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ARTICLE INFO ABSTRACT

Keywords: Climate change and the current energy crisis are creating new challenges to agriculture and new technological
Data mining solutions must be developed to increase agricultural machinery efficiency. Researchers and machinery manu-
Real-world data facturers identified electrified powertrains as a possible solution to meet this demand. The development of field-
CANBUS : e ik . . cqas . ips
Efficiency effective electrified powertrains is challenging mostly due to the wide variability of operating conditions of

agricultural tractors. While the automotive industry adopted reference driving cycles for the design and evalu-
ation of hybrid powertrains, the tractor industry has not been able to easily record external load in real-world
conditions as it requires dedicated systems that cannot be used under prolonged field usages. This study aims
to provide a methodology for estimating a reference working cycle from a multi-year dataset using technologies
available in current commercial tractors. Data were collected on a tractor used for 3 years of agricultural work.
Data were first clustered into work states, then, for each state, signal features from on-tractor sensors were used
to extract key factors to compute the reference work state. With an optimisation solver and a hidden Markov
model, the reference working cycle that synthesised the real-world tractor use was calculated. This cycle was
compared with established cycles for non-road mobile machinery. The new reference cycle better represented
real-world tractor usage as it also complied with low engine operations, which are frequent in farming and
mostly associated with machine setup. The new reference working cycle permits a reliable estimation of fuel
consumption of real-world farming.
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Symbol  Description Units
— - — Symbol  Description Units

a Tractor longitudinal acceleration [ms™]
o ge.T Median value of ground acceleration peaks in acceleration [ms 2] P, Engine power [kW]

events Per Median value of engine power in a task [kw]
dr Distance travelled in a task [km] Peger Median value of P, when acceleration peaks occur [kW]
EPA Environmental Protection Agency [-] PGN Parameter Group Number [-]
f Vector of normalised features [-] PTO Power take-off [-1
f Generic feature of tasks [-] R2 Coefficient of determination [-1]
7. Normalised generic feature of tasks [-] RMC Ramped modal test cycles [-]
fe Engine Fuel Rate [Lh™] SPN Suspect Parameter Number [-]1
GHG Greenhouse gas -1 tre Reference cycle constraint [s]
GNSS Global navigation satellite system -1 trsT Array of the duration of reference sub-tasks [s]
ICE Internal combustion engine [-1 tr Duration of a task [s]
Mo, Actual Engine - Percent Torque [Nm] v Tractor ground speed [m 371]
My Nominal friction - Percent torque [Nm] Vr Median value of ground speed in a task [ms™]
M, Engine Reference Torque [Nm] AV Ground speed differential in an acceleration event [ms™]
Na Number of acceleration events [-1 e Engine Speed [rpm]
nr Array of number of repetitions of reference sub-task [-] @e 1 Median value of engine speed in a task [rpm]
nri Number of repetitions of ith reference sub-task [-1 221 Front PTO output shaft speed [rpm]
NRMM  Non-road mobile machinery [-] @rpTO Rear PTO output shaft speed [rpm]
NRTC Non-road engine transient cycle [-]
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1. Introduction

The agricultural sector is responsible for about 21% of the world’s
greenhouse gas (GHG) emissions, primarily due to the use of fossil fuel-
based fertilisers and the gas emissions of agricultural machinery (Qiao
et al., 2019). The vast majority of self-propelled agricultural machinery
is powered by internal combustion engines (ICEs), which are largely run
on fossil fuels (Edenhofer et al., 2011). Recently, the European Com-
mission has demanded an extreme reduction in fossil fuel consumption
through the approval of the European Green Deal. However, considering
the growing world population, a greater production of food is also
necessary; thus, it is of utmost importance to achieve what the scientific
community denotes as ‘sustainable intensification’ (Baldoni et al.,
2018). The agricultural machinery industry must support this sustain-
able intensification by developing machines with greater capacity,
greater fuel efficiency, and lower GHG emissions. To meet such de-
mands, agricultural machinery manufacturers are following the lead of
the automotive industry by pursuing the electrification pathway (Mat-
tarelli et al., 2019; Moreda et al., 2016; Scolaro et al., 2021). Despite the
greater complexity of electrified powertrain layouts, electrification
maintains the advantage of decoupling external loads from the engine
and thus allowing the engine to operate at peak efficiency. Since 2005,
tractor manufacturers have been presenting prototypes in major trade
fairs for agricultural machinery (Aumer, 2018). The first mild-hybrid
tractor to be commercialised was the John Deere 7530 e-Premium,
which was equipped with an ICE rated at 150 kW and an electric
generator rated at 20 kW for powering accessories (Hahn, 2008).
Compared to the equivalent conventional tractor, this solution
permitted a reduction of fuel consumption in harrowing and trailer
roading by 4% and 16%, respectively (Pessina & Facchinetti, 2009). This
tractor was released in 2007 and, despite lower fuel consumption as
compared to traditional technology, its production was discontinued
two years later, most likely because it did not meet John Deere’s market
ambitions. The process of electrification of agricultural tractors requires
large efforts to develop solutions that can bring real benefits to farmers.
To this end, it is necessary to develop powertrains that permit the
remedy of operational inefficiencies identified through proper field
measurements. These would permit the definition of proper powertrain
layouts and sizes for electric machines, or other control strategies
(Alberti & Troncon, 2021; Corrochano & Harper, 2016; Rossi et al.,
2021; Troncon et al., 2019). However, considering the large variety of
operating conditions, designs should not be focused on a limited set of
data, but rather on extensive data that include all the main tractor
operating conditions (Mattetti et al., 2021).

