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Abstract: As agricultural tractors function under various soil and environmental condi-
tions, optimising their design and paraameter settings for enhanced traction performance is
essential for maximising their operational efficiency. This study aimed to assess the traction
capabilities of standard tractors, ensuring effective operations even under highly demand-
ing conditions. A traction load measurement system was refined to collect performance
data, and standardised tests were conducted on a concrete track to evaluate key traction
metrics. The analysis considered drawbar pull, traction force, travel reduction (slip), and
net traction ratio. Two tractors from the same model series, featuring similar design charac-
teristics but differing in engine power, were compared. Three primary parameters—tractor
mass, tyre pressure, and engine power—were evaluated across six distinct operating condi-
tions. Results recorded at forward speeds below 6 km/h indicated that lower tyre pressure
led to an increased net traction ratio due to the enhanced drawbar pull. Additionally, an
increase in tractor mass contributed to a higher drawbar pull, which, in turn, improved
traction force across all speed ranges. The maximum traction force was not significantly
affected between 66 kW and 86 kW tractors at speeds up to 4 km/h. Meanwhile, the
traction force remained high up to velocities of 6 km/h in the 86 kW tractor. The efficiency
(i.e., the ratio between measured and declared power) varied between 64% and 70% for
the 66 kW tractor and between 70% and 74% for the 86 kW tractor. The travel reduction
was mainly affected by the power of the tractor. The slip caused a reduction close to 4 and
6 km/h for the 66 kW and 86 kW agricultural tractors, respectively. Overall, the proper
adjustment of tractor parameters significantly impacted their traction performance, and
the findings provide valuable insights for improving tractor designs and field applications.

Keywords: drawbar pull; engine power; dynamic traction ratio; slip; traction ratio

1. Introduction

The growing demand for food due to the increasing global population implies that
productivity and efficiency need to be increased in the context of contemporary modern
agriculture [1].

Agricultural tractors, which are used to power farming tools and implements, are key
vehicles in modern agriculture [2]. Their tractive efficiency is a main performance parameter
to be improved for field operations [3], and the performance of tractors has always been
a subject of interest among the manufacturers and users of agricultural machinery. To
assess the performance of tractors, different testing procedures have been developed in
many countries, such as Europe and the United States [4]. In 1959, the Organization for
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Economic Co-operation and Development (OECD) published the first normalised test code
for assessment of the performance of agricultural tractors; in particular, a standardised
procedure for tractor performance was proposed, with the aim of obtaining comparable
results across OECD countries [5]. Consequently, since 1959, tractor traction performance
has been tested worldwide according to the standardised test procedure of the OECD Codes
1 and 2 (OECD Codes 1&2) [6]. Nevertheless, at present, only OECD Code 2 is available
for tractor testing. In field operations, the power of the tractor engine is converted into
pulling force through interaction between the tractor drive wheels and the soil [1]; however,
several studies have shown that tractor power is wasted by percentages ranging between
20 and 55% [2,3], leading to a consequent decrease in tractive efficiency. During traction
tests, the tractor mass affects the dynamic load and the traction force introduces slip (travel
reduction) due to wheel-ground interactions. As described by Battiato and Diserens [7],
the parameters affecting wheel—soil interaction can be divided into three categories: (1) tyre
design parameters (e.g., diameter, width, height, inflation pressure and flexibility), (2) soil
properties (e.g., soil type, soil moisture, and so on), and (3) tractor parameters (e.g., wheel
load and speed). Experimental results focused on tractive performance demonstrated the
advantages of correct inflation pressure in tractor tyres. Net traction and tractive efficiency
both increased when the inflation pressure was correctly set according to the specifications
of the tyre manufacturer [8]. Studies have demonstrated that the performance of tyres is a
function of both dynamic load and travel reduction [9]. The influence of the tyre contact area
has been demonstrated by Kim et al. [10], who considered four different tyre combinations
in a paddy field. Wheel-soil interaction is a key subject associated with the evaluation
of traction performance [11-13]. As studied by Kumar et al. [14], increasing ballast loads
in tractors improves their pulling ability and tractive power efficiency. Increasing the
tractor’s mass increases the net traction ratio (NTR) and affects the stability, improving the
tractor’s safety in addition to its operating performance. Different ballasts and ballasting
approaches for tractors are available; however, as described by Regazzi et al. [15], tractor
front ballasting, compared to rear or ventral ballasts, decreases the risk of the vehicle
wheelie phenomenon. A mechanical load (named the multiplier counterweight) that allows
for mass distribution adjustment during normal tractor operations was studied; however,
unfortunately, the adjustment of tractor mass distribution obtained with the mechanical
tool did not have noticeable effects on tractive performance or fuel consumption [16]. It
has been noted that, in Europe, the regulation on tractor road circulation currently requires
at least 20% of the tractor’s total mass on the steering axle [17]. Tractor adhesion is defined
in terms of the traction capacity, mainly related to the weight on the driving axle/axles
and the features of the contact areas between the ground and the driving components.
Reducing the inflation pressure of the tyre or increasing the axial load of the wheel will
affect the tyre-ground contact area. It has been demonstrated that, when reducing the
tyre inflation pressure by 37% and increasing the tractor’s mass by 6 kN, the length of the
tyre’s footprint on the ground increased by 26%, which increased up to 39% when adding a
further 2 kN [18].

