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ABSTRACT 

The paper presents an analysis of the basic principles of formation, the properties and characteristics of a 

new modular energy tool, consisting of the energy and the technology modules. The purpose of this study is 

to assess the degree of impact of the throttle in the hydraulic line, connecting the cavity of the hydraulic 

cylinder, upon the controllability of the modular power tool with a mounted plough during the movement of 

the ploughing aggregate on the headland. As a result of the conducted tests, it was proved that increasing 

the controllability of the movement of the aggregate on the basis of a mobile power tool is possible by 

throttling one of the hydraulic cylinders that limit the mutual reciprocal rotation of the modules in a horizontal 

plane. Installation of the throttle modular power tool on the limiting hydraulic cylinder with a drag coefficient 

1.03×10
6
∙N∙m∙s∙rad

–1
 allows one to reduce two times the delay in the reaction of the relative bearing of the 

energy module to a change in the angle of rotation of its driven wheels. 

  

ABSTRAKTS 

 Darbā analizēti jauna moduļa tipa enerģētiska un tehnoloģiska līdzekļa vērtēšanas un raksturošanas 

pamatprincipi. Pētījumu mērķis – droseles ietekmes pakāpes novērtēšana  hidrocilindru dobumus 

savienojošajā  hidromaģistrālē aršanas agregāta ar uzkarināmu arklu kustības laikā pagrieziena joslā. 

Pētījumu rezultātā pierādījies, ka agregāta kustības vadības uzlabošanās uz mobilā enerģētiskā līdzekļa 

bāzes iespējama pie viena hidrocilindra droselēšanas, ierobežojot moduļu savstarpējo pagriešanos 

horizontālā plaknē. Ierobežojoša hidrocilindra uzstādīšana moduļa tipa enerģētiskajam līdzeklim ar droseles 

pretestības koeficientu 1.03×10
6
∙N∙m∙s∙rad

–1
  ļauj divas reizes samazināt enerģētiskā moduļa virziena leņķa 

reakcijas nokavēšanos uz dzenošo riteņu pagriešanos. 

 

INTRODUCTION 

Agriculture is the largest user of tractor equipment used to perform field work. One of the perspective 

directions is the modular construction of tractors (Pădureanu et al., 2013; Klets, 2013; Bindi et al, 2013). In this 

embodiment, the tractor consists of the energy and the technological modules. Their combination in a single 

design of a machine-and-tractor aggregate is a modular energy tool (Fig. 1).  

The controllability of tractors was investigated by many scientists (Wong, 2008; Taran and Bondarenko, 

2017, Aoki et al., 2009; Bochtis et al., 2010; Popa and Buculei, 2013). However, the controllability of energy 

modular units has a number of features and their further detailed study is required. 

An energy module is a tractor the energy saturation of which should ideally be more than 14 kW∙t
–1

. 

However, as practice shows, under real conditions, the efficiency of using a modular energy tool can also 

occur with a lower energy saturation of the energy module (Bulgakov et al., 2015). 

The technological module of the modular energy tool is a bridge the wheels of which are driven from a 

synchronous power take-off shaft of the energy module (Kutjkov, 2004; Gjachev, 1981).  

                                                 
1
 Ivanovs S., Dr.Eng, Bulgakov V., Prof. Ph.D. Eng;  Nadykto V., Prof. Ph.D.;  Ihnatiev Ye., Dr.; Smolinskyi S., Dr.;  
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In the frontal part of the technological module there is a hitch mechanism with which it is attached to 

the rear mounted mechanism of the energy module. Coordination of the peripheral linear speeds of the 

wheels of the technological module and the rear wheels of the energy module is carried out using a special 

gearbox, located on the frame of the technological module.  

 
Fig. 1 - A modular energy tool  

 

For aggregation with the agricultural implements the technological module is equipped with a hydraulic 

mounted system, its own power take-off shaft, a saddle device and a brake system. In a horizontal plane the 

energy module is connected to the technology module by means of a vertical hinge. Its presence ensures 

the rotation of the technological module relative to the energy module by ± 30° during the movement of the 

modular energy tool on the headland. In a longitudinal-vertical plane the energy module is connected to the 

technology module using a horizontal hinge. Due to it the modular energy tool can carry out quite satisfactory 

copying of the longitudinal profile of the field surface. The limited turning ability of the technological module 

relative to the energy module in a horizontal plane is provided by two hydraulic cylinders, connecting the 

frames of the energy and the technological modules. To ensure the flow of oil from the over-piston cavity of 

the hydraulic cylinder into the under-piston cavity, the cavities are interconnected by a hydraulic line. 

