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Article info  Fertiliser application is one of the most important operations in agricultural production. It helps to 

increase the quality and quantity of the crop. However, the addition of too many ingredients or an 
unbalanced nutrient profile has a negative effect on crops. It is therefore important to apply fertiliser 
rationally and to achieve the correct level and uniformity of fertiliser distribution. The aim of this 
study was to develop a new model for lateral distribution uniformity during fertilisation. The tests 
were carried out under field conditions in a winter wheat crop. The quality of operation of three 
two-disc fertiliser spreaders at a travel speed of 1.22 ms-1 was investigated. A Lagrange interpola-
tion model was used to analyse the data. The accuracy of models was very high (R2 > 0.985). The 
models developed can be used in practice to facilitate control of the spreader operation, which will 
help to ensure uniform fertiliser distribution.. 
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1. Introduction 
 
Fertiliser spreading is a crucial aspect of modern ag-
riculture, playing a significant role in achieving high-
quality and high-yield crops [1-4]. However, it is im-
portant to keep in mind several factors when it comes 
to rational fertilisation. Firstly, incomplete utilisation 
of nutrients or an imbalanced nutrient profile can 
have a negative impact on crop growth. However, the 
use of fertilisers can lead to nutrient losses and envi-
ronmental pollution if not applied correctly. Factors 
such as soil type, weather conditions, and application 
methods can all contribute to this issue. In their study, 
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Beard et al. [5] found that soil crusting is affected by 
both silicon content and the use of nitrogenous fertilis-
ers. Wan et al. [6] highlighted soil deterioration in cit-
rus orchards due to excessive mineral fertiliser applica-
tion. Wiggenhauser et al. [7] observed that over-
application of phosphorus-containing fertilisers can 
lead to cadmium accumulation in the soil and subse-
quently in the edible plant parts. Hence, improper fer-
tiliser application can have negative effects on the en-
vironment, as well as on humans and animals [8-10]. 
Therefore, it is important to achieve balanced fertilisa-
tion to ensure that the optimum amount of nutrients is 
provided, resulting in maximised yields [11-12].  
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The most commonly utilised fertiliser spreaders 
are disc spreaders. Disc spreaders are distinguished 
by their high output and working width, low weight 
and straightforward construction, which results in 
a relatively low market price [13-14]. For this rea-
son, they are being systematically improved, for ex-
ample, by increasing the lateral and longitudinal 
uniformity of fertiliser spreading or by utilising ele-
ments of precision farming, such as the use of on-
board computers or the use of images captured by 
unmanned aerial vehicles to create fertiliser maps. 
As with any agricultural machine, fertiliser spread-
ers are evaluated in terms of their suitability. This 
encompasses three key areas: 
− structural, 
− technological-functional (NPK basic fertilisation, 

late top dressing, granulated and dusty fertilisers), 
− technological and bio-technological (soil and cli-

matic conditions and agrotechnical period). 
 

Among the design suitability indicators for spread-
ers are the fertiliser application rate, the working 
width and the lateral distribution uniformity. 

In the era of precision farming, agricultural ma-
chinery used for sowing mineral fertiliser is subject to 
high technical demands. The main objective is to op-
timise the design of the machines to increase their re-
liability and efficiency. For fertiliser spreaders, the 
primary focus is to achieve high lateral and longitudi-
nal uniformity of fertiliser distribution [15-17]. Tests 
to assess the uniformity of fertiliser distribution are 
conducted i.a. in accordance with the ISO standard, 
which is available in two forms: ISO 5690/1 and ISO 
5690/2 [18-19], as well as ASAE/ASABE S573 [20]. 
The lateral distribution permits the performance of 
different spreader models operating at a constant 
working speed to be evaluated. The width and shape 
of this distribution are of significance for spreader de-
sign, with the latter being employed to determine the 
maximum working width of the machine.  

The uniformity of the lateral distribution depends 
on a number of factors, including the length and 
shape of the spreading vanes, the physical properties 
of the fertiliser to be spread, and the atmospheric con-
ditions during the fertilising process [21-23]. 

The application of a rational dose of fertiliser 
over the entire field is made possible by precision 
farming and high spreading uniformity. The nutri-
ent-richness and fertility of the soil can be taken into 
account in the application of fertiliser, for example 
based on crop yields in individual parts of the field, 
through the use of satellite navigation. Precise ferti-
lisation enables the reduction of not only fertiliser 
application, but also fertilisation costs and energy 
consumption. This is achieved by adjusting the 

quantity of fertiliser to the abundance of soil and the 
needs of the plants. 

