engine [21,24]. Two reasons motivated the use of a smaller engine:

- Most of the time orchard tractors are equipped with oversized engines to cover all the possible
peaks in power demand the machine could face during its entire life. However, bigger engines
have higher fuel consumption because of their construction, thus they become less efficient if the
nominal power is used few times during the whole life of the vehicle.

- Modern regulations on pollutant emissions are divided into power classes. Thus, using a
smaller engine, it is possible to stay in a low power application class where the restrictions
on the amount of pollutants require the use of fewer additional after-treatment components.

The use of an electric unit in parallel to the smaller thermal engine allowed maintaining the same
performance level in terms of peak power capabilities. To implement the electric system in the tractor
model as shown in Figure 2, the following aspects were covered:

- Implementation of an electric unit (electric motor and simplified electronic drive) to add power to
the driveline path

- Implementation of a LiB ESS to provide electric power to the drive and the motor

- Design of a control algorithm to split the power demand between the thermal and electric unit

From the modeling point of view, the use of the PN allowed including the electric system within
the same environment stated that the power balance equations must be verified at each integration
step among all the subsystem. The proposed electric motor had the characteristics shown in Table 3.
These characteristics were combined to those of the new thermal unit, characterized by a nominal
power of 54 kW at 2300 rpm. Thus, the overall combined power output of the hybrid unit can be
higher than the maximum power of the traditional architecture (72 kW @ 2300 rpm).
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Table 3. Electric motor characteristics.

Motor Properties

Nominal speed 2300 (rpm)
Nominal power 30 kW
Maximum torque 130 Nm
Nominal efficiency 95%

The electric power for the hybrid system was provided by a battery pack model consisting of a
series connection of the cell studied by the authors in previous works available in the literature [35-37].
Briefly, each single cell was modeled as a single Equivalent Circuit Model (ECM), the behavior of which
depends on a set of parameters variable with the actual State of Charge (SoC) of the cell. Once the
parameters are stated, an ECM provides the instantaneous cell voltage for a given discharging /charging
current. Thus, the instantaneous electric power (voltage times current) provided by the ESS was equal
to the power required by the servo motor according to the PN approach.

Finally, the energy management strategy to coordinate the electric and thermal unit according
to the driver needs was defined. As described in Figure 5, the control strategy had a master—slave
control configuration denominated by the authors” Load Observer. The main goal of this algorithm
was to use as much as possible the thermal unit as the primary (master) energy source. Actually,
this is crucial if the overall goal is to minimize the size of the ESS: the more the system relies on the
thermal engine, the lower is the amount of electric energy to be stored on board to accomplish the daily
activities. The electric system was the slave element in this control layout. Its main role was to help
the diesel engine in case of peaks in the power demand. To do that, the control strategy was based on
the continuous monitoring of the actual engine load. The engine load is the ratio between maximum
power of the engine for a given rotational speed and the actual power output. This index was the key
parameter of the Load Observer strategy. The electric system is controlled to provide the necessary
torque to maintain the reference speed set by the driver. An increase of the external load would require
extra power to maintain the same reference speed. However, the control signal for the electric system
was always weighted by a function of the actual engine load. In this way, it was possible to increase
the amount of power requested to the engine having a consistent electric motor boost only above
a certain level of power demand. The interesting point of this strategy was that, depending on the
type of weighting function and used parameters, it was possible to change the overall behavior of the
machine depending on the heaviness of the tasks. The flexibility of the electric drive would add this
capability to the tractor to optimize the power output according to the driver needs.