However, in the process of experimental research of the modular energy tool it was found that, when it 

moves as part of the aggregate on the headland, the technological module may have increased vibrations in 

a horizontal plane. As a result, a decrease in the movement speed of the modular energy tool on the field 

headland was required. And this, as it is known, leads to lower efficiency of this or that machine-and-tractor 

aggregate (Bulgakov et al., 2018; Samorodov and Pelipenko,2016). To eliminate this drawback, a throttle 

with a resistance coefficient Km = 1.03×10
6
∙Н∙m∙s∙rad

–1
 was mounted in the hydraulic hose of one of the 

hydraulic cylinders, connecting the energy and the technological modules (Fig. 2). The substantiation 

methodology of the value of this coefficient is described in detail in (Bulgakov et al., 2019).  

The purpose of this study is to assess the impact degree of the use of the aforementioned inductor 

with a resistance coefficient Km = 1.03×106 Н m s rad
–1 

upon the controllability of a modular power tool with a 

mounted plough during the movement of this ploughing machine-and-tractor aggregate on the headland.  

 
Fig. 2 - An installation scheme of a throttle in the hydraulic cylinder, connecting the energy and the 

technological modules of the modular energy tool 

EM – the energy module; TM – the technology module; Km – the inductor generating the resistance coefficient 
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MATERIALS AND METHODS 

Experimental research of the ploughing aggregate based on a modular energy tool (table 1) were 

carried out on the field after peeling stubble of winter wheat (Fig. 3). 

Table 1 

Technical characteristics of a modular energy tool  

Energy module  

Operating mass [kg] 3900 

Engine power [kW] 77.2 

Energy saturation rate [kW∙t
-1

] 19.8 

Front wheels track [mm] 1500 

Rear wheels track [mm] 1500 

Front wheels tire size 13.6R20 

Rear wheels tire size 15.5R38 

Technological module  

Operating mass [kg] 2600 

Wheel track [mm] 1500 

Tire size 16.9R38 

 

 
Fig. 3 - The ploughing aggregate, based on a modular energy tool 

 

During experimental field research of the movement of this ploughing machine-and-tractor aggregate, 

based on a modular power tool on the headland, the average value of the soil moisture in the field in the 0 ... 

10 cm layer was 15.3%. The soil density in the same layer did not exceed 1.24 g cm
3
. The average value of 

the movement speed of this ploughing machine-and-tractor aggregate on the headland was 2.4 m s
–1

. The 

longitudinal oscillations of the field irregularities were also recorded (Dospehov, 2012).  

The movement of the investigated ploughing aggregate on the headland was effected in the same 

gear with a throttle installed (Km = 1.03×10
6
 Н m s rad

–1
) in the hydraulic cylinder and without it (Km = 0). The 

path of the movement of the aggregate was equal to 50 m. Based on this, the speed of the aggregate ( aV ) 

was determined by the formula:  

  
1

50aV t


   (1) 

where t – the passage time of the aggregate is 50 m long.  

To record the movement time of the modular power tool with a plough on the headland, an electronic 

stopwatch with a measurement accuracy of ± 0.1 s was used.  

In the process of the movement of the modular energy tool, the turning angle of the driven wheels of 

the energy module (α) and its relative bearing angle (φ) were recorded.  

To measure the soil moisture (W), an MG-44 electronic device (Ukraine) was applied with an accuracy 

of ± 1%. The measurement of the soil density (ρg) was carried out by a device that we have developed 

according to the methodology (Nadykto and Kotov, 2015). The number of measurements of each of the 

parameters W and ρg was 50.  
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The turning angle of the energy module’s driven wheels of the modular energy tool was recorded 

using a variable resistor SP-3A with a linear characteristic and a rating of 470 Ohm. The resistor was 

mounted on the rotation axis of the left frontal wheel of the energy module of the modular energy tool (Fig. 

4).  

  
Fig. 4 - Resistor SP-3A (440 Om) Fig. 5 - The field profile meter 

 

In order to measure the oscillations of the longitudinal field profile, a special instrument (Ukraine) was 

used, the recording element of which was a variable resistor SP-3A with a linear characteristic and a nominal 

value of 470 Ohm (Fig. 5).  