Over the last 30 years, the automotive industry has pursued this goal
with prolonged real-world measurement campaigns aimed at calcu-
lating reference driving cycles, which are used to assess the impact of
design changes on the performance of components, subsystems or
complete vehicles, or to evaluate exhaust emissions (Dembski et al.,
2002; Samuelsson et al., 2016). Reference driving cycles have mainly
been proposed for road vehicles and are typically represented as a time
history of vehicle speed and road grade. Reference driving cycles should
portray typical driving conditions; in particular, they should concentrate
on overall, real-world vehicle usage (i.e., engine operating points,
ranges of speed and acceleration) over a shorter duration (Ashtari et al.,
2014). This should be carried out without time-scaling to avoid any
artificial or unrealistic alterations (Samuelsson et al., 2016). In the
previous literature, several approaches have been reported, most of
which are based on the approach developed by Andreé et al. (1995) and
Liu et al. (2015).

Scolaro et al. (2021) and Mocera (2021) have pointed out that the
lack of reference working cycles is likely to be the major obstacle to
tractor electrification, as it complicates the definition of proper speci-
fications for sizing electric drives and energy storage systems. Impor-
tantly, the development of a reference driving cycle for agricultural
tractors is far more complicated than for passenger cars because the
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external load is not only dependent on vehicle speed but also on the
pulled implement as well as soil and operating conditions (ASAE, 2015;
Giakoumis, 2017; Varani et al., 2023). Indeed, engine power may also be
required for running different subsystems, such as the power take-off
(PTO), hydraulic outlets and the drawbar, and these can furthermore
be used either individually or in combination. One of the first studies on
the development of reference cycles for non-road mobile machinery
(NRMM) was carried out by the United States Environmental Protection
Agency (EPA) (Ullman et al., 1999). The results of this study led to the
development of several legislative reference cycles, mainly for exhaust
emission evaluation, such as the ISO 8178 (ISO, 2017), ramped modal
test cycles (RMC) (UNECE, 2010), and non-road engine transient cycle
(NRTC) (U.S. Environmental Protection Agency, 2004). The latter has
been employed for the measurement of gaseous and particulate matter
emissions for Stages III/B in 2011 and IV in 2014 together with the
steady-state ISO 8178 C1 (ISO, 2017). NRTC is compliant for a compo-
sition of tasks of NRMM (i.e., excavators, backhoes, wheel loaders, etc.),
but the portion of the cycle representing a common task carried out by
agricultural tractors lasts only 150 s. Landis (2014, pp. 1-8) reported
that the NRTC testing procedures did not accurately match typical
tractor operating profiles, while McCaffery et al. (2022) used them to
evaluate the performance of aftertreatment systems. Recently, a study
was published in which a test cycle for determining real-world emissions
was proposed (Ettl et al., 2022). Additionally, the German Agricultural
Society (DLG, Frankfurt, Germany) developed the DLG-PowerMix (Pieke
et al., 2017), which is a set of reference cycles for estimating the po-
tential fuel consumption of agricultural tractor. The set is comprised of
12 field cycles and two transport cycles, with each expressed as a time
history of the power delivered by each tractor subsystem (i.e., PTO,
hydraulic outlets, drawbar). Each cycle is scaled with a factor depending
on the peak PTO power of the tractor being tested. However,
DLG-PowerMix does not fully synthesise tractor use, as it does not
reproduce all the ancillary activities, such as engine idling, which are
frequent in real-world farming (Perozzi et al., 2016; Varani et al., 2022).

