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Abstract: Farm machinery selection, operation and management directly impact crop cultivation
processes and outputs. A priori quantification of technical and financial needs allows definition of
proportionate distribution and management of available resources and simplification of selection
process. Appropriate planning, association and adjustment of the power unit and implement are
required for soil cultivation. Consideration of functional parameters of the implement, their proper
estimation and operation directly impact the soil structure, productivity and return on investment.
Thus, a modelling approach was implemented for the definition of possible parameter-price relations
for tillage equipment. The performed analysis allowed us to investigate the main relevant parameters,
quantify their impact, and elaborate forecasting models for price, power, mass and working width.
The significant relevance of the technical parameters and adjustment issues were outlined for each
tillage implement group. For harrows and cultivators, the dependencies between studied parameters
expressed better predictive qualities, especially for price-mass relation (R2 > 0.8). While for ploughs
power and mass relation had a primary output (R2 = 0.7). The prediction features of the models
provided reliable results for the estimation of the indicative values of the price and parameters of
the implements.

Keywords: tillage implements; plough; harrow; cultivator; prediction models; decision making; farm
management; machinery price estimation

1. Introduction

Farmers face a complicated task managing resources and performing sustainable agri-
cultural production [1]. Decisions regarding planning, purchasing and the application of
mechanical units comprise a major part of farm management. The choice of machinery unit
often does not correspond to the farm’s needs, thus leading to various adverse impacts [2].
Farm machinery parameters are mainly overestimated with the purpose of arriving at
greater efficiencies and increased productivity. Dimensional and functional excess of differ-
ent parameters can significantly impact the farm economic output and expected results.
Overestimated consideration of the main parameters, such as mass and power, can promote
an increase in soil compaction and CO2 emissions [3–6]. Additionally, a considerable rise
in parameters requires more massive investments and more significant farm costs [7–9].
Rational distribution of resources and optimization of costs is needed to ensure farm pro-
ductivity, yield, farm income and environmental protection (CAP 2020) [10,11]. To support
management and planning of balanced decisions, regulatory mechanisms and measures
for appropriate and proportionate agricultural machinery selection are needed [10,12–14].
Prediction models, farm management software and optimization tools replace the tradi-
tional drivers of the selection procedure, leading to a better fleet organization and planning

Agriculture 2021, 11, 197. https://doi.org/10.3390/agriculture11030197 https://www.mdpi.com/journal/agriculture

https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0002-9828-8262
https://orcid.org/0000-0001-6437-3402
https://orcid.org/0000-0002-3283-5665
https://doi.org/10.3390/agriculture11030197
https://doi.org/10.3390/agriculture11030197
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agriculture11030197
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/2077-0472/11/3/197?type=check_update&version=2


Agriculture 2021, 11, 197 2 of 15

methodology [13–16]. Forecasting models for optimization of machinery unit’s selection
provide an economically viable and environmentally sustainable solution and lead to
the simplification of the decision-making process [17–19]. Following the latter concept,
a large study was carried out (5000 models of machinery included) on the development
and implementation of reference models for main agricultural machinery groups [20–22].
Reference models predicting main functional parameters and price were developed for
sowing, spraying and harvesting operations. The current study focuses on soil cultivation
implements, completing the main groups of agricultural operations for crop cultivation,
allowing prediction analyses to be performed and fleet planning and farm management to
be undertaken.

Operating parameters and performance of tillage implements have a primary impact
on the economic output of the soil cultivation. Cost of tillage operations largely depends
on the tillage method (conventional, reduced, minimum tillage), cropping program (con-
tinuous cropping and crop fallow) and is influenced by farm size and operation time.
According to Bauer and McEvoy (1990), differences between tillage methods has greater
economic impact than agronomic, and there is a need of a consideration of the fact of
cost differences between tillage systems during the planning stage [23]. Indeed, literature
provides comparison studies related to the tillage method’s economic benefits [1,23,24].
However, despite the degree of applied mechanical intervention, investment costs for the
soil cultivation machinery are still considerable.