The relative bearing angle (φ) of the energy module of the modular energy tool was recorded using a 

GY-521 gyroscope with an Arduino microcontroller (China).  

The electrical signals from the gyroscope and resistors for recording the angle α, as well as the 

oscillations of the longitudinal profile of the field, were transmitted to an analogue-to-digital converter and 

then to a personal computer. The repeatability of the measurement of these parameters was 3.  

Statistical characteristics, such as dispersion, as well as normalised correlation functions and spectral 

densities were calculated from the resulting data arrays (Box et al., 2005).  

To analyse the movement controllability of the ploughing aggregate, based on the modular energy tool 

at different throttling values of the hydraulic cylinder, a normalised cross-correlation function (Dospehov, 

2012) was applied that relates the oscillations of the turning angle of the energy module’s driven wheels of 

the modular energy tool (α) with the oscillations of its relative bearing angle (φ).  

 

RESULTS AND DISCUSSION 

Analysis of the data, characterising the fluctuations in the irregularities of the longitudinal profile of the 

field surface, showed that the correlation length of the normalised correlation function of this process is 1 m 

(Fig. 6 a). 

Knowing the movement speed of the machine-and-tractor aggregate, it’s easy to determine the time of 

the correlation link. In this case, at the aggregate velocity of 2.4 m s
–1

, it is equal to: 1 (2.4)
–1

 = 0.42 s. In 

addition, it can be considered that the oscillations of the longitudinal profile of the field surface practically do 

not have a hidden periodic component. The information on the changes in the correlation function that take 

place in the graph, shown in Fig. 6a, is not enough to determine the source of their generation. 

In addition, the dispersion of the oscillations of the discussed process is 0.91 cm
2
. It is mainly 

concentrated in a rather narrow frequency range 0...2 m
–1

 (Fig. 7). Considering that the speed of the 

movement of this ploughing machine-and-tractor aggregate is 2.4 m s
–1

, the range is 0...4.8 s
–1

 or 0...0.76 

Hz.  

The cut-off frequency of the spectral density, as can be seen from the graph, shown in Fig. 6 b, 

practically does not exceed 6 m
–1 

or 14.4 s
–1

, which is equal to 2.3 Hz.  

When this ploughing aggregate moved on the agrotechnical background with such characteristics of 

longitudinal profile oscillations, the control action in the form of the turning angle of the driven wheels of the 
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modular energy tool changed in a very narrow range. Thus, the main part of the dispersion of this 

parameter’s oscillations is concentrated in the frequency range 0...2.0 s
–1

 , or 0...0.32 Hz (Fig. 8).  

 

 
Fig. 6 - A normalised correlation function of oscillations of the field surface longitudinal profile 

 

 
Fig. 7 - Spectral density of oscillations of the field surface longitudinal profile 

 

 

The maximum value of the normalised spectral density of angle α oscillations falls on a rather narrow 

frequency range: 0.30 ... 0.35 s
–1

.  

As it turned out, the block-modular unit worked out the fluctuations in the input impact differently. In the 

absence of the hydraulic cylinder throttling of the technological module of the modular energy facility a 

positive correlation was found between the parameters α and φ. But, first, it is rather weak since the 

maximum value of the mutual correlation function does not exceed the mark (Curve 2 presented in Fig. 9).  
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Fig. 8 - Normalised spectral density of the turning angle oscillations  

of the modular energy tool’s driven wheels 

 

 
Fig. 9 - The normalised mutual correlation functions of the relative bearing angle φ oscillations,  

caused by angle α fluctuations at various throttling levels of the technological module’s hydraulic cylinder 

1) Km = 1.03×10
6
 N m s rad

–1
; 2) Km = 0 

 

Second, the maximum value of this function is shifted to the left of the zero coordinate by about 1 s. 

This means that the input of this dynamic system is not the turning angle α of the driven wheels of the 

modular energy tool but its relative bearing angle φ. That is, the control impact is a reaction to the change in 

the relative bearing angle φ with a delay in time at the level of 1 s.  

Besides, the cause of the change in the relative bearing angle φ of the modular energy tool may be 

the fluctuations in the expanding (turning out) moment, acting from the side of the technological module, or 

some other disturbance.  