Most of these standards and studies have been based on a limited
amount of real-world data (e.g., <10 h in the case of the study carried
out by Ettl et al. (2022)) due to the supposed low disparity in the
operating schedules of NRMM and also because most of these studies
were carried out when the costs of data loggers and storage/memory
were rather high (Ullman et al.,, 1999). Nevertheless, Perozzi et al.
(2016) monitored a large fleet of agricultural tractors and reported a
large variability in operational conditions. This paper aims to fill this
knowledge gap by developing a methodology for the construction of a
non-legislative reference working cycle for agricultural tractors using a
multi-year set of real-world data, which can be used to synthesise a
portion of a typical working day over a shorter duration. Here, this cycle
will be referred to as a real-world farming cycle (RWFC).

2. Materials and methods
2.1. Data collection

The methodology was applied on the New Holland T7.260 tractor
(CNH Industrial, Amsterdam, The Netherlands) whose specifications are
reported in Table 1. This tractor is not representative of the fleet of
tractors in European farms, but it was chosen for the study since tractors
of this class are rich in terms of embedded sensors allowing for
comprehensive monitoring of the activity of the different embedded
subsystems easing the research.

The tractor was used on the experimental farm of the University of
Bologna between October 2018 and November 2021. This farm manages
approximately 500 ha of land, of which ~80 ha is devoted to specialty
crops and the rest to cereals (mostly, wheat, corn, and sorghum). The
same CANBUS data logger used by Mattetti et al. (2021) was installed
and set up on the tractor to start recording anytime that the tractor
engine was turned on. The tractor was used by a limited number of
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Table 1
Specifications claimed by the manufacturer of the tractor used in the study.
Variable [unit] Value
Engine displacement [c m®] 6728
Number of cylinders 6
Engine stage 4
Maximum engine power when PTO is 191@2200
engaged [kW@Qrpm]
Maximum engine power when PTO is 158@2200

disengaged [kW@rpm]
Transmission Full-powershift, 19 gears in forward
and 6 in rearward
Engine speed at PTO 540/540E/1000/ 1931/1598/1912/1583

1000E [rpm]

different professional farmers, and the authors purposefully did not re-
cord the driver so as not to interfere with the farming procedures. Thus,
farmers were fully unaware of the monitoring process and data were
recorded in the most realistic conditions. For this study, only signals
with the following Suspect Parameter Numbers (SPNs) and Parameter
Group Numbers (PGNs) (ISO, 2012; SAE, 2013) were used for analysis:

e SPN 544 and PGN 65251: ‘Engine Reference Torque’ reporting the
maximum torque the engine can deliver and denoted as M, in the
following.

SPN 513 and PGN 61444: ‘Actual Engine - Percent Torque’ reporting
the torque as a percent of M, and denoted as M,y in the following.
SPN 513 and PGN 5398: ‘Nominal friction-percent torque’ reporting
the frictional and thermodynamic loss of the engine itself, pumping
torque loss and the losses of fuel, oil and cooling pumps as a percent
of M, and denoted as My in the following.

SPN 190 and PGN 61444: ‘Engine Speed’ reporting the revolution
speed of the engine crankshaft and denoted as w, in the following.
SPN 1883 and PGN 65090: ‘Rear PTO output shaft speed’ reporting the
speed of the rear PTO and denoted as w,pro in the following.

SPN 1882 and PGN 65090: ‘Front PTO output shaft speed’ reporting
the speed of the front PTO and denoted as wpro in the following.
SPN 1877 and PGN 65093: ‘Rear hitch in-work indication’ reporting
the rear hitch is positioned below (in-work) or above (out-of-work)
85% of the position of the rear three-point linkage (SPN 1873 and
PGN 65093).

SPN 183 and PGN 65266: ‘Engine Fuel Rate’ reporting the amount of
fuel consumed by engine per unit of time and denoted as f, in the
following.

SPN 1878 and PGN 65094: ‘Rear draft’ reporting the horizontal force
applied to the lower hitches.