The aim of the present study was to evaluate the traction performance of two tractors
that are identical in terms of their design and main features, but differ in terms of power
output. To evaluate how the engine power, tractor weight, and tyre inflation pressure affect
the drawbar pull, six tractor configurations were studied: three configurations for a 66 kW
tractor and three for an 86 kW tractor. These include two configurations with standard
weight and standard tyre inflation pressure, two configurations with standard weight and
low tyre inflation pressure, and two configurations with ballasted weight and standard tyre
inflation pressure. For this scenario, the testing procedure in OECD Code 2 was considered.
The traction performance of the tractors was evaluated in different gears, thus covering
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a speed range from 2 km/h to 11 km/h, reflecting the working speeds associated with
most field operations. The best configuration of the tractor, in terms of the operation to be
performed, was identified through maximisation of the traction performance.

2. Materials and Methods
2.1. Characteristics of the Tractors

Three tractors were considered: one braking tractor and two tested tractors.

The braking tractor was a John Deere 6620 (John Deere, Moline, IL, USA) weighing
55.72 kN, which was properly equipped with sensors and a load cell.

The tested tractors were manufactured by CNH Industrial Italia S.p.A. (Turin, Italy) and,
being in the same family type and differentiated in terms of engine power output, were con-
sidered to be representative of low- and high-power tractors. The first tractor was a CASE TH
Farmall 90 C (Figure 1a), with engine power declared by the manufacturer to be approximately
90 HP, corresponding to 66 kW @ 2300 rpm. The second tractor was a CASE IH Farmall 120 C
(Figure 1b), with engine power of approximately 120 HP, corresponding to 86 kW @ 2300 rpm.
Both tractors were four-wheel drive (4WD) with a maximum forward speed of 40 km/h. Both
tractors were mounted with a mechanical transmission, a synchronised mechanical gearbox
with three ranges and eight gears (24 x 24 Hi-Lo), and were tested at a weight of 40.17 kIN.

Figure 1. The tractors considered: (a) a low-power tractor and (b) a high-power tractor.
The specifications of the tractors used in the traction tests are reported in Table 1.

Table 1. Specifications of the tractors in the traction performance tests.

Description Unit
Braking tractor John Deere 6620 (97 kW)
Weight (kN) 55.72

CASE IH Farmall 90 (66 kW)

Pulling tractors CASE TH Farmall 120 (86 kW)

Weight W (kN) 40.17
Wheelbase Z (m) 2.285
Tyre (front-rear) (m) 14.9 R24-18.4 R34
Tyre width (front-rear) (m) 0.378-0.467
Speed Radius Index RI (front-rear) (m) 0.60-0.775
Rim diameter D (front-rear) (m) 0.61-0.86

Tyre inflation pressure (front-rear) (kPa) 160-160
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2.2. Traction Performance

Tests were performed at the official OECD Testing Station in the “Meccanica Agraria”
Laboratory at the Alma Mater Studiorum University of Bologna (UNIBO). The Tractor
drawbar power tests were carried out according to the OECD Code 2 procedure.