According to Papadopoulos et al. [24] savings in 
fertiliser application due to precision farming can 
amount to 25–30% while at the same time equalising 
the crop yield. The precise application of minerals en-
sures that the plants only receive the dose they are 
able to take up from the soil, thus limiting the harmful 
effects of excess fertiliser on the environment. This is 
achieved by limiting the amount of fertiliser that 
reaches groundwater and surface water, which can 
otherwise be contaminated by excess run-off. 

Mathematical models are frequently utilised to en-
hance the effectiveness of agronomic treatments [25-
27]. Martinez-Rodriguez et al. [28] developed a model 
and software to compute parameters in the centrifu-
gal disc of fertiliser spreaders. Yuan et al. [29] intro-
duced a discrete element model for compound ferti-
liser particles in a variable-rate application. Du et al. 
[30] designed a circular fertiliser applicator with an 
outer groove wheel and helical teeth and analysed this 
design using discrete element modelling. Liu et al. 
[31] developed a discrete element model to optimise 
the parameters of the fertiliser shunt plate. Marcal 
and Cunha [32] presented the automatic calibration 
system (ACFert) based on image processing tech-
niques, to develop an algorithm and to evaluate the 
accuracy of fertiliser spreading. Sharipov et al. [33] 
developed a mathematical model using kinematic 
analysis of fertiliser granules to accurately determine 
the position and mass of a single fertiliser granule. 
Abbou-ou-cherif et al. [34-36] developed a model for 
fertiliser spreading on hilly areas and hills with varia-
ble slopes. Therefore, the aim of this study is to de-
velop a new model for lateral distribution uniformity 
during fertilisation. The researchers suggest the need 
for further research in mathematical modelling to ex-
tend the fit of the models to real values. 
 
2. Materials and methods 
 
2.1 Experimental set-up  
 
This research concerns an assessment of the uni-
formity of the lateral distribution of spreaders based 
on the ASAE/ASABE S341 standard [20].  

The study tested the quality of operation of three 
double-disc fertiliser spreaders in a winter wheat crop 
under field conditions. The area of the field in which 
the experiments were carried out was 10 ha. Three ex-
perimental plots were established in this area. Each 
plot was 100 m wide and 50 m long. The Amazone and 
Unia Group MX spreaders had spreading discs that al-
lowed for a 15-metre working width, while the Kuhn 
spreader had spreading discs that allowed for a 30-
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metre working width. Table 1 shows the characteristics 
of the spreaders used in the study. The ammonium ni-
trate fertiliser was sown at a rate of 250 kg⋅ha-1. The 
granulometric composition of the fertiliser was deter-
mined using the sieve method, as shown in Table 2. 

The tests were conducted with the fertiliser 
spreaders travelling at a speed of 1.22 m·s-1. The dis-
tance from the top edge of the containers to the 
spreading discs was 650 mm, and the disc speed was 
540 rev min-1. Throughout the experiments, the 
blade height and angle remained constant at 50 mm 
and 40°, respectively. The hopper opening was ad-
justed to achieve a fertiliser flow rate of 40 kg min-1. 
The working width was adjusted and the fertiliser ap-
plication rate was determined based on the manufac-
turer’s operating instructions. 

Fertiliser was applied to 0.5 × 0.5 metre contain-
ers, which were equipped with safety devices to pre-
vent the fertiliser granules from falling out due to 
bouncing. The tests involved placing 10 containers 
in a row, taking up half of the working width. The 
experiments were conducted in triplicate. Along the 
route of the spreaders, containers were placed in 
three rows, with each row separated by a distance of 
10 metres. After each pass of the spreader, the ferti-
liser was collected from the container and weighed 
using an analytical balance. The data was entered 
into Microsoft Excel 2013 and analysed to determine 
the average weight of fertiliser in each container. The 
coefficient of variation (CV) was calculated in ac-
cordance with the following formula: 

 

𝐶𝐶𝐶𝐶 =
� 1
𝑛𝑛−1·∑ (𝑚𝑚𝑖𝑖−𝑚𝑚� )2𝑛𝑛

𝑖𝑖=1

𝑚𝑚�
    (1) 

where mi is the mass of fertiliser in the i-th container 
(g), m ̅ is the average mass of fertiliser in all containers 
(g), and n is the number of containers. 
 

The coefficient of variation, which was employed 
in the study, is a commonly utilised metric for as-
sessing lateral distribution. A lower value of the CV 
indicates a more uniform distribution of the fertiliser. 
Based on international test methods, it is assumed 
that the CV for nitrogen-containing fertilisers should 
not exceed 15%, while for nitrogen-free products it 
should not exceed 25%. 