In addition, a GNSS (global navigation satellite system) receiver with
an update rate of 10 Hz, with no differential correction and with a
purported accuracy of 2.5 m (in terms of circular error probable) (IPE-
Speed, IPETronik GmbH, Baden Baden, Germany) was installed in the
tractor to monitor its position and its ground speed (V). For consistent
time sampling, all signals were resampled at 10 Hz using a cubic spline.
From the recorded data, the tractor’s longitudinal acceleration (a) was
calculated through numerical first-order differentiation of V, while the
engine power (P,) was calculated with Eq. 1:

Mg% — Mf
100

2r

P, =M, We—r
60

Eq. 1

2.2. Data classification

Acquisitions shorter than 5 min were removed from the analysis to
avoid the inclusion of any erroneous data coming from ancillary activ-
ities caused by the monitoring process or the machinery setup. Using the
approach developed by Mattetti, Medici, et al. (2022), data were clas-
sified into the following work states: idling, moving and fieldwork with
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and without the use of PTO. Fieldwork was considered as at minimum a
sequence of a pass, a headland, a pass, and another headland turn; the
use of PTO was considered to occur when the PTO speed was >0 rpm.
The tractor used for the test had an automatic PTO function that auto-
matically turned off the PTO when not needed, so this signal was
considered accurate by the authors for discerning PTO applications from
non-PTO ones. A time segment in which a certain work state occurred
was denoted as a task. For each task, only the portion between two
points where the tractor was idle was retained. This avoided the intro-
duction of any artificial points between joined tasks during the cycle
reconstruction. Tasks with a retained percentage of lower than 80%
were removed and not considered for further analysis. In order to pre-
vent wrongly detected tasks, tasks shorter than a given threshold were
removed from subsequent analyses. The adopted thresholds were
dependent on the type of work and were: 10 s for idling, 60 s for field-
work and 300 s for moving. These thresholds were detected through an
explanatory analysis of the detected tasks.

For each task, features dependent on the type of work state were
calculated and reported as indicated below:

e For all work states:
o Median value of engine power (I_Je,T).
o Standard deviation values of engine power.
o Median value of engine speed (@,.r).
o Standard deviation value of engine speed.
o Median value of ground speed (Vr).
o Duration (t7).

e For moving states:

o Travelled distance (dr).

o Fuel use rate in L/100 km.

o Number of acceleration events (n,) normalised for dr. Acceleration
events were identified as the conditions in which the ground speed
differential (AV) was >5.5m s~ in 120 s (Fig. 1).

0 Median value of ground acceleration peaks in acceleration events
(ae,ae.T) (Flg 1)

o Median value of P, when acceleration peaks occur P, g t.

For fieldwork states:

o Median value of ground speed during the passes state (Vr).

o For passes with PTO, median speed of the engaged PTOs during the
passes state (@rpro)-

o Median value of the rear draft during passes.

14 4

12 7

—

8

round speed (V) [ms™!]

o
x

oL —
3290 3300 3310 3320 3330

Time [s]

3340 3350 3360 3370

Fig. 1. Ground speed (V) and tractor longitudinal acceleration (a) during an
acceleration event and identification of peak acceleration (redpoint). AV in-
dicates the speed differential in acceleration events. In the plot, dashed lines
were used for entire signals, while the continuous lines were used to highlight
the acceleration event.
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o Standard deviation of the rear draft during passes.
o Fraction of time spent for the headlands with respect to tr.

2.3. Determination of reference work states

Considering that the aforementioned features had a different range
of values, each feature (f.) was transformed to fall into a range between
0 and 1 using Eq. (2).

~ f. —minf,
J = ax o — min . Fe- 2
Thus, each task was characterised by a vector of normalised features
(f), thereby permitting extraction of the key factors of each task. Each
work state was further classified into three work sub-states based on the
tertiles of a certain feature. In particular, for idling, moving, fieldwork
without PTO, and fieldwork with PTO, the features were tr, P, e/ Qe ge.T»
P,.r/Vr, and Vr, respectively. The features used for sub-classification
were chosen on the basis of the authors’ experience. This sub-
classification was carried out to increase the variability of the oper-
ating points of the machinery and to spread out the operating points of
the engine during the reference working cycle. Considering the limited
number of features adopted for task characterisation, and as suggested
by Ericsson (2001), no feature selection technique was adopted. For
each work sub-state, a representative sub-task was first selected by
calculating the pairwise Euclidean distance between f of tasks and then
calculating the sum of all pairwise distances of a certain task (Fig. 2).
Thus, the selected representative sub-tasks were those that deviated
less from all the sub-tasks falling in the same work-state tertile. In Fig. 3,
the fieldwork task with the maximum and minimum distance is
compared with a set of randomly chosen tasks. It should be noted that all
tasks exhibited a similar pattern of P, with two high level portions
occurring during the field passes and two low-level portions occurring
during the headlands. Tasks may change in duration, in the contribution
of the headlands, and the mean and standard deviation values of P,
during the passes. The task with the minimum distance (blue line in
Fig. 3) resembled most of the tasks while the task with the maximum
distance (red line in Fig. 3) was significantly different from the rest of