The test procedure required at least seven gear/speed settings, ranging from 2.5 km/h
to 17.5 km/h. During all tests at the drawbar, the tractor governor control was set for the
maximum power and the performance values were recorded only up to 15% mean wheel
slip, as suggested in Code 2. This limit has been discussed by Smerda and Cupera [3],
explaining that a wheel slip exceeding 15% decreases the engine power’s efficiency in
being transmitted to the ground. Tests were performed in those gear/speed settings, from
one giving a travel speed immediately faster than in the gear/speed setting in which
the greatest maximum power was developed, down to one immediately slower than the
gear/speed setting, allowing the maximum pull to be developed [6].

Traction performance is determined in terms of the traction force available at the
tractor drawbar (drawbar pull) or, alternatively, in terms of the net traction ratio (NTR),
defined as the ratio of Traction Force (TF) to Tractor Weight (W):

TF TF
NTR= — = —— (1)
W~ W, + W,
where W, and W, are the static weights at the front and rear wheels on the ground, respec-
tively (Figure 2).
CoG Centre of gravity
w, Static weights at the front wheels on the ground
Wy Static weights at the rear wheels on the ground
TF Traction force
w Tractor weight
a Horizontal distance between the CoG and rear axle
b Horizontal distance between the CoG and front axle
H Static height above ground of the line of draught
Ra Horizontal ground reactions on the front wheels
Rb Horizontal ground reactions on the rear wheels
F, Tractive effort at the front axle of the tractor
Fy Tractive effort at the rear axle of the tractor

Figure 2. Dynamic equilibrium of a 4WD tractor when the tractor applies a horizontal pull force.

TF is affected by the tractive coefficient between the ground and the driven wheel,
as well as the normal load on the drive wheel. The drawbar pull is equal to the tractive
effort at the outer part of the drive wheel, subtracting the resistance to motion. Finally,
the maximum drawbar pull exerted is a function of the ground type and condition, tyre
features, wheel slip, motion resistance, and the total load on the driven wheels. The total
load on the wheels is influenced by the distribution of static loads between the axles (related
to the weight and the position of the Centre of Gravity, CoG):

W-a

Wa:a—i—b @

where a is the horizontal distance between the CoG and the rear axle and b is the horizontal
distance between the CoG and front axle. Considering the dynamic load, related to the
static height of the line of draught H with respect to wheelbase Z = a + b above the ground,
as well as the horizontal pull force value, the dynamic axle load is:

W-a—TF-H

Wdyn: a+Db

3)
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where the distance between the vertical ground reactions on the wheels (influenced by
rolling resistance) and the centres of the wheels is considered negligible with respect to
lengths a and b, assuming the simplification of a solid wheel on a hard surface. The
horizontal ground reactions on the wheels are defined as R; and R,,.

The tractive effort at the outer part of the driven wheels is:

Fn=TF+R,+R,=F+F, 4)

The traction force on the outer part of the driven wheel is limited by the traction force
at the contact between the wheel and the supporting ground.
According to the OECD Code 2, the following relationship should be maintained:

TF-H < 0.8-W,-Z (5)

Accordingly, from Equations (2) and (3):

TF-H

Wayn =Wa = =4

(6)
Introducing Equation (5), and noting that the tractor wheelbase Z can be expressed as a + b:
Wiy > Wy — 0.8-W, ?)

the dynamic axle load limit can be defined as:
Wiyn, = 0.2 -W, ®)

In all tests at the drawbar, the governor control was set for the maximum power.
Drawbar power tests allowed for recording the power available at the drawbar of the
tractor over a range of gear/speed settings. The drawbar pull varied in the tests, increasing
the speed while controlling the slip to remain below 15%. The layout of the traction test in
steady-state motion in the ring track is depicted in Figure 3.