The effectiveness of the operation largely depends on the association between tractor
and implement and operational adjustment (traction-assist system, hitching, uniform and
adequate penetration of the tools and depth of operation). Power source requirements
for the operation change depending on the depth of operation, degree of pulverization,
forward speed, shape of the working element, soil structure, etc. The type of the power
supply varies as well based on the tillage equipment (power take-off, drawbar). A balanced
adjustment of parameters and their correct application play a critical role in the use of
available power (working width, speed) [25].

The selection of machinery and implement requires consideration and understanding
of soil conditions as well. Soil conditions guarantee the plant growth and profitable yield.
Heavy machines and wheels’ load can create soil stress and lead to soil compaction. More-
over, during conventional tillage operation, the wheel load is increased by approximately
25% due to the mass redistribution and draft force of the implement [3]. The impact of
historical increase of the weight of the machinery on the soil qualities has been studied by
Keller et al. (2019). The study showed that vehicle weights’ historical expansion increased
subsoil compaction levels and led to higher costs [3,26]: in the last 50 years, the load of
tractors has increased by 3 tonnes [3]. The increase of the agricultural machinery load
(during the last century) led to the rise of pressure at the soil surface by approximately
10 times (at 0.5 m depth) [5]. The issue was addressed by Lassen et al. (2013) with the
development of the soil stress distribution, compaction evaluation and simulation model
Terranimo [26]. The model allows soil stress to be calculated for a specific machine and
implement, and therefore the possible overload during operation to be avoided. Therefore,
consideration of dimensions and prevention of the possible consequences of chosen pa-
rameters are needed during tractor/implement selection and operation [27,28]. Thanks
to the machinery unit’s proper operation, justification of the higher investment on larger
equipment can be compensated by an increase of efficiency and reduction of fixed costs [29].
However, poor mechanical skills and insufficient resources make it difficult to achieve or
practice effective soil cultivation, leading to the notable economic side effects and impacting
return of investment.

Solutions such as controlled traffic farming allow having a better understanding of
the field work, the performance of the machinery and better plan the cultivation. However,
there are still visible limitations to the proper selection of units and, afterwards, the
management of existing mechanical and financial resources and definition of reference
price boundaries. Decisions regarding fleet renewal and selection of machinery unit are
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linked to the preliminary estimation of the parameters based on the actual farm needs
and, therefore, the corresponding definition of the related investments. Farmers lack
the basic information related to the parameter’s relation, their selection and association
importance, investment planning tools and supportive methods. The relation of the
functional parameters to the price of the machinery is almost not even discussed. It is clear
that a farmer cannot impact the machinery unit’s cost, but to avoid this overestimation
of the investment can be performed. The relevant studies regarding the functional and
operational parameters have narrow spectrum of application: mainly they refer to a
specific crop cultivation, consider a unique implement or even the working element of
the implement, what makes it complicated to widen the results of the experiments and
methods for general application [30–37]. The other biggest limitation is the complexity
of the proposed solutions, they are too sophisticated for the farmer to use. In particular,
regarding farm machinery selection and cost prediction, most of the models are considering
only economic aspects of the operation and corresponding involvement of a machine or
have very complex algorithms that require special knowledge/software/skills for their
application. Available agricultural machinery management standards, models and cost
calculators (e.g., ASAE, AMACA, etc.) mainly refer to the machinery cost determination
and calculation/prediction of variable and fixed costs [38–40], and operation expenses in
general, thus bypassing the machinery price definition, which indeed has fundamental
importance for farmers, for the investment planning and farm management. Moreover, for
such calculations the price of the machinery unit is considered as input data [40].

In the current study, the main technical parameters of tillage implements were ana-
lyzed with the purpose to investigate their possible intercorrelations and impact on the
price, to develop reference models for the prediction of machine price, power, mass, and
working width, thus facilitating the simplification of the machinery selection process and
optimizing the decision-making process.