the samples.
11
10
7 9
o 7
3
2
1
5

Fig. 2. Example of the approach used for selecting the reference task. On the
left is the pairwise distance among tasks, while on the right there is the sum of
the pairwise distances of tasks. The task with the lowest sum was selected as the
reference task, which is enclosed in the red rectangle in the figure. The colour
bars report the values of the distances. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 3. Time history of engine power (P.) of a selection of randomly chosen
fieldwork without PTO tasks (in grey), as well as sequences with the lowest
(blue) and greatest (red) distances. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

2.4. Cycle construction

Once the reference sub-tasks were identified, their number of repe-
titions (nt) were calculated to produce the distribution of P, of the entire
dataset. To this end, the following optimisation problem was defined
and solved through a genetic algorithm (Miller, 2000) that was chosen
for its ability to solve integer programming problems.

e Design variable: nr.

e Objective function: Maximisation of the coefficient of determination
(R?) between the probability distribution function of the measured
engine power and that of the cycle.

e Constraints:

0 trsT-nt < tRC-
o nT7i>1

where tggr is the array of the durations of the reference sub-tasks, while
nr; is the number of repetitions of the ith reference sub-task.

Without the first constraint, the optimisation problem solvers were
steered towards long cycles to maximise the objective function. There-
fore, considering the limited time available for machine development in
engineering practice, the first constraint was added in order to limit the
duration of the reference cycle to a certain value (tzc). In this study, tgc
was considered to be 2 h, as this value was calculated from the collected
data, in which it was observed that for 50% of the time the engine was
continuously running for less than 2 h.

Once the number of repetitions was calculated, the cycle was sto-
chastically constructed by concatenating the reference sub-tasks in
sequence. To do this, the Markov chain model was used. More specif-
ically, the transition probability matrix among work states was calcu-
lated and was used to select the subsequent work state for
concatenation. Considering that idling tasks were usually shorter than
the others, and that tractors were run on idle for a significant amount of
time, a large number of repetitions of the reference idling tasks could
potentially be obtained. The excess idling reference tasks obtained were
equally placed at the ends of the reference cycle as idling is frequent at
the ends of the working day (Molari et al., 2019).
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3. Results and discussion

The real-world dataset consisted of 982 h of data; the median
duration of the tractor workday was 4 h and 44 min. In the dataset, the
number of tasks detected were 12,226 of which the percentage classified
as idling, moving and fieldwork were 20%, 43%, and 37%, respectively.
The median values of the reference sub-tasks for the most meaningful
features (according to authors’ experience) are reported in Table 2.

Idling reference tasks were the shortest and the work state where the
lowest values of P, were observed. The longer reference tasks were those
classified as moving work state, and this may have been caused by the
fact that this tractor was used on a farm with fields distributed over a
large area, which is a typical layout of farms in the Bologna province
(Italy), and where transfers from field to field are common. Indeed, the
distance between the two farthest fields is 40 km and the tractor covered
~9000 km year ! driving on roads between fields. The duration of the
reference sub-tasks classified as fieldwork was mostly dependent on the
pattern of headlands (90% of the headland turns could be classified as
fishtail turns (Hunt & Wilson, 2015), length of the field (the 15™ and
85h percentiles of field lengths were 40 and 249 m), and ground speed
during passes (the 15% and g5t percentiles were 1.3 and 2.5 m s’l). P
of field works reference tasks were significantly higher than the others.
Nevertheless, the moving work state was irregular, with bursts of P, in
acceleration events (Mattetti, Michielan, et al., 2022) leading to values
of up to the maximum engine power and, consequently, to a wide range
of P,. Moreover, P, ; were correlated with V due to the fact that, on the
road, the largest share of the motion resistance was due to the tyre
rolling resistance, both of which are correlated with the tractor’s ground
speed. Values of P, for the reference fieldwork tasks were among the
greatest and during the headlands, P, was low (Fig. 3). Thus, the range of
P, in the fieldwork reference task was high where the distinction of P,
between the two operating modes (i.e., field passes and headlands) was
clear. Values of P,y in fieldwork with PTO were greater than those of
fieldwork without PTO, as when the PTO was engaged, extra power was
delivered by the engine (Table 1). For @.r, the lowest values were
observed during idling, while the largest values were observed during
field-work. In these conditions, farmers operated where the engine can
deliver its peak power. In moving, @, was low because tractors were
usually used with high gears and a low load for a better driver comfort
and fuel consumption. The values of Vr in this work state fell into the
typical range for field operations (i.e., between 1.4 and 3.3 m s %)
(ASAE, 2015). It can be seen in Table 2 that, by combining the different
reference tasks, the tractor could be made to operate across the entire
domain of engine parameters and ground speed.

