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THEORETICAL RESEARCH ON IMPROVING THE
PERFORMANCE OF A 65 HP AGRICULTURAL TRACTOR
USED FOR HARROWING OPERATIONS

Constantin LACATUSU !, Sorin-Stefan BIRIS 2 Nicolae-Valentin VLADUT 3,
Nelus-Evelin GHEORGHITA *#, Mariana IONESCU °, Nicoleta UNGUREANU ¢,
Adrian IOSIF 7, Edmond MAICAN 8,

In this paper a theoretical study is presented which, based on a dynamic model
of the tractor-agricultural machine system, a mathematical model and a
computational algorithm, makes an important contribution to the theoretical
estimation of the traction performance and the increase of this performance (driving
force, specific driving force, coefficient of adhesion weight utilization, rolling
resistance force of the agricultural tractor, draft force) for a 4x2 tractor of 65 HP
type, used in soil tillage with a mounted disc harrow rather than the semi-mounted
version as is commonly used.
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1. Introduction

It is well known that tillage for seedbed preparation is the most fuel-
consuming of all agricultural works. Disc harrow tillage is one such tillage and can
be used for soil fragmentation after ploughing or for conservation tillage, replacing
ploughing under certain conditions.
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Numerous theoretical and experimental studies have been carried out over
the years in order to identify the optimal operating conditions of the tractor and disk
harrow aggregate used for processing soil after plowing for fragmenting. Such a
study presents the results obtained from experimental field trials of a tractor-disc
harrow system, which provide dependency relationships between operating
conditions, tillage quality indices and energy indices, for two different soil types
[1].Compared to cultivators, the use of disc harrows is more advantageous,
especially where the volume of plant residues is higher, because it is possible to cut
the stems of plant residues and avoid clogging of the machine, with lower energy
consumption [2]. In these conditions with higher volume of plant residues in the
soil to be processed, it has been proved that disc harrows are more versatile and can
be used in a wider variety of conditions compared to other soil tillage machines [3].

At the same time, the danger of artificial compaction of agricultural soil is
present in tillage systems, which greatly affects plant growth, soil water infiltration
and cultivation costs. Optimal exploitation of the tractor-disc harrow system for
prevention of soil compaction and carrying out agricultural tillage with maximum
quality indices under energy-efficient conditions is a continuous challenge of
researchers in this field [4, 5].

Over the years, several researchers have tried to develop both theoretical
and empirical computational models for estimating the power consumed for soil
tillage in the harrowing operation, depending on the physical-mechanical properties
of the soil, soil humidity, working depth and working speed [6, 7]. To this end,
mathematical models based on regression equations have been developed to
estimate the draft force and power consumed with working speed and depth as
independent variables [8].

In order to increase the efficiency of soil tillage with disk harrows,
experimental research has been carried out to develop technical solutions for harrow
construction, more suitable for working at different soil moisture contents [9], more
adapted for cutting plant residues [10], more adequate to ensure an efficient
trajectory of soil particles in contact with the disk and the lowest energy consumed
for transporting the soil furrow [11].

As the working parts of agricultural soil tillage machines, including disc
harrows, are subject to a pronounced wear process as a result of interaction with the
soil, great attention has been paid to the choice of materials from which these
working parts are made, as well as to the special heat treatments they are subjected
to, or to the deposits of wear-resistant materials in the area of the disc edge [12].

In recent years, there has been an increasing emphasis on the development
of computational models for advanced assessment of tractor performance in
aggregate with a towed disk harrow [13] and, in particular, of mechanical models
that allow the calculation of the reactions on the tractor wheels and disk harrow so
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that the draft force and the optimal redistribution of these reactions can be estimated
and the tractor's draft performance can be increased [14].

The main objective of this study is to develop calculation algorithms for the
front and rear wheel reactions of a 65 HP 4x2 tractor coupled with a disc harrow,
in two coupling configurations: (1) semi-mounted and (2) fully-mounted, in order
to identify and improve the tractor's draft performance under various soil and
operating conditions.