A linear function was then used to describe the rela-
tionship between the average weight of fertiliser and the 
distance from the centre of the spreader. The zero point 
of the function was calculated to determine the limit of 
the fertiliser spread. The equations obtained were used 
to calculate the values of fertiliser spread over the entire 
spreading width on both sides, which allowed the total 
fertiliser distribution to be determined. 
 
2.2 Development of a new model for uniform 

transverse distribution 
 
The data were analysed using a new approach that 
employed the Lagrange interpolation model to deter-
mine the relationship between path distance and fer-
tiliser mass. A polynomial of degree n is formed based 
on n+1 observations x_0,x_1,…,x_n. The Lagrange 
interpolating polynomial has the following form: 
 

𝐿𝐿(𝑥𝑥) =  ∑ 𝑦𝑦𝑖𝑖𝑛𝑛
𝑖𝑖=0 ∏ 𝑥𝑥−𝑥𝑥𝑗𝑗

𝑥𝑥𝑖𝑖−𝑥𝑥𝑗𝑗
𝑛𝑛
𝑗𝑗=0 ʌ 𝑗𝑗≠𝑖𝑖   (2) 

 

Table 1. Characteristics of the spreaders 

 

 Unia – A Amazone – B Kuhn – C 

Volume of hopper (l) 850 1200 1200 

Width (mm) 2000 2150 1890 

Length (mm) 1100 1420 1400 

Height (mm) 1060 1070 1440 

Vane number of each disc 
(piece) 

2 2 2 

Weight (kg) 273 319 289 

PTO rev (min-1) 540 540 540 

Power requirement (kW) 44–51 66 48 
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Table 2. Granulometric composition of ammonium nitrate 34% N

 
Ten observations were collected for each type of 

spreader, and three polynomials were generated for 
each type based on the formula 2. Based on (2) we 

obtain three formulas for each type of spreader. The 
Lagrange interpolation produced spline functions 
for various types of spreaders, which are as follows: 

 
• Kuhn:  

𝐾𝐾(𝑥𝑥) =  �
5.47 −  1.1285𝑥𝑥 +  0.317945𝑥𝑥2  −  0.0388656𝑥𝑥3  +  0.00152263𝑥𝑥4, 𝑥𝑥 ∈ [0; 13.85]
−229743 +  60088𝑥𝑥 −  5888.76𝑥𝑥2  +  256.299𝑥𝑥3  −  4.18𝑥𝑥4, 𝑥𝑥 ∈ (13.85; 16.35]

 (3) 

• Amazone: 

𝐴𝐴(𝑥𝑥) =  �
4.13 −  2.58162𝑥𝑥 +  2.13842𝑥𝑥2  −  0.662458𝑥𝑥3  +  0.0642526𝑥𝑥4, 𝑥𝑥 ∈ [0; 5.05]

977.122 −  539.897𝑥𝑥 +  111.869𝑥𝑥2  −  10.28𝑥𝑥3  +  0.353333𝑥𝑥4, 𝑥𝑥 ∈ (5.05;  8.25]
 (4) 

• Unia: 

𝑈𝑈(𝑥𝑥) =  �
5.37 −  1.12258𝑥𝑥 +  0.718609𝑥𝑥2  −  0.20416𝑥𝑥3  +  0.0179834𝑥𝑥4, 𝑥𝑥 ∈ [0; 5.05]

2685.61 −  1487.27𝑥𝑥 +  308.362𝑥𝑥2  −  28.3333𝑥𝑥3  +  0.97333𝑥𝑥4, 𝑥𝑥 ∈ (5.05;  8.25]
 (5) 

 

3. Results 
 
The results of the tests of lateral unevenness are pre-
sented in Table 3. For all types of fertiliser spreaders, 
the coefficient of variation of the transverse distribu-
tion parameter was below 15%. However, the Unia 
spreader obtained the lowest coefficient of variation 
and, at the same time, the highest uniformity of ferti-
liser distribution.  

Figure 1 shows the distribution of fertiliser in the 
individual container and the average values from the 
three repetitions for the Amazone, Unia and Kuhn 
spreaders, respectively. The average values of the fer-
tiliser mass in the individual containers are de-
scribed by a linear function, assuming a linear distri-
bution of fertiliser over the path width. Based on the 

function’s equation, its zero points were calculated. 
This provides the limit for the spread of fertiliser, 
which is 12.7465 m for the Amazone spreader, 
17.0562 m for the Unia spreader, and 31.6534 m for 
the Kuhn spreader. 

Equations 3–5 were used to calculate values for in-
dividual points between adjacent spreader tracks, on 
the left and right sides, and to determine the total dis-
tribution of fertiliser for the analysed spreaders (see 
Fig. 2–4). As the limit to which the fertiliser was 
spread was greater than the working width, the appli-
cation of fertiliser from adjacent passes was also con-
sidered. Figure 5 displays graphs comparing the aver-
age fertiliser masses in the containers with those 
generated by the model. 