The typical working day of the tractor was equivalent to a sequence
of tasks leading to a field operation (Mattetti, Medici, et al., 2022). This

Table 2
The most meaningful features for each reference sub-task.
Work state trsr [s] P.r [kW] @, [rpm] Vrms '
1dling 20 4 850 0.0
75 5 850 0.0
403 5 850 0.0
Moving 1118 58 1417 7.9
464 39 1444 5.1
472 42 1771 6.6
Fieldwork without PTO 236 111 1853 2.1
175 164 2071 21
206 150 2140 1.6
Fieldwork with PTO 321 152 1873 0.9
317 168 1896 1.1
213 188 1945 1.6
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is demonstrated by the transition probabilities between work states
(Table 3). The transition probability ‘from idling to moving’ was much
greater than that of ‘from idling to fieldwork’. This is because idling
mostly occurs around farm building for activities such as implement
hitching, or machine servicing. In this condition, the only possible
subsequent tractor state is moving due to the on-road transfer to a field.
When a tractor leaves the road, it then enters a field and the equipment
setup is usually changed (i.e., the implement must be adjusted from the
transport mode to an operational mode). This forces the operator to halt
the tractor, leading to an intermediate idling task. An idling stop should
also occur when a field has been processed and the driver stops the
tractor to change the implement operating mode (i.e., from an opera-
tional mode to the transport mode). So, ‘from idling to moving’ transi-
tions occur when leaving farm buildings and when leaving fields, while
‘from moving to idling’ transitions occurs only when entering fields and
this should explain the higher transition probability of the ‘from idling to
moving’ than ‘from moving to idling’. This may explain why the tran-
sition ‘from moving to idling’ was more frequent than that of ‘from
moving to fieldwork’. Even if fieldwork tasks were interrupted by an
idling task for implement adjustment (Molari et al., 2019), the transition
from fieldwork to moving was more frequent than that from fieldwork to
idling, as tractors may work on large fields separated by drain channels.
This process also interrupted a fieldwork task with a moving one.

In Fig. 4, the comparison between the probability density function of
P, of the dataset with respect to that of the RWFC is reported. It can be
seen that the two distributions have a high similarity. Indeed, the
resulting R? between the two functions was 0.74 and, they were similar
in shape since both exhibited a multimodal distribution. In particular,
the global maximum value was 5 kW, mostly occurring during the idling
phase. The other local maximums for the dataset were 168 and 188 kW,
occurring mostly on the 2nd and 3rd quartiles of passes with PTO,
respectively (Table 2). Moreover, the overlapping area of the two dis-
tributions was 83%, indicating a high similarity between the two.

The dataset and RWFC were compared with NRTC and EPA cycles,
which are commonly used for NRMM (Giakoumis, 2017). The EPA cycle
predominantly resembled a typical field operation, with a limited
amount of idling and a sequence of field passes, headland turns, and field
passes. Thus, in the cycle, there were two high-load portions as well as a
lower one (Fig. 5a). The NRTC is a legislative cycle for NRMM engines
comprising earthmoving machinery operations (Fig. 5b). In these op-
erations, bursts of load are common, especially for excavators, and these
were observed in the cycle around minute 13. However, the RWFC
included only agricultural operations with different levels of intensity
where, unlike in other applications, idling portions of different durations
were distributed over the cycle.