At the same time, the introduction of a hydraulic damper into the hydraulic cylinder of the technological 

module of the modular energy tool with a stiffness coefficient  Km = 1.03×10
6
 N m s rad

–1 
essentially changes 

the behaviour of the mutual correlation function –. The data obtained and processed by statistical 

methods of the experimental field investigations give reason to state the following:  
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First, the strength of the correlation link between the changes in the parameters α and φ sharply 

increases. Compared with the variant Km = 0, the maximum of the mutual correlation function increases 2.6 

times, reaching the level of 0.89.  

Second, the maximum of the estimated function (Curve 1, Point C, shown in Fig. 9) is shifted to the 

right of the zero ordinate. And this indicates that the control impact (that is, angle α) is the input, and the 

relative bearing angle of the modular energy tool φ is the output of the dynamic system under consideration.  

Third, the delay in the reaction of the relative bearing angle φ to a change in the control impact of the 

wheels of the modular energy tool is reduced almost two times. In this case it is approximately equal to 0.51 

s. Such a result is desirable since the reaction of the consideration tracking dynamic system to a change in 

the control impact should, in the ideal, be instantaneous. That is, it proceeds with zero delay. But, since it is 

impossible to achieve this in practice, any structural and technological solution, aimed at reducing the 

response of a dynamic system to the useful input signal, is desirable. In our case, such a solution is to install 

a throttle in the hydraulic cylinder of the technological module of the modular energy facility 

 

CONCLUSIONS 

It is possible to increase the controllability of the aggregate movement on the basis of a modular 

energy tool, consisting of the energy and the technological modules, by throttling one of the hydraulic 

cylinders, which limit the mutual turning ability of these modules in a horizontal plane.  

The equipment of the hydraulic cylinder of the modular power tool with a throttle, having a resistance 

coefficient 1.03×10
6
 N m s rad

–1
 , makes it possible:

 
 

– to bring the maximum value of the mutual correlation function between the control impact, i.e., the 

turning angle of the energy module’s driven wheels of the modular energy tool and its relative bearing angle 

to the level of 0.89;  

– to shift the maximum value of this cross-correlation function to the right of the zero ordinate, thereby 

providing the turning angle of the energy module’s driven wheels of the modular energy tool with a role of 

input (rather than output) impact;  

– to reduce practically two times the delay in the reaction of the relative bearing angle of the energy 

module of the modular energy tool to a change in the turning angle of its driven wheels.  
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ABSTRACT  

The article suggests that the rate of plant biomass gas generation is proportional to the amount of plant 

biomass, which can still be gasified. To analyse the change in fuel mass during the operation of the gasifier 

for a certain period of time, three models can be used with the following assumptions: the change in fuel 

mass is inversely proportional to the fuel mass and time, the change in fuel mass is inversely proportional to 

the fuel mass, the change in fuel mass is inversely proportional to time. The coefficients of the fuel 

gasification rate are experimentally found. 

 

АБСТРАКТ  

В статті зроблено припущення, що швидкість газогенерації рослинної біомаси пропорційна 

кількості рослинної біомаси, що ще може бути газифікована. Для аналізу зміни маси палива в 

процесі роботи газогенератора упродовж певного періоду часу можна використати три моделі із 

наступними допущеннями: зміна маси палива обернено пропорційна масі палива і часу, зміна маси 

палива обернено пропорційна масі палива, зміна маси палива обернено пропорційна часу. 

Експериментальним шляхом знайдено коефіцієнти швидкості газифікації палива. 

 

INTRODUCTION 

When burning plant biomass there are difficulties associated with the heterogeneity of biomass, 

relatively high humidity, low specific energy, low melting point of ash (Golub et al, 2018a; Golub et al, 2018b; 

Thiagarajan et al, 2018). Therefore, the use of gasifiers for biomass gasification will be appropriate for the 

consumer to obtain a stable energy supply (Patra, Sheth, 2015). Analysis of scientific research allows us to 

conclude that the gasification of biomass is a complex process based on the equations of thermochemical 

equilibrium, kinetics, heat transfer and mass transfer (Melgar et al, 2007; Zainal et al, 2001; De La Hoz et al, 

2017), which are based on the rate of biomass gasification. 

