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Abstract. Spherical working tools find wide application in soil tillage, particularly in various designs of 

harrows. Despite the many advantages and many years’ practical use, there is a need for a detailed assessment of 

the power characteristics of spherical disks when interacting with different types of soil in order to improve 

labour efficiency and reduce the specific energy costs. Experimental investigations were carried out under the 

field conditions using an experimental installation and specimens of tillage tools. In order to study the draft 

resistance of the working tool, the tensometry method was used. The obtained data were processed by the 

methods of mathematical statistics, as well as the dispersion and regression analysis using a PC and the 

corresponding software. According to the results of the research a special methodology was proposed for the 

determination of the power characteristics of a spherical disk working tool depending on the conditions of its 

operation, provided that the technological process is ensured. Using the results of the experimental studies, 

regression equations were obtained and the dependences of energy consumption upon the operating conditions of 

the spherical disk working tool were constructed. The tractive force of the spherical disk varies within the range 

from 88.2 N (at the depth of 6 cm) to 1985.0 N (at the depth of h = 18 cm).  

Keywords: disk, harrow, draft resistance, tillage, installation, sensor. 

Introduction 

Despite the emergence of new trends, mechanical tillage is still the most important operation in 

the technology of field crop cultivation [1]. Due to the high energy consumption in mechanical tillage 

the task to minimise energy consumption is urgent and requires further scientific research [2].The soil 

tillage implements with spherical disk working tools are widely used in all kinds of tillage, ranging 

from shallow stubble skimming after the harvest to the basic tillage of the soil [3]. These implements 

of a relatively simple design have a series of advantages [4]; in particular, many authors point to the 

relatively lower energy consumption for the implementation of a similar technological process of 

tillage. The work of disc tillage machines was investigated by many scientists in Europe and the world 

[2-4]. However, the available research results do not allow an objective assessment of the power 

characteristics of a spherical disk working tool when it interacts with the soil, in order to increase its 

efficiency and reduce the specific energy cost. Therefore, there is a need to develop a special 

methodology for experimental determination of the components of the resistance force of a spherical 

disk working tool.  

The purpose of the research is to determine the power indicators of the components of the 

resistance force of a spherical disk working tool depending on the conditions of its operation, provided 

that the technological process is ensured. 

Materials and methods 

To study the draft resistance of the working tool the tensometric method was used. The obtained 

data were processed by the methods of mathematical statistics, as well as the dispersion and regression 

analysis using a PC and the corresponding software. The program of the experimental investigations 

included:  

• determination of conditions for conducting the experimental investigations (hardness, 

humidity, density); 

• determination of indicators of the resistance forces (longitudinal Px, transverse Py, vertical Pz) 

of the disk working tool depending on the disking depth h of the soil and the forward speed 

Vn; 

• determination of how well execution of the technological process of soil tillage by the 

spherical disk working tool is ensured. 
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The type of the soil and designation by its mechanical composition were selected from the soil 

map of the area. The research of the processing quality indicators was determined in accordance with 

the standard [5]. The moisture of the soil was determined by triple taking soil samples in sample cups 

(bottles), weighing them and then drying to a dry state in the drying box; the absolute and relative soil 

moisture were determined. The soil hardness was determined by a penetrometer according to the 

known methodology [6]. A comparative assessment of the tillage quality by the spherical disk working 

tool was executed by determining the structural and aggregative state of the soil after the passage of 

the disk, using a standard methodology [5]. To carry out the experimental investigations, a soil tillage 

aggregate was used consisting of a source of power (a YuMZ-6KL tractor) and a mounted 

experimental installation for measuring the component resistance forces of the spherical disk working 

tool (Fig. 1). 

 

Fig. 1. General view of experimental installation (the rear view): 1 – frame; 2 – disc rack;  

3 – spherical disk; 4 – hitch element; 5 – bearing units; 6 – frames; 7 – stabilisation disks 

The principle of operation of the spherical disk working tool with a solid (i.e. circumferentially) 

working blade and a cutout is the same. However, in terms of the energy consumption and 

performance indicators, the disks with a cutout blade have an advantage [4;7]; therefore, in the 

experimental installation, a spherical disk tool with cutouts of the blade was used, the technical 

characteristics of which are shown in Table 1. The quality of the weed trimming within the furrow 

width, obtained in one run of the spherical disk working tool, was determined according to the 

methodology [5].  