2. Materials and Methods

The study relies on a statistical analysis of functional parameters and price of imple-
ments for soil cultivation, seedbed preparation and weed control. For that reason, a large
database was created based on the collection and processing of machinery specifications
and performance-related technical characteristics of tillage implements available in the
European market. Data were based on the models provided from 27 leading agricultural
machinery constructors (Amazone, KUHN, Kverneland, Pottinger, Nardi, Sfoggia, etc.)
representing 8 countries including Austria, United Kingdom, Italy, Norway, Denmark,
etc. Data were collected from available agricultural machinery producers, agricultural
machinery associations, open-source databases and continuously updated in collaboration
with Informatore Agrario srl. (Verona, Italy).

The database populated by 2148 models includes large variability in commercial-scale
cultivation equipment for a complete performance of tillage practices mainly following
the conventional treatment. The database has been subsequently split into sub-datasets
adapted to cultivation approach. Three groups of tillage implements were created based
on the adopted mechanical interventions of soil: primary tillage (plough, 1053 models),
secondary tillage and seedbed preparation (harrow, 477 models), after mechanical cul-
tivation treatment and weed control (cultivators, 618 models). The relevant technical,
dimensional and performance parameters and general implement information have been
merged, properly filtered and sorted (Table 1).

The collected complete information related to each model underwent relevance as-
sessment and parameters impacting price formation. Thus, power, mass, working width
and list price of tillage implements are the main parameters included in the analysis.
The studied samples represent the basic design and structure provided by the manufactur-
ing companies.
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Table 1. Main technical and descriptive information related to the tillage implements.

Characteristic Description/Type

Model constructing company, series, name
Type of implement plough, harrow, cultivator

Working element type moldboard, disc, cylindrical, tooth, etc.

Working element parameters number of working elements, distance between
elements, dimensions

Attachment method mounted, semi-mounted, trailed
Other parameters required power, working deepness, etc.

Dimensions working width, transport dimensions, mass
List price basic implement configuration provided by producer

Broad inclusion of the models in the dataset, presented by various constructors from
different countries, provides a complete overview of the available market of the implements
and can be considered reliable for prediction analysis and modelling parameters and price.
The range of maximum and minimum values of relevant parameters is summarized
in Table 2.

Table 2. The range of the studied parameters’ values corresponding to the database.

Variable Plough Harrow Cultivator

Required power, kW 30–270 15–300 7–300
Mass, kg 400–4900 160–9600 100–10,000

Working width, m 0.4–4 0.9–9 0.85–10
Number of working elements 1–9 3–100 2–80

Price VAT excl., k€ 4–88 2–90 1.2–12

Implements for primary tillage include 1053 models of mounted, semi-mounted and
trailed ploughs with the depth of the cultivation from 0.25 to 0.7 m and up to 4 m of
working width. The dataset involves a variation of the different types and design of
working elements (up to 9 elements) requiring up to 270 kW power availability. The second
dataset involves 477 models of harrows for secondary tillage and seedbed preparation.
Data collected cover harrows with disc, tooth, knife, vertical rotor, anchor type functional
elements providing up to 9 m working width. The last group of implements include a
combination of cultivators, row crop cultivators, rotary tillers and strip-tillers mainly for
weed control, cut of surface residuals, soil pulverization, etc.

As previously mentioned, the analyses of tillage implements presented in this work are
a part of a larger investigation that involve multiple agricultural machinery groups [20–22].
The approach that has been used in analyzing the datasets of these studies involves the
use of linear, multiple linear and second degree regression analyses to model the relation
between variables and to evaluate the relevance of the model parameters. The choice
of using linear, multi-linear and second degree modeling is explained by the need to
obtain simplified models between the predictors and the price. Despite linear models
having lower predicting capabilities compared to, e.g., stepwise regression analyses, their
ease of use is a key factor for practical decision-making applications, especially if the
aim is to simply obtain rough preliminary estimates. Instead, to obtain more accurate
models and prediction of the parameters and price, stepwise regression analyses are used.
Applied backward elimination method allows to evaluate the statistical significance of
each independent variable included in the model analysis (power, mass, working width)
and their relation to the response variable (e.g., price) providing more accurate and robust
values. Therefore, multiple linear models have more complex structure and take into
consideration more than one parameter, which guarantees higher predictive qualities. Also
second degree regressions are reported, which however show only marginal increment of
the prediction ability.
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The statistical analyses were done with Microsoft Excel (Microsoft Corporation, Red-
mond, WA, USA).