Taking into account the stoichiometric equilibrium of the reaction of combustible gas formation (Fani 

Mostafa et al, 2018; La Villetta et al, 2017; Jia et al, 2018) and considering the formation of resins, the 

equation of wood gas formation will be: 

( )

( )

1 2 2 3 2 2

4 5 2 6 2 7 2 8 4 1 3 2 9

0

 + 0 + ,

x y z n

xtar ytar ztar

тC H O N m H m O N

m CO m H m CO m H m CH nm m N m C H O





+ + =

= + + + +

+

+
  (1) 

where: m1 – specific consumption of dry fuel (biomass) in the formation of combustible gas, mol/sec; m2 – 

specific fuel moisture consumption, mol/sec; m3 – specific air consumption, mol/sec; m4 – specific content of 

carbon monoxide in the wood gas (output), mol/sec; m5 – specific content of hydrogen in the wood gas 

(output), mol/sec; m6 – specific content of carbon dioxide in the wood gas (output), mol/sec; m7 – specific 

content of moisture in the wood gas (output), mol/sec; m8 – specific content of methane in the wood gas 

(output), mol/sec; m9 – specific content of resin in wood gas (output) , mol/sec; λ – coefficient characterizing 

the nitrogen content in the air (λ=3.76); х – the number of carbon molecules in the fuel mole; у – the number 

of hydrogen molecules in the fuel mole; z – the number of oxygen molecules in the fuel mole; n – the number 

of nitrogen molecules in the fuel mole; хtar – the number of carbon molecules in the resin mole; уtar – the 

number of hydrogen molecules in the resin mole; ztar – the number of oxygen molecules in the resin mole. 
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Taking into account the equivalence ratio (ER) which determines the ratio of the oxygen amount 

supplied to the gasifier to the oxygen amount required according to the stoichiometric combustion of fuel 

(Maneerung et al, 2018; Yan et al, 2018) we obtain: ( )3 1 10.21 / 0.25 0.5ER m xm ym zm= + + , the value of 

the air flow will be: 

3 1 1 14.76 ( 0.25 0.5 )m ER xm ym zm= + + .    (2) 

Substituting the equation 2 in 1 and taking into account that the coefficient characterizing the nitrogen 

content in the air is λ=3.76, we obtain: 
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If we take into account the molar masses of the chemical components included in equation (4), it can 

be written as the calculated material balance: 
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where: μ1 – molar mass of fuel, g/mol; μ9 – molar mass of resin, g/mol. 

Obviously, in equation 5, the product μ1m1 is the fuel consumption rate or the rate of plant biomass 

gas generation. Nevertheless, the study of biomass gasification rate is difficult for theoretical research due to 

the complexity of interaction, diversity and transience of the corresponding processes (Yan et al, 2018; Ali et 

al, 2016). This complexity prevents theoretical models from achieving the necessary accuracy to optimize the 

gasification process (Mazaheri et al, 2018). In addition, the insufficient amount of experimental data on the 

rate of biomass gasification also does not allow the developed theoretical models of the gasification process 

to achieve the required accuracy (Gu et al, 2019). Therefore, it is necessary to accumulate experimental data 

in the real range of parameters of gasifiers and create simple mathematical models that adequately describe 

the biomass gasification rate. 

 

MATERIALS AND METHODS 

A specially designed research plant was used for experimental studies of biomass gasification rate 

(Fig. 1 a, b). The structure of the plant included a gasifier of the reverse process. The diameter of the 

recovery zone was 200 mm; the height of the recovery zone was 110 mm and was determined according to 

the studies described in (Golub et al, 2019). The number of tuyere holes was 12; their diameter was 10 mm. 

The flow of air into the gasifier was carried out by a blower and was varied in the range of 0.0009 m3/sec and 

0.012 m3/sec. The performance of the blower was adjusted by frequency converter. The gasifier was 

installed on the scales, loaded with fuel and put into operation. Operating mode was fixed by steady burning 

of gas torch. 

 
а)                                                                 b) 

Fig.1 - Appearance (a) and scheme (b) of the plant for the study of changes in the fuel mass  
in the process of combustible gas production 

1 – anemometer Tenmars TM-402; 2 – blower Goorui GHBH-0D5-34-1R2; 3 – frequency converter Hitachi-3G3JX-A4075-EF;  
4 – socket 0.4 kV; 5 – gasifier GG-1; 6 – scale; 7 – scale indicator; 8 – wood gas torch 
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Straw pellets, wood pellets, wood pieces and peat pieces were used as fuel. With the help of scales, 

the mass of fuel remaining in the gasifier was fixed at equal intervals. For the final moment of time, it was 

accepted the moment when the torch of combustible gas extinguished. Further, the mass of fuel remaining in 

the gasifier and the mass of ash were recorded. 