Table 1 

Technical characteristics of a spherical disk working tool of a disk harrow 

Name of the parameter Unit of measurement Value of the parameter 
Operating width m 0.3 
Tillage depth m 0.06; 0.12; 0.18 
Shape of the working tool  – A cutout spherical disk  
Number of cutouts piece 10 
Diameter of the disk  m 0.66 
Radius of the sphere of the disk  m 0.66 
Disk approach angle deg. 30 
Disk inclination angle  deg. 15 
Operating speed km·h

-1
 up to 7.6; 9.0; 11.1 
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The experimental installation was equipped with three tensometric sensors DEF-A2t, the data 

from which were recorded and processed (digital array) by means of a computer with the software 

ADA-1406 using the analog-digital converter (ADC) ADA-1406 (Fig. 2). 

Calibration of the sensors was carried out under laboratory conditions using the same recording 

equipment, which is placed directly on the experimental installation. Since a spherical disk working 

tool with ten cutouts on the blade was selected for the experimental investigations, it can be assumed 

that the strain will vary 10 times with each rotation of the disk. Considering this, the required number 

of measurements corresponded to the reliability of obtaining experiments H = 0.99 and the relative 

error ∆ = 0.2 [6]. That is, when ∆ = ± 3σ, the most possible statistical error will be equal to 

 ± 3σ / a·100 % (a is the average measuring resistance force). To achieve this, it is necessary to make 

100 measurements, that is, when the disk is moving at a speed of Vn = 2 m·s
-1

, measurements were 

taken for 10 rotations of the disk, which is equal to the speed of the movement of the disk  

Vn = 7.2 km·h
-1

; the measurements were made for a section, 20 m long; the data recording continued 

for 10 s. If the speed of the movement increases, the recording time can be proportionally reduced and, 

vice versa, – when the speed of the disk decreases, the data recording time should proportionally 

increase. 

For experimental investigations there was selected a spherical disk with cutouts of the blade with 

the diameter of Dd = 660 mm, the sphere radius of Rs = 660 mm, the disk approach angle α = 30º, the 

inclination angle of the disk plane to the vertical β = 15º. The speed of the forward movement 

corresponded to the calculated speeds without slipping at the rated nominal power of the YuMZ-6KL 

tractor, which amounted to 7.6 km·h
-1 

on the first gear, the 2nd one – 9.0 km·h
-1

, the 3rd – 

11.1 km·h
-1

. The exact value of the speed of the experimental installation during the experiments was 

determined using a track measuring wheel. The depth of the soil tillage with the spherical disk was set 

exactly, and it was 6, 12 and 18 cm. Determination of the indicators of the component resistance force 

of the disk working tool was carried out by the tensometric method [8-12]. The following forces were 

fixed: the longitudinal Px, transverse Py, and the vertical Pz resistance forces depending on the tillage 

depth h and the speed V of the aggregate. These investigations were conducted in a specially selected 

area of the field with a size of 50 × 50 m. All the experimental studies were performed in triplicate. 

Processing of the results took place by the methods of mathematical statistics, as well as the dispersion 

and regression analysis using a PC and the corresponding software. 

The agrotechnical assessment of the soil tillage by the disk tillage tool, carried out in accordance 

with the item indication (nomenclature) indicators of the test conditions, and the quality of the 

technological process are shown in Table 2. Triple repetition of measurements. The technological 

process of tillage by means of spherical disk working tools is characterised by a number of structural 

and operating parameters that affect the quality and energy indicators of the process. The methodology 

envisaged for obtaining dependent factors in the form of regression equations. To find the regression 

coefficients, a series of experiments were carried out according to a previously adopted plan, which 

showed the number and conditions of the experiments. 

Table 2  

Indicators of the test conditions and quality of technological operations  

for agrotechnical assessment 

Indicators of the test conditions 
Indicators of the technological 

process 

Soil type and designation by its 

mechanical composition 
Speed of the movement, km·h

-1
 

Soil background Working width, m 

Soil moisture, % Depth of tillage, cm 

Soil density, g·cm
-3

 Soil crumpling degree, % 

The choice of independent factors to obtain the equations of regression was made according to 

preliminary theoretical studies that showed the effect of individual factors in a certain range of values 

upon the energy indicators of tillage [12-14]. Independent factors that were used in the study: х1 = h – 

the depth of tillage, cm; x2 = V – the speed of the forward movement of the aggregate, km·h
-1

. The 

planning matrix of experiments was fulfilled according to the plan of a full-factor experiment of the 
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second order [5, 13-15].It was supposed to use three levels for each independent factor: the upper 

( + 1), the medium (0) and the lower (–1) factor. The value of levels and intervals of variation for 

independent factors are given in Table. 3  

Table 3 

Value and coding of the levels of the factors  

Independent factors 
Level of variation 

x1 x2 

Lower (–1) 6 7.6 

Medium (0) 12 9.0 

Upper ( + 1) 18 11.1 

According to the assessment of the obtained indicators of the disk operation, the following 

dependent factors are taken: Px, Py, Pz – the longitudinal, lateral and vertical components of the 

resistance force N, respectively. The mathematical empirical model of the impact of independent 

factors upon the evaluation criteria (the regression equation) was represented as a polynomial of the 

second degree, and it looked like: 

 ∑ ∑∑
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where bi, bii,,bij – regression coefficients of the i-th factor, the paired and the quadratic 

interactions, respectively;  

 k – number of factors.  