(@) (b)

Figure 3. The traction test: (a) a pulling tractor with a braking tractor and (b) a load cell.

2.3. Drawbar Tests Performed

Based on the main features of the two tested tractors described in Section 2.1, ballasts and
tyre inflation pressures were modified and drawbar tests were performed in three different
configurations for each tractor, corresponding to a total of six configurations and, consequently,
six different tests. The two tractors were categorised on the basis of engine power (p): p1 was
considered a low-power tractor (66 kW), while p2 was a high-power tractor (86 kW). The
weight (W) of each tractor, differing with the engine power, was increased from 40.17 kN
(W1) to 42.87 kN (W2), while the tyre inflation pressure (P) was reduced from 160 kPa (P2) to
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80 kPa (P1). The load on the tractors” wheels in the stationary state was measured using four
scales, one for each wheel (range 0.4 kN-60 kIN). The pressure P2 was selected in accordance
with the tyre manufacturer on the basis of the European Tyre and Rim Technical Organisation
(ETRTO) [19]. The pressure P1 (i.e., the lowest pressure) was selected in accordance with
the tractor manufacturer’s instructions. The six tested tractor configurations are detailed in
Table 2, where the labels define the combinations of the main characteristics. In particular,
W1P1p1 means that the configuration was the low-power tractor with 66 kW (p1), unballasted
weight of 40.17 kN (W1), and tyre inflation pressure of 80 kPa (P1). W1P2p1 means that the
configuration was the low-power tractor (p1), unballasted weight of 40.17 kN (W1), and tyre
inflation pressure of 160 kPa (P2). W2P2p1 means that the configuration was the low-power
tractor (p1), unballasted weight of 42.87 kN (W2), and tyre inflation pressure of 160 kPa
(P2). W1P1p2 means that the configuration was the high-power tractor with 86 kW (p2),
unballasted weight of 40.17 kN (W1), and tyre inflation pressure of 80 kPa (P1). W1P2p2
means that the configuration was the high-power tractor (p2), unballasted weight of 40.17 kN
(W1), and tyre inflation pressure of 160 kPa (P2). W2P2p2 means that the configuration was
the high-power tractor (p2), unballasted weight of 42.87 kN (W2), and tyre inflation pressure
of 160 kPa (P2).

Table 2. Tested tractor configurations.

Configuration

Power (kW)

Distance from Distance from

Tyre Inflation Height of the Total Weight Front Weight Rear Weight CoG to Front CoG to Rear

Pressure (kPa) Drawbar (m) (kN) (kN) (kN) Wheels (m) Wheels (m)
WI1P1pl 66 80 0.495 40.17 16.23 23.94 1.362 0.923
W1P2p1 66 160 0.495 40.17 16.23 23.94 1.362 0.923
W2P2p1 66 160 0.490 42.87 18.88 23.99 1.279 1.006
W1P1p2 86 80 0.495 40.17 16.23 23.94 1.362 0.923
W1P2p2 86 160 0.495 40.17 16.23 23.94 1.362 0.923
W2P2p2 86 160 0.490 42.87 18.88 23.99 1.279 1.006

The tests were performed in a flat concrete ring track to compare the effects of tyre
pressure and tractor mass on traction performance. Runs 5 m wide and 120 m long were
marked out in the track. These runs were then travelled in steady-state motion, recording
the drawbar pull via the dynamometer while braking the tested tractor with the second
tractor (the braking or loading tractor). The measurements were carried out on the straight
line of the track, such that the lateral force component due to drift could be considered
negligible. Data recorded included the dynamic axle load (W) on the wheel, the drawbar
pull, the actual velocity, and the theoretical velocity. A 100 kN load cell (TRQ 100 kN/1-A,
sens. 1 mV/V)(Pavone Sistemi Srl, Concorezzo, Italy) between the tested tractor and the
loading tractor measured the drawbar pull. The actual forward speed (v,) was measured
using non-contact sensors with an integrated fibre-optic gyroscope (CORREVIT Sensor
L-CE with Gyro).