2. Dynamics of the Tractor-Disc Harrow System

During operration, the 4x2 tractor (U-650) (Fig. 1), is subjected to the
following forces: tractor’s weight G, the rolling resistant force R, rolling resistant
moments M,; si M,2, driving force Fy,, components F; si R. of the resultant force R
transmitted to the tractor by the implement, and the reaction forces Z; si Z> at the
front and rear axles, respectively. It is assumed that the tractor’s weight G acts at
its center of mass, defined by the coordinates a. si 4. The action of the implement
on the 4x2 tractor can be replaced with the draft force (parallel to the ground
surface) F; and the normal component R (perpendicular to the ground surface The
point of application of these two forces is defined by the coordinates /; (relative to
the rear axle axis) and 4, (relative to the ground surface).

Fig. 1. Forces .écting on a 4x2 tractor coupled with a trailed or semi-mounted implement [15]

In the case of the aggregate formed by a 4x2 tractor and a semi-mounted
disc harrow (Fig. 2), the reactions Z; si Z> are determined based on the equilibrium
equations of the tractor under the action of external forces, using the following
relations [15]:
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{ Zi=[G-a.-cosa— (G sina+ Rye;) h—F; hy — R, -l — M, ]/L
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Fig. 2. Forces acting on a 4x2 tractor coupled with a semi-mounted disc harrow during operation

Total load Z; acting on the tractor axles is given by the sum of the reactions
on the two axles, namely::
Zy=Z1+Zy, =G cosa+R, 2)
The expression of the rolling resistance moment M, in the system of
equations (1) is determined as the sum of the rolling resistance moments on the two
axles:
My =My +Myp=fr1Zi+fraZo=fro (Z1+23) =fra-Ze =72 Ry (3)
Where f,; and f,> are the front/rear wheel rolling coefficients and R, is the
total rolling resistance of the tractor:
Ry =f-Z “4)
If the moment M,, which has small values, is neglected and it is considered
that the tractor is moving on level ground at a constant speed, the reactions Z;, Z>

and Z; are calculated using the following formulas [16]:
_ G-ac Ft'ht‘l'Rz'lt

7, = e _ Fehtsl 5)

ZZ — G-(L—ac) + Fe-ht+Rz-(L+1;) (6)
L L

Zy=Z1+Z,=G+R, 7

In the case of an aggregate consisting of a 4x2 tractor (U-650) and a fully-
mounted disc harrow (Fig. 3), during operation on level ground, the normal
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reactions on the tractor’s two axles and the total load are calculated using the

following relations:
Gac Gglm+Fyly—Fyhy

Zi == P (®)
Zz — G'(LL—aC) + Gd'(L‘l'lm)"'FzL'(L"'lr)_Fx'hr (9)
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Fig. 3. Forces acting on a 4x2 tractor coupled with a fully-mounted disc harrow during operation

3. Calculation of the draft force of the U-650 tractor

The traction balance equation of a tractor operating in combination with an
agricultural implement on level ground is [16]:

F, =E, —R, (11)
where Fy - represents the driving force (the tangential draft force), R, -rolling
resistant force, and £ -draft force.

For any driving wheel operating on different soil types, the maximum
tractive force and the maximum wheel efficiency are developed under specific
vertical loads. The parameter that most accurately characterizes the slippage of
tractor wheels is the specific driving force (¢,) which represents the coefficient of
utilization of the adhesive weight. It is defined as the ratio between the driving force
Fn of the drive wheel (or drive axle) and the vertical reaction Z,, on the drive wheel
(or axle):

(12)

om =
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For a firm plowed soil surface on which the tractor operates in combination
with the disc harrow, the coefficient of utilization of the adhesive weight is
om=0.4+0.6. Therefore, the expression of the driving force as a function of the
vertical load on the drive axle is:

Fn = @m - Z;m (13)

The rolling resistance force of the agricultural tractor is calculated using
the following relation:

R.=f-(Z1+2,) (14)
where: f - represents the rolling resistance coefficient of the tractor (/~0.12-0.14 -
for a flat ploughed terrain), Z; and Z - represents the reactions at the two axles
(front and rear).