3. Results and Discussion
3.1. Linear Modeling

The significant relevance of the technical parameters and adjustment issues are out-
lined below for each group of implements. Results of linear analyses are summarized in
the form of equations. Detailed recommendations are stated for each tillage method and
parameters to be considered. Linear analysis results are reported regarding the coefficient
of determination R2, standard error and p-values. It can be noticed that corresponding
inverted models (e.g., price as a function of power and power as a function of price) present
the same correlations (i.e., the same R2) but on the other hand converge to non-inverted
equations. Such a phenomenon is due to the non-symmetrical behavior of linear regressions
(see e.g., [41]): for this reason the full collection of models are reported here.

3.1.1. Plough

Results of linear analysis highlighted the general trends and the main correlations
valid for the largest group of tillage implements. A high correlation was found between the
power of the machine and the mass (R2 = 0.67). The mass of the implement is highly related
to the price of the implement as well (R2 = 0.63). Power demand is linked to the working
width, the expansion of the working width of the ploughs leads to the increase of the mass
and, therefore, to the higher power demand and investment. Power value also depends on
the depth of the cultivation. The tractor-implement hitching type and adjustment issues
during work can lead to imbalance of the cultivation depth by increasing the penetration
rate and impact the load of the tractor. Significant importance needs to be given to the
combination of the power-working width association of the implement and operation
speed because a small-size plough operating at double speed requires more power than a
full-size one working with a lower rate [15]. Moreover, the maximum exploitation of the
capacity is not always the most economic decision. Thus, before building the investment
plan and priorities regarding any size of an implement and selecting the combination
of the tractor-implement, the economic side of the needed capacity should be counted
considering the cost of power. Relations of the parameters and linear models for their
calculation are summarized in Table 3.

Figure 1 illustrates the relation of the most correlated parameters for ploughs. The anal-
ysis exhibited reliable results and forecasting features for dimensioning of the indicative
values. The large variability of the considered models led to the slightly highlighted pres-
ence of two trends for the price definition. However, the main cluster of the values has
pretty symmetric distribution. Residuals get larger as the prediction moves from small to
large implements, meaning that in the case of the larger implements models have lower
accuracy of the prediction for both power and price estimation based on the weight of the
implements. Such heteroscedasticity features can be caused by the presence and impact of
additional parameters that were not included in the study.

Regarding the indicative values of the parameters to be counted during planning and
selection of the ploughs, at least 50 kW of power supply is required to operate one meter
of working width with one tonne of mass. Concerning needed investment, 13,000 euro of
investment has to be considered for each tonne of the tillage implement (Table 3).

A qualitative representation of price prediction based on working width, power and
mass-based linear models is reported in Figure 2. A linearity can be clearly recognized
but especially in the case of larger machinery, the deviations tend to increase. Therefore,
in case a higher accuracy is needed, more detailed models should be applied, as will be
discussed in the case of multiple linear and second-degree models.
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Table 3. Reference linear models for calculation of technical parameters and price of ploughs.

Price R2 St. Error p-Value

Pr = 160P + 3300 0.36 10,100 < 0.01
Pr = 13M − 138 0.63 7700 < 0.01

Pr = 14.9·103L − 3760 0.48 9150 < 0.01

Power R2 St. Error p-value

P = 2.2·10−3Pr + 62 0.36 37 < 0.01
P = 0.050M + 28 0.67 27 < 0.01
P = 50.2L + 25 0.40 36 < 0.01

Mass R2 St. Error p-value

M = 0.048Pr + 614 0.63 470 < 0.01
M = 13.4P + 160 0.67 440 < 0.01
M = 873L + 167 0.45 570 < 0.01

Working Width R2 St. Error p-value

L = 0.032·10−3Pr + 0.99 0.48 0.43 < 0.01
L = 7.9·10−3P + 0.80 0.40 0.44 < 0.01

L = 0.51·10−3M + 0.83 0.45 0.46 < 0.01
P—power, kW; M—mass, kg; L—working width, m; Pr—estimated price, €.
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(b) power and (c) mass.