The traction power was measured by multiplying the traction force (TF) value by the
actual forward speed (v,) of the tractor:

TP = TF-v, )

The efficiency ratio between the maximum power measured for each configuration
and the power declared by the tractor’s manufacturer was calculated on the basis of the

following equation:
o TP
eff.(%) = ip -100 (10)
where dP is the power declared by the manufacturer.
The engine speed (1), as the revolution speed of the engine crankshaft, was recorded

using the CAN-BUS tractor signals. The number of engine revolutions for one revolution of
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the driving wheels for each gear selected (T) was provided by the tractor’s manufacturer, being
related to the transmission system mounted in the tractor. Based on the engine crankshaft
revolutions per minute, the wheel revolutions per minute, and the engine speed obtained in
real-time via CAN-BUS, the theoretical forward speed (v;) at the wheels was calculated:

Ne 271
v = ?-%Rl (11)
where RI refers to the dynamic index radius of the tyres (ETRTO Standards Manual, [19]),
which takes into account the tyre radius under dynamic operating conditions. The acquisi-
tion system in the braking tractor recorded and displayed all parameters. The tested tractor
travelled in a straight direction with a locked differential, allowing the highest traction
performance to be achieved. The governor control was set for maximum power at full
throttle and the data analysed were restricted to 15% mean wheel slip. The actual forward
speed, reduced by the wheel slip, was affected by the flexibility of the driven wheels and
the features of the contact areas (e.g., rubber and concrete). The travel reduction (TR) was

calculated as:

TR = (1 - ﬁ) 100 (12)
Ot

The flowchart of the tractors involved in the research and related configurations
considered are depicted in Figure 4.

Drawbar test

According to OECD Code 2

Tested tractors Braking tractor

CASE Farmall 120C

High-power tractor (p2)

2y

CASE Farmall 90C

. L
- ‘

—

John Deere 6620
ol T ;f\ %

. =2

—

LN

W1P1p1 W1P1p2
W1P2p1 . \\1p2p2
W2P2p1 W2P2p2

Figure 4. Summary of the tractors involved in the research and relative configurations considered.

3. Results
3.1. Drawbar Pull

The drawbar pulling force results under the six test configurations are presented below.
The net traction ratio was obtained according to Equation (1). The traction force (Figure 5)
and net traction ratio (Figure 6) are presented with respect to the tractor’s forward speed.
The results pertaining to the tractor with the lower-power engine are presented as solid lines,
while the results for the tractor with the higher-power engine are shown as dotted lines.

Evaluation of the load on the front axle was performed considering the verification
of the dynamic load, which should not be lower than the limit foreseen to ensure good
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driveability (Equation (5)). Therefore, the load was evaluated considering the limit derived
in Equation (8)). In the unballasted tractor the lower value of the load on the front axle
was 9 kN while, in the ballasted tractor, it reached 10.6 kN. The values were recorded
at low speeds as the load was not influenced by the engine’s power output, whereas at
high speeds, the tractor with lower power output demonstrated a higher weight on the
front axle and, consequently, an increase in load. However, both values were lower than
the limits of 3.25 kN and 3.78 kN calculated for the unballasted and ballasted tractors,
respectively. The ratio of dynamic load limit to minimum dynamic load was 0.36 for both
tractor configurations.

*—~W1P1p1
20 W1P2p1
——W2P2p1
[|~®-W1P1p2
-e-W1P2p2
- ©-W2P2p2

Traction Force - [kN]
N
(6]

2 3 4 5 6 T 8 9 10 1 12
Forward speed [km/h]

Figure 5. Traction force vs. forward speed: pulling force available at the tractor drawbar.

0.9 - . ; . : : - - -
h&&\o
08 === e - 1
<
207 s 1
IS s
o “a
S

§06F : oy 1
© AN
2 “—W1P1p1 s
=05 W1P2p1 J
% ——W2P2p1
z L|-©-W1P1p2 |

0:4 - e -W1P2p2

- © -W2P2p2
03 ; L . . . . . ) )

N

3 4 5 6 b 8 9 10 1 12
Forward speed [km/h]

Figure 6. Net traction ratio vs. forward speed: traction force TF to tractor weight W ratio.