The reactions Z; and Z> are dependent on the tractor weight G, the weight
of the disc harrow Gy, the coordinates of the tractor and disc harrow centers of
gravity, the tractor wheelbase, and the draft force F;, as shown in equations (5), (6),
(8) and (9).

The slippage of the drive wheels depends on the magnitude of the draft force
F, the load on the driving wheel Z,, the type and condition of the ground surface,
the shape and size of the tires. Figure 4 presents the slip characteristic of the U-650
tractor on the tilled soil, for which a regression equation was also derived by a
second-degree interpolation function that expresses the relationship between
tractive force and wheel slip. For optimal operation of the tractor—implement
system, it is recommended that the wheel slip remain within the range of 10-20%
[17]. Therefore, as shown in Fig. 4, or the U-650 tractor operating on tilled soil, the
recommended tractive force values are in the range of 8.3-10.6 kN.
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Fig. 4. Slip characteristic of the U-650 tractor on tilled soil [17]
In order to move the agricultural implement (in this case, the semi-mounted
disc harrow), the tractor’s tractive force must be greater than the resistance force
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generated during the harrow’s operation, which can be calculated using the
following relation [15,16]:

R =K;-B; (15)
where: Ky - represents the specific resistance per unit working width during soil
tillage using a disc harrow, (N/m); B, - the working width of the disc harrow, (m).
For smooth disc harrows, the specific resistance K; typically ranges between 2+3.25
kN/m [16]. In the case of fully-mounted disc harrows, the specific resistance Kj is
15-20% lower compared to that of trailed or semi-mounted implements [16].

4. Results and discussion

Given the importance of the specific resistance per unit working width in
soil tillage using a semi-mounted disc harrow, and the fact that this resistance
decreases by 20 % in the case of a fully-mounted harrow, Figure 5 presents a
comparative view of the variation curves of the resistance force R, for the two disc
harrow coupling configurations (semi-mounted — blue curve, and fully-mounted —
orange curve), as a function of K.

-8 Rx=K::Bi
Rx=0.8-Ks: B

T T T T T T

20 2.2 2.4 2.6 28 3.0
Ks (kN/m)

Fig. 5. Variation of the resistance force R as a function of K;

Based on relations (5), (6), (8) and (9) a Python script was developed to
calculate the normal reactions on the two axles of the U-650 tractor for the two
coupling configurations of the disc harrow: semi-mounted (Z1 and Z1>), and fully-
mounted (Z21 si Z22). Figures 6 and 7 show the graphical variation of these reactions
as a function of the specific resistance per unit working width K, during soil tillage
using the disc harrow.
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Fig. 6. Variation of the normal reactions on the two axles of the U-650 tractor as a
function of K
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Fig. 7. Variation of the normal reactions on the axles of the U-650 tractor as a function of Kj

Taking into account the coefficient of utilization of the adhesive weight,
which is calculated based on the vertical reaction on the drive axle according to
relation (12), the driving force F;, was calculated using relation (13) for the U-650
tractor operating in combination with a semi-mounted and fully-mounted disc
harrow on a firm plowed surface. The calculation results obtained using a Python
script, along with the corresponding variation graphs, are presented in Figure 8.
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Fig. 8. Variation of the normal reactions and the driving force of the
U-650 tractor as a function of K,

import matplotlib.pyplot as plt
import numpy as np
# Parametri constanti

G =34 # kN

Gd=7.6 #kN

L=2.5 #m

Bl=3.2 #m

ac=0.9 #m

1t=1.0 #m

lr=20 #n

l1m=18 #nm

ht=03 #m

hr=20.87#m

fim=08.5 # coeficient pentru F_ml si F_m2
f=0.13 # coeficient pentru R_rl si R_r2
# Valorile Llui K s intre 2 si 3.2 cu increment de 6.2
Ks = np.arange(2, 3.21, 8.2)