ECU:
I ICE Engine speed -

i speed controller
i ECU:
v | Torque
2 i target
21 ICE ™ Gearbox PTO
D i
fu |
B | o A
o ! i R
& : i .ég . Engine speed =1t'orqu?
H o | targe
Ly Y | -
i
(I EM = ——  Analogue signal
§ speed controller L, S— Digital signal
A Pedal mmmmm  Mechanical path
\\ signal Load P
v |5 HCU observer

Figure 5. Master-slave control strategy with engine Load observer.
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4. Results and Discussion

In this section, the main numerical results of this work are shown. First, a comparison between
the model of the diesel architecture and the experimental results is addressed. The comparison allowed
validating the dynamic behavior of the numerical vehicle model as well as the process to simulate the
PTO loads. The mechanical structure of the simulated tractor was then used for the simulation of the
hybrid electric architecture. Given the same tasks, performance of the two systems were compared
in terms of power capabilities to understand if the electric system was able to satisfy power demand.
The analysis allowed testing also the Load Observer energy management strategy in terms of power
split among the two power units and of operational stability.

4.1. Tractor Model Validation

To validate the tractor model, a comparison between experimental measurements and the
simulation of the same tasks was performed. The vehicle model was compared using an acceleration
test performed with a trailer at full load. The driver pedal signal was assigned as input of the
model together with a properly reconstructed signal to represent the gear shifts. The pedal signal
represented the desired working speed for the speed-controlled diesel engine. As shown in Figure 6,
the simulated acceleration test well represents the test performed, especially in terms of vehicle speed.
This comparison allowed validating the gearbox model as well as the wheel model, especially in terms
of rolling radius which affects the overall vehicle speed.

T Acceleration test - trailer 6000kg
o T T T T
\_52000 N —
)
g
g 1000 Simulated |
s 00 | —— Measured
(o)) 1 1 1 1
c 0
[Im| 0 10 20 30 40 50
gloo “ T n ] ' T T
3 ‘- '
2 50t 1
OC) Simulated
=2 g yw N 4 |mmm—— Measured
LU 0 1 1 1 Be/

0 10 20 30 40 50
ko] T T T T
& 4or e —e =i
52
QL &
E =201 Simulated | |
o | | ———— Measured
> 0 4 1 1 1 1

0 10 20 30 40 50
Time (s)

Figure 6. Performance comparison: model vs. experimental data.

Model performance was studied also looking at the engine behavior both in terms of rotational
speed and actual engine load. As shown in Figure 6, a comparison between the simulated and
measured engine speed was performed. This analysis was necessary to validate the speed controller
model which during acceleration showed a close behavior to the real one given the same driver
inputs of the experimental test. Another important comparison was made between the measured and
simulated engine percentage load. The good results obtained allowed validating the engine model in
terms of characteristic map which provided performance very close to the real engine under the same
working conditions.
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The validation of the powertrain parameters with a set of driving tests was important for the
estimation of the PTO loads on those sessions where the use of an implement tool represented the
main power consumption contribution. However, as for the case shown in Figure 7, it is very common
that the tractor also needs to pull the implement during working operations. Thus, the engine load
measured during those sessions was the result of both a load required to pull the implement and of a
power transferred to the external device. The previous validation of the driveline performance allowed
estimating the power consumption related to the tractor movements at a certain working speed. Thus,
the PTO load applied by the external device was obtained by mean of a PI controller on an external
torque actuator whose goal was to track the measured engine load during the simulation of a certain
PTO task. With this simplified approach it was possible to obtain an estimation of the power demand
during the experimental activities on each different PTO implement. The proposed approach allowed
characterizing the PTO activities performed during the experimental session without any specific
knowledge of the working principles of the devices. In Table 4, the main results of this characterization
activity are summarized. The knowledge of the power characteristics in terms of average and peak
power demand for those activities is crucial during the design of the electric system for a new hybrid
electric tractor.

Atomizer - working speed 3.4 km/h
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o
o
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250

(0]
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50 100

150

250

Time (s)

Figure 7. Performance comparison: model vs. experimental data.

Table 4. Statistics of the considered PTO working scenario—Power (kW).