3.1.2. Harrow

The correlation matrix for harrows has more robust appearance of dependencies
compared to ploughs. Studied parameters expressed a strong relation with the implements’
price, allowing more reliable estimation of the financial needs to be performed in reference
to a specific parameter. A strong correlation was found between the price and mass of the
implements (R2 = 0.83), and power and mass (R2 = 0.75).
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It is essential to take into account the implementation method of harrows as secondary
or primary tillage tools. Due to that fact, the importance of the parameters changes
and significant role in using the power is falling on the penetration and depth of the
cultivation. Power requirements change for the operation of the same working width
caused by cultivation depth. In the case of the harrows, applied for secondary tillage
treatment, the depth of the cultivation is not crucial, as the main objective is the reduction
of soil particles size, and the power requirements can have lower values. At the same
time, it has high impact for primary tillage equipment. Linear models related to the main
technical parameters of harrows are outlined in Table 4.

Table 4. Reference linear models for calculation of technical parameters and prices of harrows.

Price R2 St. Error p-Value

Pr = 233P − 2265 0.68 8480 <0.01
Pr = 8.82M + 1567 0.83 6135 <0.01

Pr = 8208L − 10,350 0.65 8925 <0.01

Power R2 St. Error p-value

P = 2.9·10−3Pr + 36 0.68 30 <0.01
P = 0.030M + 33 0.75 27 <0.01

P = 28L − 7.5 0.60 34 <0.01

Mass R2 St. Error p-value

M = 0.095Pr + 190 0.83 635 <0.01
M = 25P − 335 0.75 773 <0.01

M = 806L − 898 0.58 1010 <0.01

Working Width R2 St. Error p-value

L = 79·10−6Pr + 2.1 0.65 0.88 <0.01
L = 0.021P + 1.7 0.60 0.65 <0.01

L = 0.72·10−3M + 2.2 0.58 0.95 <0.01
P—power, kW; M—mass, kg; L—working width, m; Pr—estimated price, €.

As in the case of ploughs, for harrows also larger models have a weaker prediction for
the price according to the elaborated linear models based on the mass (Figure 3). The same
trend was also observed for power requirements. Concerning the power–mass correlation,
30 kW of power supply is needed for the operation of one tonne of the mass, and an
increase of 21 kW is suggested for each additional meter of working width. Regarding the
price, the rate is shown to increase by 8000 € per meter of working width.
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A qualitative representation of price prediction based on working width, power and
mass based linear models is reported in Figure 4. A linearity can be clearly recognized to
some extent also in the case of larger machinery. However, in case a higher accuracy is
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needed, also for harrows more detailed models should be applied, as will be discussed in
the case of multiple linear and second-degree models.
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3.1.3. Cultivator

Linear analysis of cultivators has expressed fairly similar correlations between studied
variables as in the case of the harrows. The parallel behaviour can be explained by the
relatively similar operation requirements and depth of the cultivation. A significant
correlation between mass and price (R2 = 0.89) has been observed, and relatively equal
values for the remaining parameters (R2 ≥ 0.6), as reported in Table 5.

Table 5. Reference linear models for calculation of technical parameters and prices of cultivators.