3.2. Travel Reduction and Traction Power

The drawbar power is reported for the six configurations in Figure 7. The considered
forward speed is the effective speed, meaning that the wheel speed was reduced by the
component ascribed to wheel slip.

70 T T T T
“~W1P1p1
——W1P2p1 ol AR T o
=" 60 [|——W2P2p1 omT p—— o et ey ® 1
_i W1P1p2 v el
. - o -W1P2p2 ot
@ 50 [-|-© -W2P2p2 Sy a1 ,
2 A,
o]
o
s} :
i3]
o
F30r g
20 . . . . . . . . .
2 3 4 5 6 T 8 9 10 1 12

Forward speed [km/h]

Figure 7. Traction power vs. forward speed: blue, standard configuration; green, low-pressure
configuration; red, ballasted configuration.
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The trend of slip as a function of forward speed is shown in Figure 8. Slip at low
speeds was constant at 15%, while the measured values decreased above 4 km/h for the
low-power tractor and above 6 km/h for the high-power tractor. The same behaviour was
verified for all six configurations tested for the two compared tractors.

e
D

====908g

s
S
T

-
N
T

-
o
T

Travel Reduction - Slip [%]
©

2 3 4 5 6 T 8 9 10 11 12
Forward speed [km/h]

Figure 8. Travel reduction vs. forward speed.

The relationship between traction force and travel reduction is shown in Figure 9a. An
initial analysis of the slip behaviour plots indicated that the ballasted tractor outperformed the
unballasted one; however, the ratio of traction force to the weight of the tractor provided the
net traction ratio, demonstrating the effect of total weight on the driven wheels (Figure 9b).

St

ce - (kN]

action Fo:
&
T
-

W1P1p1
~W1P2p1
~~W2P2p1

W1P1p2
©-W1P2p2
*-W2P2p2

4 6 8 10 12 14 16 18 20 0 2 4 6 8

WiP1p1
~W1P2p1
~W2P2p1

W1P1p2
«-W1P2p2
*-W2P2p2

(a) (b)

Figure 9. Traction force and net traction ratio vs. travel reduction: (a) test drawbar pull comparison
(ballasted and unballasted) and (b) test vehicle net traction ratio comparison (ballasted and unballasted).

4. Discussion

The results of the drawbar tests allowed for a performance evaluation of the tractors
with respect to engine power and forward speed. The results highlight that tyre pressure
and ballasting affect tractor performance, both in terms of TF and NTR. At low forward
speeds (i.e., up to 4 km/h), TF strongly depends on the weight of the tractor (Figure 5).
However, as the inflation pressure of the tyre decreases, the footprint on the ground
increases. Thus, the behaviour of the tyre changes and, at the same speed, higher TF values
are observed (Figure 5). As speed increases above 5-6 km/h, the force trends diverge, with
TF becoming more dependent on the engine power supplied by the tractor (Figure 5). In
terms of NTR, both ballasting and pressure changes have a positive effect at low speeds,
as they modify wheel-ground interactions. In contrast, as speed increases, their influence
on NTR is no longer observed (Figure 6). Analysis of the dynamic load revealed that
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the data were always consistent with the limits set for load in the coded procedure. The
maximum force and maximum power for each configuration were evaluated with respect to
forward speed. The ratio between maximum power and maximum force obtained for each
test configuration provides a reference velocity, which is useful for defining two distinct
operating domains. On one hand, high traction force is prioritised at low speeds while, on
the other hand, maximum power output is favoured at higher speeds. Force and power
increase from the standard to the low-pressure tyre and ballasted configurations, while
velocity decreases. Efficiency, as the ratio between measured and declared power, was
calculated using Equation (10) and was found to vary between 64% and 70% for the 66 kW
tractor and between 70% and 74% for the 86 kW tractor. When comparing slip behaviour
as the forward speed increased, lower pressure and ballasting allowed for an actual speed
closer to the theoretical one, resulting in less wheel slippage (Figure 8). The slip value
of 15% in the low-power tractor was maintained up to approximately 4 km/h while, in
the high-power tractor, it was maintained until approximately 6 km/h. Although this
behaviour could be seen as a negative effect, as the actual speed is lower due to slipping, it is
actually positive for TF, considering that high slip values also result in higher TF (Figure 5).
Nevertheless, the value of wheel slip that provides the maximum TF is directly influenced
by vertical load and the grip conditions of the track (Figure 9a). The trend of NTR as a
function of slip was approximately the same across the six configurations, confirming that
both NTR and slip are parameters strictly related to wheel-ground interactions (Figure 9b).