Atomizer Shredder Rotary Harrow
Min 34.5 12 35
Max 40 26 52
Mean 36 19 44
Std 1 2 3
Peak index 1.11 1.37 1.18

The results shown in Table 4 confirm that PTO loads were comparable, in terms of power
demand, to the road transportation, confirming the multi-purpose nature of tractor machine. The most
demanding activity measured and simulated surely was the harrowing. To be clear, harrowing also
requires a high pulling force coming from the traction the tractor wheels are able to apply on the
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terrain. Thus, this activity was actually involving both the driveline and the PTO with a comparable
amount of power. Since the modeling of the terrain behavior during harrowing was not in the scope of
this work, the same technique used to estimate the PTO loads in the case of an atomizer and a shredder
was used to estimate the equivalent PTO load able to represent the harrowing action.

4.2. Performance Comparison: Hybrid vs. Diesel

In this section, performance of both the traditional diesel-powered model of the tractor and the
proposed parallel hybrid electric architecture were compared. The comparison aimed to establish if the
proposed hybrid architecture would be able to perform at least as well as the traditional one in terms
of peak power capabilities estimating also the advantage in terms of energy consumption. The first
comparison shown Figure 8 was performed on the acceleration test discussed in the previous section.
This test was performed in both cases with the trailer at maximum load in order to be coherent with
the experimental measurements. First, a good agreement in terms of engine speed can be highlighted.
This result shows the stability of the Load Observer controller which managed the power split between
the downsized diesel engine and the electric motor. A very stable behavior was achieved during
gear shifts, which represent the most critical phase that could make the controller unstable due to the
quick variation in terms of working condition. The Load Observer action can be highlighted when
comparing the engine load during the same working task. The energy management strategy split the
power output between the engine and the motor so that the overall output of the hybrid power unit
was at the same level of the traditional architecture given the same task.
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Figure 8. Hybrid vs. traditional architecture: acceleration test with full load trailer.

However, the most promising result is shown in the fuel rate estimation plot. In this work, the
goal of the fuel consumption model was not to provide the exact value of the fuel usage but to have a
tool to evaluate differences between the traditional and hybrid architecture. It is clear that the hybrid
unit provided the same performance using less fuel than the diesel one for two main reasons. The
smaller engine had an overall lower fuel consumption due to its size and to the fact that it is used closer
to its nominal working condition (higher engine load). Thus, the engine also had better efficiency.
Moreover, the use of the electric energy stored on the ESS reduced the amount of fuel required to
accomplish a certain task. For the particular case of heavy road transportation, the overall reduction
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of fuel usage can help in reducing the amount of harmful pollutants emitted by diesel engines on
the roads. Moreover, the greener is the electric source from which the ESS of the vehicle is charged,
the higher will be the positive impact of the lower fuel consumption on the tractor.

With the same approach, simulations were performed for the other working tasks derived from
the experimental measurements on the tractor. In Figure 9, the simulation of the Rotary Harrow test
is shown. This task was chosen due to the highly demanding power profile to test both the power
capabilities of the hybrid power unit and its stability during heavy loads. During this activity the
tractor moves at constant speed (usually around 3-5 km/h) pulling the rotary harrow on the terrain.
Having said that, it is clear that the engine speed is practically constant during the task.

T Diesel only vs Hybrid: Acceleration - trailer 6000kg
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Figure 9. Hybrid vs. traditional architecture: rotary harrowing test.