Price R2 St. Error p-Value

Pr = 215P − 3820 0.53 11500 <0.01
Pr = 9.6M − 416 0.89 5540 <0.01

Pr = 6910L − 7490 0.48 12000 <0.01

Power R2 St. Error p-value

P = 2.4·10−3Pr + 48 0.53 39 <0.01
P = 0.026M + 43 0.58 36.5 <0.01

P = 25L + 5.5 0.54 38 <0.01

Mass R2 St. Error p-value

M = 0.093Pr + 199 0.89 546 <0.01
M = 22.4P − 342 0.58 1067 <0.01
M = 707L − 692 0.52 1150 <0.01

Working Width R2 St. Error p-value

L = 70·10−6Pr + 2.1 0.48 1.2 <0.01
L = 0.022P + 1.3 0.54 1.1 <0.01

L = 0.74·10−3M + 2.0 0.52 1.2 <0.01
P—power, kW; M—mass, kg; L—working width, m; Pr—estimated price, €.

Overestimated values of power and underestimated prices were observed after linear
model evaluation for cultivators. As in the previous cases of implements large models of
implements have less predictive qualities (Figure 5).

A qualitative representation of price prediction based on working width, power and
mass based linear models is reported in Figure 6. A linearity can be again recognized,
especially in the case of the linear model based on mass, while especially in the case of larger
machinery, the deviations tend to increase for models based on working width and power.
Also for cultivators, in case a higher accuracy is needed, more detailed models should be
applied, as will be discussed in the case of multiple linear and second-degree models.
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3.2. Multiple Linear Modeling

Tillage is a complex operation and requires a synchronized interplay of technical and
performance parameters based on the soil requirements. At the same time, the operation
performance has a direct impact on the further return of investment and quality of the
yield. Linear models stated in the previous chapter might be applied for definition of
the indicative values of the parameters and the corresponding price of the implement.
However, for more accurate prediction and study of the multiple variable relations and
their impact on the price, stepwise regression analyses were used. The method helps to
investigate the most significant parameters from several involved independent variables
and elaborates the final model. Thus, this provides higher accuracy of calculation, allowing
better planning and association of the parameters. Models were evaluated in terms of
adjusted multiple coefficients of determination (adjusted R2), p-values of all coefficients
are lower than 0.01 (Table 6).

From the qualitative evaluation of the multi-linear models, shown in the following
graphs (Figure 7), it can be seen that starting from a specific price of implements the
prediction features of developed models express lower performance (as in the case of linear
predictions). The difference between prediction and actual value increases the variance of
error for a higher price and the magnitude of residuals appears to be increasing. A possible
explanation for this behaviour might be that the simple model is omitting some explanatory
variables that have a higher impact on higher prices.
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Table 6. Multiple linear models for main technical parameters and price (power, mass, working
width) of tillage implements.

Price Adjusted R2 Standard Error

Plough Pr = 12M − 60P + 7040L − 4300 0.69 7080
Harrow Pr = 2640L + 6.9M − 4150 0.86 5600

Cultivator Pr = 9.6M − 416 0.89 5540

Power Adjusted R2 Standard Error

Plough P = 0.044M + 12L + 18 0.68 27
Harrow P = 9L + 0.023M + 13.3 0.80 25

Cultivator P = 13L + 0.017M + 17 0.66 33

Mass Adjusted R2 Standard Error

Plough M = 10.7P + 334L − 106 0.70 410
Harrow M = 249L + 20P − 746 0.80 740

Cultivator M = 337L + 15P − 774 0.64 990

Working width Adjusted R2 Standard Error

Plough L = 0.35·10−3M + 3.1·10−3P + 0.74 0.47 0.43
Harrow L = 0.012P + 0.37·10−3M + 1.8 0.63 0.90

Cultivator L = 0.013P + 0.39·10−3M + 1.4 0.60 1.07
P—power, kW; M—mass, kg; L—working width, m; Pr—estimated price, €.
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3.3. Second-Degree Modeling

In order to verify the presence of a second-order function describing the predicting
dependencies, a further analysis was carried out, and main results are here reported.
Second-degree regression was then applied, producing models for ploughs (see Table 7),
harrows (Table 8) and cultivators (Table 9). In the case of ploughs, the improvement was
recognizable in particular in the case of power prediction as a function of price, where
the coefficient of determination increased from R2 = 0.36 to R2 = 0.48 and in the case of
mass prediction as a function of price, where the coefficient of determination increased
from R2 = 0.63 to R2 = 0.70. Second-order regression applied to harrow parameters did not
improve in a significant way the extraction of prediction model, as shown recognizably from
the coefficient of determination which on average increased by less than 0.015. Conversely,
better results have been highlighted in the case of cultivators. In particular, for working
width second degree models, a higher improvement was recognized: in the first case the
coefficient of determination increased on average by 0.06, while in the second case by 0.04
on average.
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Table 7. Reference second order models for calculation of technical parameters and prices of plough.