The regression coefficients, analysis of equations, significance, adequacy, reproducibility and 

homogeneity, the construction of response surfaces and other graphical interpretation of the results, 

their optimisation were determined by standard methods using the MathCad 13, MatLab 6.0, 

Statistica 6.0 and STAT.EXE programs. The mathematical processing of the obtained data, as well as 

the calculation of the statistical characteristics were performed by means of the above-mentioned 

programs.  

The laboratory and field investigations of the spherical disk working tool were conducted on the 

experimental plots of the NSC “IMESG” (Glevakha, Kiev Region, Ukraine) in the forest-steppe zone 

of black soil (chernozem) area with medium loamy soil (Fig. 3). 

For experimental investigations a research site of a field, measuring 50 × 50 m, was selected, on 

which experimental plots, measuring 30 × 2.5 m, were separated. The research conditions are given in 

Table. 4. To measure forces Px, Py, Pz of the draft resistance of the spherical disk working tool, an 

experimental installation (Fig. 3) was used, equipped with two stabilisation disks to stabilize the 

movement of the spherical disk working tool in the longitudinal direction, in which the value of the 

strain was measured.  

Table 4  

Research conditions 

Name of the indicator Designation Unit of measurement Value 

Type of the soil  black soil (chernozem) area with medium loamy soil  

Relief flat 

Microrelief levelled 

Background compacted chernozem  

Average hardness of the soil   mPa 2.3 

Soil density  ρ g·cm
-3

 1.10-1.25 

Soil moisture at the depth:  

 5 cm,  

 10 cm,  

 15 cm,  

 20 cm  

Average moisture of the soil: 

W  % 

 

18.3 

19.8 

20.3 

21.6 

20.0 
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Fig. 3. View of furrow after passage of experimental installation 

Results and discussion 

Figure 4 shows a general view of the oscillogram of the recorded forces Px, Py, Pz acting upon the 

spherical disk working tool. 

 

Fig. 4. Part of oscillogram of recorded forces acting upon working tool:  

1 – longitudinal (channel-1); 2 – transverse (channel-0); 3 – vertical (channel-2) 

Figs. 5, 6, and 7 show dependences of the longitudinal Px, the lateral Py, and the vertical Pz forces, 

acting upon the spherical disk tool, when the speed of the movement Vп and the disking depth of the 

soil h are changed. 

The regression equations obtained:  

 ( ) nnnx hV+h+Vh=h,VP 29.41.493.6228.29787.7 22−−  (2) 

1

2

3
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In Fig. 5 there is presented the dependence of the longitudinal force Px upon the speed of the 

movement of the disk Vп and the depth of the soil tillage h. 

 

Fig. 5. Dependence of longitudinal force Px upon change in speed  

of movement Vп and depth of soil tillage h 

Using the regression equation (3), in Fig. 6 there is reflected the dependence of the force Py upon 

Vп and h. 

 ( ) 220.755 7.712.43184.3490.86997.742
nn

h+nn,y V+hV+Vh=hVP −− . (3) 

 

Fig. 6. Dependence of lateral force Py upon speed of movement Vп and depth of soil tillage h  

According to the regression equation: 

 ( ) 22 0.432.480.2415.4924.83 nnnz VhV+h+h+=h,VP − .  (4) 

In Fig. 7 there is shown the dependence of the vertical force Pz upon the speed of the movement 

Vп and the depth of the soil tillage h.  