 
RESULTS 

Theoretical studies 

Assuming that the rate of gas generation of plant biomass is proportional to the amount of plant 

biomass that can still be gasified, three models with the following assumptions can be used to analyse the 

change in fuel mass during the operation of the gasifier for a certain period of time: the change in fuel mass 

is inversely proportional to fuel mass and time; the change in fuel mass is inversely proportional to the fuel 

mass; the change in fuel mass is inversely proportional to time. 

The first model is based on the assumption that the fuel mass change dM/dτ is inversely proportional 

to the fuel mass М and time τ: 

M
k М

dМ

d





= − ,                                                                      (5) 

where: 

M – the fuel mass, kg; τ – gasifier operating time, sec; kМτ – the speed ratio of the fuel gasification 

according to mass and time. 

The solution of the equation (5) will be as follows:  
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where: 

М0, М, Мg – initial, final, and the mass of the gasified fuel, %. 

In this case, the rate coefficient of fuel gasification based on research data can be determined by the 

formula: 

0

2
ln

2
М

М
k

М



= .                                                                   (7) 

The second model is based on the assumption that the fuel mass change dM/dτ is inversely 

proportional to the fuel mass М: 

;
М

k М
dМ

d
= −                                                                    (8) 

where: 

kМ – the speed ratio of the fuel gasification according to the mass. 

The solution of the equation (8) will be as follows: 

( )0
exp ММ М k = − , ( )( )0

exp1g МM M k = − − .                               (9) 

In this case, the rate coefficient of fuel gasification based on research data can be determined by the 

formula: 

0
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The third model is based on the assumption that the change in fuel mass dM/dτ is inversely 

proportional to the operating time of the gasifier τ: 

;k
dМ

d




= −                                                                  (11) 

where: 

kτ – the speed ratio of gasification according to the time. 

The solution of the equation (11) will be as follows: 
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In this case, the rate coefficient of fuel gasification based on research data can be determined by the 

formula: 

0

2
2
М М

k
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

−
= .                                                                (13) 

Experimental studies 

Experiments on the gasification rate of straw pellets at different modes of oxidizer (air) supply to the 

gasifier oxidation zone at the optimum height of the reduction zone were carried out and the results given in 

table 1 were obtained. 

 

Table 1 
Experimental values of fuel mass change in the process of straw pellets gasification 

Indicator 
Mass of gasified fuel, kg 

0 1 2 3 4 4.8 

The air supply to the gasifier 0.012 m3/sec 

Ash mass, kg 0 0.04 0.08 0.12 0.16 0.2 

Gasifier operation time, sec 0 135 250 415 620 840 

Current fuel mass, kg 5 3.96 2.92 1.88 0.84 0 

Ash content, % 0 0.8 1.6 2.4 3.2 4.0 

The air supply to the gasifier 0.006 m3/sec 

Ash mass, kg 0 0.04 0.08 0.12 0.16 0.2 

Gasifier operation time, sec 0 150 300 475 740 1015 

Current fuel mass, kg 5 3.96 2.92 1.88 0.84 0 

Ash content, % 0 0.8 1.6 2.4 3.2 4 

The air supply to the gasifier 0.0009 m3/sec 

Ash mass, kg 0 0.04 0.08 0.12 0.16 0.2 

Gasifier operation time, sec 0 315 621 1040 1630 2100 

Current fuel mass, kg 5 3.96 2.92 1.88 0.84 0 

Ash content, % 0 0.8 1.6 2.4 3.2 4 

 

 

Substituting the value of the initial and final mass and time (from table 1) in formulas 9, 13 and 1, the 

coefficients of the gasification rate of straw granules were determined and the change in the fuel mass was 

calculated according to the above three models (table 2). 

Since the calculated coefficient of determination is the highest for the model with the assumptions that 

the change in fuel mass is proportional to the fuel mass, it is the closest to the experimental values of the 

change in the mass of straw granules during the operation of the gasifier for a certain period of time. The 

obtained dependences are shown in Fig. 2. 
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Similar calculations were also performed for other values of air supply to the gasifier. 