Price Adjusted R2 Standard Error

Pr =261P − 0.37P2 − 2350 0.36 10,070
Pr =15M − 0.50·10−3M2 − 1860 0.63 7750

Pr = 428L + 4000L2 + 7790 0.50 8900

Power Adjusted R2 Standard Error

P = 6.0·10−3Pr − 55.3·10−9 Pr2 + 18 0.48 34
P = 0.07M − 4.43·10−6 M2 + 13 0.67 27

P = 21.7L + 7.9L2 + 48 0.40 36

Mass Adjusted R2 Standard Error

M= 0.097Pr − 0.743·10−6 Pr2 + 21 0.70 418
M= 17P − 0.014P2 − 61 0.67 440
M= 182L + 191L2 + 719 0.46 560

Working Width Adjusted R2 Standard Error

L= 55.6·10−6 Pr − 0.352·10−9 Pr2 + 0.7 0.50 0.41
L= 8.6·10−3 P − 2.8·10−6 P2 + 0.75 0.40 0.46

L = 0.6·10−3 M − 19·10−9 M2 + 0.76 0.45 0.44
P—power, kW; M—mass, kg; L—working width, m; Pr—estimated price, €.

Table 8. Reference second order models for calculation of technical parameters and prices of harrows.

Price Adjusted R2 Standard Error

Pr = 198P+ 0.14P2 − 656 0.68 8470
Pr = 12.4M − 0.51·10−3 M2 − 2300 0.85 5770

Pr = 9930L − 194L2 − 13,600 0.65 8900

Power Adjusted R2 Standard Error

P = 4.2·10−3 Pr − 20.5·10−9 Pr2 + 24.3 0.70 30
P = 0.045M − 2.13·10−6 M2 + 17 0.78 25

P = 47.2L − 2.2L2 − 44.6 0.61 33.2

Mass Adjusted R2 Standard Error

M = 0.1Pr – 0.14·10−6 Pr2 + 107 0.83 635
M = 17.8P + 0.03P2 + 14 0.76 765

M=1100L − 33.2L2 − 1460 0.59 1000

Working Width Adjusted R2 Standard Error

L = 0.125·10−3 Pr − 0.74·10−9 Pr2 + 1.66 0.67 0.84
L = 0.027P − 22.5·10−6 P2 + 1.4 0.60 0.94

L = 1.1·10−3 M − 61.5·10−9 M2 + 1.7 0.61 0.92
P—power, kW; M—mass, kg; L—working width, m; Pr—estimated price, €.
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Table 9. Reference second order models for calculation of technical parameters and prices of cultivators.

Price Adjusted R2 Standard Error

Pr = 141P + 0.31P2 − 851 0.53 11,500
Pr = 9.2M + 45·10−6M2 − 140 0.90 5540

Pr = 5440L + 169L2 − 5040 0.49 12,080

Power Adjusted R2 Standard Error

P = 4.2·10−3 Pr − 23·10−9 Pr2 + 34 0.59 36.5
P = 0.05M − 3.2·10−6 M2 + 23.3 0.65 33.4

P = 47.8L − 2.64L2 − 33 0.59 36

Mass Adjusted R2 Standard Error

M = 0.11Pr − 0.19·10−6Pr2 + 84 0.90 534
M = 16P + 0.026P2 − 93 0.59 1060
M = 625L + 9.4L2 − 556 0.52 1150

Working Width Adjusted R2 Standard Error

L = 0.11·10−3 Pr − 0.6·10−9 Pr2 + 1.75 0.53 1.16
L = 0.033P − 45·10−6 P2 + 0.85 0.56 1.13

L = 1.2·10−3 M − 68·10−9 M2 + 1.6 0.56 1.13
P—power, kW; M—mass, kg; L—working width, m; Pr—estimated price, €.