In Fig. 6, the probability histograms between w, and P, are reported.
It can be seen that, during the monitoring period, the engine was
operated over the entire operating domain; the greatest probability
occurred when the engine speed and power were very low during idling.
Moreover, the tractor was operated for a significant amount of time in
the range of engine speeds between where the peak torque and the peak
power occurred (i.e., 48%). This can also be observed for the RWFC
distribution (Fig. 6d) but not for the EPA and NRTC cycles. Indeed, in
these two cycles, but especially for EPA cycle, only a limited part of the
domain of engine parameters is covered. For the EPA cycle, engines
mostly operate in idling and around maximum power region; while on
for NRTC, engines also operate for a significant amount of time in partial

Table 3
Transition probabilities between work states.
To
Idling Moving Field work
From Idling 0 0.8136 0.1864
Moving 0.6883 0 0.3117
Fieldwork 0.3328 0.6672 0
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load conditions. Moreover, the values of the probability of the dataset
and RWFC were significantly lower than those observed for EPA and
NRTC cycles, as data were spread out over a greater number of bins.
Considering that all cycles had significantly different durations, basic
statistics of engine-related parameters were calculated (Table 4) to
perform a quantitative comparison between the dataset and all cycles.
Table 4 highlights the large difference between the two established
cycles (i.e., EPA and NRTC) with respect to the dataset. By comparing
the mean fuel consumption for the EPA cycle with that of the dataset, the
former differed from the latter by 71%, and it can immediately be
deduced that the EPA cycle does not represent the usage of the tractor
within this study. This large difference in the EPA cycle was caused by
the fact that it represented only heavy load operations, which represents
less than 50% of the use of this class of tractors in Italy (Mattetti et al.,
2021). Furthermore, since the deviation of the mean fuel consumption of
NRTC compared to that of the dataset was only 7%, it can be deduced
that the NRTC cycle faithfully reproduced tractor usage in this study.
However, by analysing the other statistics reported in Table 4, the NRTC
was not overall able to reproduce the real-world tractor usage due to its
inability to reproduce low-demand engine operations. Indeed, the idling
period in the EPA and NRTC cycles was approximately five-fold lower
than that shown in this study’s dataset. Moreover, the NRTC included
two idling phases, lasting for 23 and 25 s, respectively, but idling stops
could be much longer than this (Molari et al., 2019), leading to poten-
tially higher specific fuel consumption and exhaust emission levels than
those occurring in real-world farming (Rahman et al., 2013). Further-
more, the distribution parameters (i.e., values of 10%, 50", and 90
percentiles) of w,, T., and P, and their gradients were significantly
different than those of this study’s dataset. In particular, the 50t
percentile of w, in the NRTC and EPA cycles were respectively 17% and
39% greater than that occurring in this dataset. Moreover, the 90™
percentile of w, of the NRTC and EPA cycles were respectively 17% and
2% greater than their 50T percentile values, which were lower than that
of the dataset (i.e., 26% greater than its soth percentile). This difference
indicated the different distributions of w, of both cycles, which were,
especially for EPA, significantly more left skewed than that of the
dataset. This is the consequence of the fact that both cycles were mainly
comprised of only very high and very low engine load portions. This
differs from real-world farming, where engines of agricultural tractors
operate at a different range of @, due to the different operating demands.
For example, during PTO field operations, the engine should be run at
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the nominal speed of the PTO in operating mode (i.e., standard or
economy) (Table 1). On the other hand, for tillage and moving opera-
tions, the engine usually runs at a speed between that of the peak engine
torque and power in order to maximise tractor driveability. With respect
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Table 4
Comparison between basic statistics of engine-related parameters of the dataset
with EPA, NRTC, and RWEC.

Parameter Dataset EPA NRTC RWFC
Duration [min:ss] 58,924:00 10:20 20:38 116:44
1dling period [in % with 25 6 5 36
respect to the entire
duration]

Mean fuel consumption 17.4 29.7 18.6 14.0
LA

Engine speed: 849/1629/ 860/ 1052/ 850/
10"/50"/90" 2058 2276/ 1903/ 1290/
percentiles [rpm] 2324 2226 2009

Engine power: 5/50/169 0.4/82/ 6/65/137 4/30/163
10"/50"/90" 181
percentiles [kW]

Engine torque: 57/298/ 4/341/ 55/336/ 48/198/
10"/50"/90" 846 846 687 816
percentiles [Nm]