5. Conclusions

Two tractors characterised by different power outputs were considered for perfor-
mance evaluation, and were evaluated in three different configurations: standard tractor
configuration, tractor adjusted with low tyre inflation pressure, and ballasted tractor.
Analysing the performance results in terms of traction, the three parameters clearly affected
pulling force and power while increasing forward speed. The results indicated that a
decrease in tyre inflation pressure improved performance at the drawbar. Lower pressure
in the tyres increased the contact area with the ground, resulting in load distribution over a
wider surface area and lower soil compaction. The drawbar pull measured for the tractor
with low tyre pressure was higher with respect to the standard tractor pressure adjustment
up to speeds of 4 km/h and 6 km/h for the 66 and 86 kW tractors, respectively. Above
these forward speeds, the drawbar pull data recorded were equivalent under both tractor
pressure configurations. To better understand tyre—terrain interactions, an in-depth study
should be carried out, as there is a lack of recent studies from 2000 to the present day [20].

When analysing the ballasted tractors, the measurement results demonstrated the effect
of increasing tractor weight on the drawbar pull: it was higher within the evaluated range
of speeds. Ballasting is a widespread, economical, and practical method for reducing wheel
slip and consequently fuel consumption, improving traction capacity and tractor stability—
key parameters for optimising tractor operations and increasing profitability, as previously
evidenced in the literature [21,22]. The tractor’s power had a strong impact on the pulling force
and pulling power above a speed of 4 km/h (i.e., when the low-power tractor was unable to
sustain a sufficiently high slip). Analysing the net traction ratio, it is worth observing that, up
to a forward speed of 4 km/h, tyre pressure and (even more so) ballast positively influenced
the NTR. Between 4 and 6 km/h, the NTR was influenced by the power of the tractor engine
and ballast only in the high-power tractor. NTR above 6 km/h was influenced only by the
engine’s power output. Overall, the higher-powered tractor achieved greater efficiency results,
compared to the lower-powered tractor. For a deeper investigation of the obtained results,
further research—mainly with respect to the comparison between the drawbar power and the
power at power take-off—is advisable. All tests were conducted on a concrete track to ensure
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the comparability of the results, as the surface maintained consistent adhesion properties with
the wheels. However, future tests on agricultural soil could complement the results for the
evaluation of tractor performance under real-world conditions. Fuel consumption would also
be worth evaluating in future work.
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Abbreviations

The following abbreviations are used in this manuscript:

OECD  Organization for Economic Co-operation and Development
4WD Four-wheel drive
CoG Centre of gravity
NTR Net traction ratio

W, Static weights at the front wheels on the ground
Wy Static weights at the rear wheels on the ground

TF Traction force

144 Tractor weight

a Horizontal distance between the CoG and rear axle
b Horizontal distance between the CoG and front axle
H Static height above ground of the line of draught
Ra Horizontal ground reactions on the front wheels
Rb Horizontal ground reactions on the rear wheels

V4 Wheelbase

F, Tractive effort at the front axle of the tractor

F, Tractive effort at the rear axle of the tractor

Fy Total tractive effort of the tractor

Wayn, ~ Dynamic axle load limit

e Engine speed

T Transmission ratio

vt Theoretical forward speed
Ua Actual forward speed

RI Dynamic index radius

TR Travel reduction
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