3.4. Application of Models

Provided models allow to predict prices starting from power, working width and
mass, by means of linear or non-linear models. Similar equations allow power or working
width or mass to be predicted, taking advantage of one or more than one of the remaining
parameters. The application of price prediction models is important not only whenever
the return on investment of machinery has to be estimated, but also when a farmer or
a researcher want to characterize the added value of a given agricultural operation in a
field management process. Power prediction models are typically implemented in order to
verify the suitability of new machinery with available tractor power, and thus verify the
appropriateness of a new implement with an existing farm fleet. On the other hand, work-
ing width plays an important role in the overall performances of agricultural implements,
mainly in terms of working capacity and maneuverability. For this reason working width
prediction models are needed in order to foresee working time and appropriateness with
respect to fields dimensions. Both power and working width equations can be usefully
implemented into DSS which might support farmers in the definition of the optimal farm
fleet, on the basis of farm size and available machinery. Finally, mass equations are relevant
for two reason. Firstly the total weight (tractor and implement) along with tires or tracks
dimensions, gives a measure of the vertical pressure: therefore, such information can
be used in order to optimize soil stress, on the basis of its bearing resistance to vertical
loads and moments. Secondly, mass along with power is used to measure energy and
equivalent CO2 impact of agricultural operations (see e.g., [42]): therefore such models can
be implemented in order to quantify the environmental impact of agricultural machinery
when operated for given agricultural operations.

4. Conclusions

Tillage operation management requires precise planning and adjustment of the power
unit, implement, and operation performance. Consideration of soil structure and corre-
sponding tractor-implement association are required for effective operation management,
productivity and return of investment. To this end, a systematic approach and consid-
eration of the operation should be considered as an interrelated chain of the parameters
and factors that impact quality and costs. In the present paper, a modelling approach was
implemented for definition of parameter-price relation, simplification of the machinery
unit selection process and decision making. Performed analyses allowed us to investigate
the main relevant technical parameters of tillage implements, quantifying their impact, and
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elaborating prediction models for price, power, mass and working width. Linear and multi-
ple linear models were provided for each group of studied implements. The dependencies
between studied parameters expressed high values for harrows and cultivators and pro-
vided better predictive qualities, especially for price-mass relation (R2 > 0.8). For ploughs,
power and mass relation has a primary output (R2 = 0.7). Therefore, approximately 1000
euro of investment has to be counted for each 0.1t of the tillage implement. On average, for
all groups of implements power of 40 kW is needed for operation of an implement with one
meter of working width. Both linear and multiple linear models showed a comparatively
high error of prediction for all groups of implements regarding larger equipment models.

Besides the simplicity of the application, proposed prediction models allow a valid
assessment of price on the base of technical parameters. Proposed models are subject to
obsolescence: however, based on the response of provided model, it is in the intention of
the authors to provide regular updates of the models for all of the published implements,
with a five-year frequency. Such a frequency seems to be acceptable, based on market
and model evolution in the last 20 years. Such models or updated models might be
applied to manage existing fleets, to program and optimize appropriate combinations
and adjustment of a tractor and implement, or in the replacement phase to calculate the
required investments. Models can be applied for economic and environmental assessment
of agricultural production, for planning and quantification of the costs (operation, farm,
production), design of the farm fleet and evaluation and reduction of machinery-associated
emissions. Practical application of the models can be useful for comparison analysis of
crop cultivation methods (conventional, conservation, precision), technologies, strategies
and their economic feasibility from machinery unit acquisition and management point
of view. The latter will allow investments to be correctly managed based on real farm
needs and the selection of the right machinery management approach. Knowing and
managing available resources will allow better management of the farm and production to
be performed, simplifying the decisions regarding selection, cultivation and application.
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