According to the regression equation: 

 ( ) nnn hV+h+Vh=hVP 31.71.63100.86242.19842.45 22−− . (5) 

In Fig. 8 there is presented a graph of the variations in the generalised force P acting on the 

spherical disk working tool depending upon the speed of the movement Vп and the depth of the soil 

tillage h. 
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Fig. 7. Dependence of vertical force Pz upon speed of movement Vп and depth of soil tillage h 

 

Fig. 8 Dependence of generalised force P upon speed of movement Vп and depth of soil tillage h 

Having considering the above formulas of regression (2-5), we can draw a conclusion about their 

quadratic nature:  

 ( ) ( ) ( )hVf=PhVf=PhVf=P nznynx  

It should be noted that the function ( )hVf=P n Error! Bookmark not defined. has no practical 

value for the operation. In the operational aspect it is more expedient to perform an analysis of Px, 

which is the value of the tractive force, Py is important as a force that needs to be balanced when the 

spherical disk working tool of the harrow is operating, and Pz is important for the running uniformity 

by depth.  

On the basis of the obtained experimental data it is possible to analyse the nature of the change in 

the specific tractive force depending on the depth of disking at a speed of Vп = 11.1 km·h
-1

, for  

Ddis = 660 mm, Rsf = 660 mm, α = 30º, β = 15º. The specific tractive force, when disking, varies from 

3.5 N·cm
-2

 at the depth of h = 6 cm to 3.24 N·cm
-2

 at the depth of h = 18 cm. At the depth of disking  

h = 12 cm, the specific tractive force is 3.05 N·cm
-2

.  

Depending on the depth of disking, the data about the values of the specific tractive force are 

approximated by a mathematical expression: 

4.751.6250.375 2
+hh=Pn −   (6) 

The graph of variations in the specific tractive force as a function of the depth of disking is shown 

in Fig. 9, from which it can be concluded that the minimum specific tractive force is observed, when 

the disking depth of the soil is h = 12-16 cm.  

Table 5 presents the calculated data of the statistical error of the measurement of the tractive force 

Px of the spherical disk working tool. All the values of the tractive force Px within the range  

Px ± ∆n, are within the range of the measurement accuracy, and its value, obtained during the 
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measurement, is within the range 0.49...0.73 at the disking depth h = 6...18 cm and the speed  

Vп = 7.6...11.1 km·h
-1

, which does not go beyond the limits x – a ≤ ∆n and does not fall within the 

random error zone. 

 

Fig. 9. Dependence of specific tractive force Pп upon depth of disking h 

(Ddis = 660 mm, Rsf = 660 mm, α = 30º, β = 15º, Vn = 11.1 km·h
-1

) 

Due to the fact that the experimental investigations were carried out with a single working tool – a 

spherical disk, in the process of recording the results of the tensometric measurements of the tractive 

force there were simultaneously determined the lateral and the vertical forces acting upon this body, 

and the degree of the soil loosening, that is, the structure of the soil in one furrow made by the disc 

during the operating run. 

Table 5  

Calculated data of the statistical error of the measurements  

of the tractive force Px of the spherical disk working tool 

Speed of the movement, km·h
-1

 

7.6 9.0 11.1 
Soil tillage 

depth, cm 
error % error % error % 

6 0.548 54.8 0.740 74.0 0.62 62 

12 0.519 51.9 0.696 69.6 0.73 73 

18 0.490 49.0 0.580 58.0 0.67 67 

In addition, all the soil, cut by the disk per meter of the furrow in three repetitions, was collected; 

it was screened, using a sieve, into fractions: < 1, 1-5, 5-10 and > 10 mm (Table 6). Table 6 shows the 

results of determination of the aggregative state of the soil in accordance with the standard method [4] 

after the run of the spherical disk working tool. 

Table 6  

Results of determination of the aggregative state of the soil  

after the run of the spherical disk working tool 

Aggregative composition, % 
Repetitions 

< 1 mm 1-5 mm 5-10 mm > 10 mm 

1 15.60 34.80 19.70 30.10 

2 13.80 36.20 18.60 31.40 

3 14.20 35.70 20.30 29.80 

Structural 

coefficient of 

the cultivated 

soil 

Average value 14.53 35.56 19.53 30.43 0.69 

Conclusions 

1. The tractive force of the spherical disk varies within the range from 88.2 N (at the depth of 

h = 6 cm, Vn = 7.6 km·h
-1

) to 1985.0 N (at the depth of h = 18 cm and Vn = 11.1 km·h
-1

). The 

nature of this variation has been analysed. 

2. The specific tractive force of disking Pп was determined and analysed at the speed of the 

movement Vn = 11.1 km·h
-1

, when the soil tillage depth h was changed from 6 to 18 cm. It has 
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been established that this minimum specific force is within the range of 3.05 – 3.50 N·cm
-2

 at the 

disking depth h = 12-16 cm. 

3. A possible statistical error ∆n has been determined at the disking depth h = 6-18 cm and the speed 

of the movement Vn = 7.6-11.1 km·h
-1

, which is within the range 0.49-0.73. 
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