However, results show a good engine speed stability regardless the high variability of the
external load. In addition, in this case, the hybrid power unit was able to provide the same amount
of power given by the traditional architecture using a downsized diesel engine with all the benefits
already discussed. The lower fuel rate of the power unit obtained also in this simulation case confirms
the benefits in terms of pollutant emission and cost savings. However, for operation on agriculture
terrains such as the one simulated in this work, the lower fuel consumption reduces also the amount
of pollutants that deposits on the soil, thus absorbed by the plant and eaten by the population. Table 5
summarizes the overall results obtained on all the activities simulated with both the models given
the input signals derived from the measured data. In the table, an energy consumption comparison
between the traditional power unit (ICE) and the hybrid one (ICE+EM) is performed. The estimated
energy consumption both for the thermal engine and the electric motor were evaluated considering
their average efficiency. In particular, for the engines, this value was obtained from energy content
of the estimated fuel consumption scaled with an average of 20% efficiency for the diesel engine to
make the fuel contribution comparable with the energy usage from the ESS. Given this comparison,
it is possible to confirm what was previously discussed: the use of a smaller engine, optimized for
the average load characteristic of the vehicle, helps also in improving the overall efficiency of the
vehicle during all the proposed simulation scenarios. An average reduction of 16% in the energy
consumption required to accomplish a task confirms that smaller diesel engines with the help of an
electric system can perform better than bigger ones. Thus, it is possible to state that hybrid and electric
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powertrains can effectively represent an alternative propulsion system for orchard tractors providing
good performance in terms of peak power capabilities or same performance level but with a more
efficient energy usage.

Table 5. Tasks experimental characterization overview: (a) Trailer 6000 kg; (b) Trailer 1400 kg;
(c) Atomizer; (d) Shredder; and (e) Rotary harrow.

a b C d e

Work time (h)  0.017 0.05 0.065 0.18 0.2
ICE (75 kW) 23 55 11.9 25.2 36
Hybrid 1.93 45 10 214 29.7
Energy (%) —17% —18% —16% —15% —17%

5. Conclusions

In this work, a numerical model for a hybrid electric orchard tractor was designed to study
performance of a parallel hybrid architecture according to realistic working scenarios. Tractors are
multi-purpose machines and must be designed to meet the needs of the final users in terms of
functionalities, flexibility, and power delivery. The lack of standardized testing cycles requires the
analysis of real use cases to characterize the power demand of each task. In this work, an extensive
preliminary data acquisition from a real working tractor was performed to have enough data to
describe several working tasks. From the experimental data, a set of input signals for the two different
models was derived. One model aimed to numerically replicate performance of the monitored diesel
powered tractor, while the other was designed to study a parallel hybrid electric configuration. The
traditional tractor model was validated comparing performance directly with the measured data.
Moreover, the vehicle model proposed allowed estimating the PTO power demand during those
operations when the engine was in charge of providing power both for the driveline-wheel subsystem
and for the PTO implement. Thus, the working scenarios were applied to the proposed hybrid
architecture. An energy management strategy called Load Observer was implemented in the simulated
controller to properly split the power demand between the two propulsion units: a downsized diesel
engine and an electric servomotor. Simulations showed not only that the proposed architecture
was able to provide the same amount of power of the traditional tractor during different working
conditions, but also that the use of a smaller engine is possible and allows using it more efficiently. The
energy management strategy developed in this work was designed to prefer the thermal engine as
primary energy source. This class of vehicles has very limited on-board space, thus also the size of the
battery pack must be carefully optimized between performance improvements and vehicle integration
needs. Moreover, the proposed energy management strategy aims to reduce the amount of batteries
required for the battery pack. If costs are also taken into account, a poorly designed battery pack
could lead to an increase of the overall cost of the vehicle in terms of TCO (Total Cost of Ownership),
which could strongly affect the industrial success of the hybrid solution. Although the TCO of the
hybrid solution can be lower if the difference in terms of fuel cost is considered (cost of diesel and of
electricity), the initial cost difference should be reasonable to convince the final user to adopt the new
technology. Since nowadays batteries represent one of the highest cost item of an electrified vehicle,
the adoption of an energy management strategy which could effectively use at their best both the
on-board energy reservoirs is mandatory and would translate into a reduction of the initial cost of
the new hybrid technology. The benefits deriving from tractor electrification were highlighted by the
simulation results. Their real environmental impact could be greater if, as often happens, the electricity
stored on the ESS would come from green energy sources such as photovoltaic panels or wind turbines
installed in or nearby the farm. The availability of green energy sources and of electrified agriculture
machines will be the base element for the transition towards modern sustainable and smart farms.
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