 

Table 3. Results for the coefficient of variation for the spreaders under study 

 Kuhn Amazone Unia 

CV (%) 12.03 13.33 6.80 

 

Fertiliser granule size [mm] Fertiliser weight [kg] Individual fractions proportion [%] 
>4 0.114 45.6 
3–4 0.126 50.4 
2–3 0.007 2.8 

1.5–2 0.001 0.4 
<1.5 0.002 0.8 
Sum 0.25 100 
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Fig. 1. Fertiliser weight as a function of distance from the spreader axis perpendicular to the direction of movement: 
a. Amazone, b. Unia, c. Kuhn spreader 

 

Fig. 2. Total fertiliser weight as a function of the distance between two passes of the Amazone ZA-M spreader 
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Fig. 3. Total fertiliser weight as a function of the distance between two passes of the Unia Brzeg 850MX spreader 

 

 

Fig. 4. Total fertiliser weight as a function of the distance between two passes of the Kuhn Rauch Axis 30.1EMC.W 
spreader 

 

Table 4. Values of measures of model fit to experimental data for the three spreaders tested 

 Kuhn Amazone Unia 

Correlation coefficient 0.9927 0.9999 0.9999 

Determination coefficient (R2) 0.9855 0.9999 0.9999 
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Fig. 5. Graph showing the goodness of fit of the constructed model to the experimental data for a. Amazone spreader, b. 
Unia Brzeg 850MX spreader, c. Kuhn Rauch Axis 30.1EMC.W spreader 

 

Specifically, for the Amazone and Unia types, the 
coefficient of determination is above 0.999, while for 
the Kuhn spreader it is 0.985. Thus, it can be inferred 
that the model is a suitable fit for the experimental 
data, enabling effective simulation of the weight of 
fertiliser spread depending on the distance from the 
centre of the spreader. 

 
4. Discussion 
 
This work presents mathematical models for predic-
tion of the uniformity of fertiliser application using dif-
ferent spreaders. Many researchers have emphasised 
the need for research into the uniformity of lateral and 
longitudinal distribution of fertiliser [37-39]. Many pa-
pers have been devoted to the optimisation of the fer-
tiliser application process. Shi et al. [40] carried out a 
numerical simulation of the fertiliser spreading process 
using the discrete element method. They developed a 
regression model of the fertiliser particle distribution 
and the structural parameters of the formulation used, 
and employed a surface analysis method for 

optimisation. They then carried out a validation test 
under real conditions to compare the performance of 
the optimised system with that of the numerical model. 
The results of this test showed that the most influential 
factors on the lateral distribution of fertiliser granules 
were the angle of the blade, the angle of the disc cone 
and the height of the spreader. 

The researchers presented the optimal combina-
tion of parameters analysed. 

Liu et al. [41] designed a deflector plate according 
to the fertilisation characteristics of alfalfa, and opti-
mised its structural parameters using discrete element 
simulation. They determined the inclination angle 
and horizontal distance, and verified the accuracy of 
the simulation results under field conditions [42]. In 
turn, Sun et al. [42] designed and developed a ferti-
liser apparatus with helical grooved wheels using 3D 
printing technology. They then used the EDEM sim-
ulation test to analyse the effects of various factors on 
fertilisation efficiency and determined the optimum 
parameters of groove radius, helix angle, rotational 
speed, and tilt angle. 
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Rußwurm et al. [43] developed a predictive con-
trol scheme for optimal control of a centrifugal 
spreader based on the kinematic model of the tractor, 
the model of the field, and the spread pattern. In their 
study they presented three algorithms: a one-step op-
timisation based on the current time step only, and 
two algorithms using model predictive control – one 
with a simplified distribution model in the prediction 
horizon and the other with a complex model. The best 
results were obtained with model predictive control 
using the comprehensive model. Koko and Virin [44] 
developed a mathematical model that took into ac-
count the prescribed fertiliser dose by adjusting the 
centrifugal spreader at each fertiliser application 

period in the field. They determined the parameteri-
sation of the spreader based on minimising the error 
between the actual and the prescribed fertiliser dose.  
 
5. Summary 
 
One of the important objectives of modern agriculture 
is to achieve an appropriate level and uniformity of fer-
tilisation. Based on the results of the optimisation, 
models are presented as a practical basis for represent-
ing the characteristics of fertiliser distribution.  

The use of this model will make it easier to control 
the operation of spreaders and to assess the appropri-
ate uniformity of fertiliser application. 
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