Gradient of the engine —63.6/0.0/ -16.7/0/  —-101.2/0/  —46.4/
speed: 64.8 16.9 85.7 0.0/42.6
10"/50"/90™
percentiles [rpm s™']

Gradient of the engine —109.5/0/ —60.6/0/ -122.0/0/  -82.5/0/
torque: 113.5 60.20 122.3 84.1
10"/50"/90™
percentiles [Nm s

Gradient of the engine —16.8/0/ —13.7/0/ -22.1/0/ —12.5/
power: 17.6 14.0 23.1 0.0/13.4
10th/50th/90th

percentiles [kW s~

to the dataset, the 50 and 90 percentiles of P, of the NRTC cycle were
greater than that of the dataset of 15 and 32 kW, which corresponded to
8% and 18% of the peak engine power, respectively. For the EPA cycle,
the 50% percentile of P, of was 32 kW greater than that of the dataset.
Moreover, the 10™ percentile of the EPA cycle was almost 0 kW because
in the idling phase of the EPA cycle the engine power is 0 kW. This is
unrealistic, as during idling, the engine drives accessories that demand
up to 4 kW of power for this type of tractor (Saetti et al., 2021). During
the EPA cycle, the engine operated in a less transient operating condition
than that which occurs in real-world farming conditions. This can be
observed by comparing the statistics of gradients of w,, T, and P,, which
were significantly lower in absolute value than those of the dataset. The
NRTC cycle is slightly more transient than the dataset; indeed, the
gradients of w,, T, and P, were, in absolute value, up to 59%, 31%, and
12% greater than that of the dataset, respectively. This was probably
caused by the fact that the NRTC cycle was also designed for earth-
moving machinery operations that are notoriously more transient than
agricultural ones. Thus, these results demonstrated that the EPA and
NRTC cycles were not fully representative of real-world tractor usage,
and therefore should be used with prudence for evaluating GHG emis-
sions or the potential fuel consumption of agricultural tractors. On the
other hand, the RWFC represented a combination of certain portions of
the dataset; thus, deviations for most of the statistics when compared to
those of the dataset were generally lower than those of EPA and NRTC
cycles.

The cost of better representativeness of the RWFC with respect to
other cycles was a comparatively longer duration of the cycle with
respect to established cycles. Indeed, most of the cycles in use for vehicle
testing are typically shorter than an hour (Giakoumis, 2017). However,
in order to increase the representativeness of cycles with respect to
real-world driving, they have been extended in the last decades. Indeed,
the ECE-17 adopted in Europe between 1970 and 2017 for passenger
cars was limited to 800 s, while the current cycle (i.e., WLTC) lasts 1800
s. Therefore, the greater duration of RWFC than the other cycles in use
should not be considered a critical factor in a modern context where a
reliable estimation of fuel consumption and GHG emissions is of primary
importance.
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Although the developed cycle proposed here was based on data
collected from a single tractor, the representativeness of the reference
cycle could be increased by employing the same methodology on an
enlarged, real-world dataset. Another future development in this line of
research would be the calculation of a tractor class-independent working
cycle by scaling engine parameters, as has been carried out for the EPA
and NRTC cycles. Moreover, it would be beneficial for farming to
develop a European working cycle, such as that created for passenger
cars. However, considering that agriculture is characterised by regional
practices, it will be a challenge to create a working cycle that includes all
the uses, and will require a very large dataset based on real-world usage.

4. Conclusions

The automotive industry has demonstrated that driving cycles can be
used for many purposes, such as refinement of vehicle design, estimation
of fuel use and emission control. In agricultural engineering, very few
studies have investigated such topics, and the design of novel machinery
is still based on old rules or assumptions. However, the growing interest
in tractor electrification will require novel approaches for designing
efficient tractors in farming applications and this will require a reference
tractor working cycle. Here, the first wholistic tractor-specific reference
working cycle was developed using a CANBUS data analytics approaches
applied to data collected from a single tractor operated over 3 years on a
mixed cropping enterprise near Bologna, Italy. The new reference cycle
was shown to outperform other machinery reference cycles, in particular
in its ability to account for idling processes that are typical in farming
operations. The development of better tractor-specific driving cycles
will permit engineers to steer the design of machinery, including ma-
chinery with electric motors, towards more realistic operating condi-
tions, potentially resulting in more efficient tractors.
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