-

# Calculul functiilor Z

Z11 = (G*ac-Ks*Bl*ht-9.3*Ks*Bl*1¢%)/L

212 = (G* (L-ac)+Ks*B1l*ht+0.3*Ks*B1l*(L+1¢t))/L

221 = (G*ac-6d*"1m-08.3"Ks*Bl®"1r+Ks®*Bl®"hpr)/L

7222 = (G*(L-ac)+6Gd*(L+1m)+0.3*Ks*B1l"*"(L+1r)-Ks*B1l*"hr)/L
# Ccaleul F_m1 si F_m2

Fm=Ffim®* 212

F_m2 = fi_m * 222

# Calcul R_rl1 si R_r2

R_rl =  * (211 + 712)

Rr2 = f* (221 + 722)

# Calecul F t1 si F t2

Ftl =Fml - R_rl

F_t2 = F._m2 - R_r2

# Trasarea graficului comparativ

plt.plot(Ks, F_tl1, marker='0", linestyle='-', label=r'$F _{t1} = F_{m1} - R_{ri1}s")
plt.plot(Ks, F_t2, marker='s', linestyle='--', label=r'$F_{t2} = F_{m2} - R_{r2}$")
plt.xlabel(‘Ks (kN/m)")

plt.ylabel(r'$F_t3 (kN)')

plt.title('Comparatie intre functiile $F {t1}$ si $F {t2}$ in functie de $K.3')
plt.grid(True)

plt.legend()

plt.tight_layout()

plt.show()

e.
h

Fig. 9. Python code for calculating the variation of the traction force of the U-650 tractor
as a function of K for the two disc harrow coupling configurations (semi-mounted F; and fully-
mounted F7)
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To calculate the traction force of the U-650 tractor in combination with a
semi-mounted and a trailed disc harrow, depending on soil conditions and the cross-
sectional area of the soil furrow processed in a single pass, as well as to generate a
comparative graphical representation, a Python script was developed, as shown in
Figure 9, and the graphical results are illustrated in Figure 10.
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Fig. 10. Variation of the traction force of the U-650 tractor as a function of Kj
for the two disc harrow coupling configurations (semi-mounted F;; and fully-mounted F},)

As can be seen in Figure 10, under the same working conditions, the draft
force of the U-650 tractor increases significantly when the disc harrow is fully-
suspended, due to the higher vertical reaction on the drive axle compared to the
semi-suspended configuration, which also results in a considerable increase in the
driving force. As shown in Figure 10, the draft force increases by approximately
25-35%.

5. Conclusions

Based on the dynamics of the technical system composed of a rear-wheel-
drive tractor and two different types of disc harrows,one semi-mounted and one
fully-mounted, a study can be developed to determine the axle reactions on the
tractor for both coupling configurations. The mathematical models developed in
this article are particularly important, as they allow for the theoretical estimation
and improvement of the traction performance of a 4x2-type tractor when used in
combination with a disc harrow in either a semi-mounted or fully-mounted
configuration. These models enable the evaluation of the driving force, the specific
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driving force, the coefficient of utilization of the adhesive weight, the rolling
resistance force of the agricultural tractor, and the overall draft force.

In order to ensure the operation of the disc harrow during fieldwork, the
tractor’s traction force must exceed the resistance force generated by the harrow,
which depends on the specific resistance per unit working width and the working
width of the disc harrow. For smooth disc harrows coupled to the tractor in a semi-
mounted configuration, the specific resistance per unit working width has values in
the range of K;=2+3.25 kN/m, and in the case of fully-mounted disc harrows, the
specific resistance is 15-20% lower compared to that of trailed or semi-mounted
implements. Since the vertical load on the drive axle of the tractor increases when
the disc harrow is coupled in the fully-mounted configuration, the driving force also
increases, leading to a rise in the tractor’s draft force by approximately 25-35%,
and consequently to a reduction in fuel consumption required for soil tillage under
the same working conditions.
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