 

Fig. 2 - Change of fuel mass in the process of straw pellets gasification during air supply 0.01169 m
3
/sec 

 

Table 2 
Calculated values of fuel mass change in the process of straw pellets gasification (initial fuel mass 5 kg,  

air supply to the gasifier 0.012 m3/sec, time 620 sec) 

Indicator 
Gasifier operation time, sec The sum 

of the 
values 0 135 250 415 620 

Experimental data 

Current fuel mass, kg 5 3.96 2.92 1.88 0.84 14.6 

The square of deviation of experimental 
values from the general arithmetic mean 

1.8225 0.0961 0.5329 3.1329 7.8961 13.4805 

The change in fuel mass is inversely proportional to fuel mass and time 

The ratio of gasification rate, sec-2 9.2809·10-6  

Current fuel mass, kg 5 4.59 3.74 2.25 0.84 16.42 

Square of deviation of experimental data 
from theoretical one 

0 0.3969 0.6724 0.1369 0 1.2062 

Coefficient of determination 0.955 

The change in fuel mass is inversely proportional to the fuel mass 

The ratio of gasification rate, sec-1 0.002877  

Current fuel mass, kg 5 3.39 2.44 1.52 0.84 13.19 

Square of deviation of experimental data 
from theoretical one 

0 1.44 1.69 0.5329 0 3.6629 

Coefficient of determination 0.973 

The change in fuel mass is inversely proportional to time 

The ratio of gasification rate, kg·sec-2 2.1644·10-6  

Current fuel mass, kg 5 4.8 4.32 3.14 0.84 18.1 

Square of deviation of experimental data 
from theoretical one 

0 0.7056 1.96 1.5876 0 4.2532 

Coefficient of determination 0.848 
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Similarly to the study of the rate of straw pellets gasification, the experiments on the rate of gasification 

of wood pellets, wood pieces and peat pieces were conducted (table 3-5). 

Table 3 
Experimental parameters of fuel mass change in the process of pellets and wood gasification  

(air supply to the gasifier 0.012 m3/sec) 
 

Indicator 
Mass of gasified fuel, kg 

0 1 2 3 4 4.85 

Ash mass, kg 0 0.03 0.05 0.08 0.1 0.15 

Gasifier operation time, sec 0 105 230 390 580 785 

Current fuel mass, kg 5 3.97 2.95 1.92 0.9 0 

Ash content, % 0 0.6 1 1.6 2 3 

 

Table 4 
Experimental parameters of fuel mass change in the process of gasification of wood pieces  

(air supply to the gasifier 0.012 m3/sec) 
 

Indicator 
Mass of gasified fuel, kg 

0 1 2 3 4 4.8 

Ash mass, kg 0 0.04 0.08 0.12 0.16 0.2 

Gasifier operation time, sec 0 125 235 405 615 830 

Current fuel mass, kg 5 3.96 2.92 1.88 0.84 0.00 

Ash content, % 0 0.8 1.6 2.4 3.2 4.0 

 
Table 5 

Experimental parameters of fuel mass change in the process of gasification of peat pieces  
(air supply to the gasifier 0.012 m3/sec) 

 

Indicator 
Mass of gasified fuel, kg 

0 1 2 3 4 4.65 

Ash mass, kg 0 0.07 0.14 0.21 0.28 0.35 

Gasifier operation time, sec 0 109 222 375 595 800 

Current fuel mass, kg 5 3.93 2.86 1.79 0.72 0 

Ash content, % 0 1.4 2.8 4.2 5.6 7 

 

According to the results of experimental studies, the values of the gasification rate coefficients 

depending on the air supply to the gasifier were calculated (Fig. 3). It was established that for other types of 

biomass the closest to the experimental values of the fuel mass change and during the operation of the 

gasifier for a certain period of time was a model with the assumptions that the fuel mass change was 

proportional to the fuel mass. Empirical equations for determining the coefficient of fuel gasification rate by 

mass depending on the air supply to the gasifier are given in table. 6. 

 
Fig. 3 - Change in the speed of gasification depending on the air supply 
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Table 6 
The values of the speed ratio of biomass gasification 

 

Fuel type 
Air supply qg, m3/sec 

Empirical equation 
0.0009 0.006 0.012 

Wood, pellets 0.001148 0.00254 0.002957 kМ=-16.733qg
2+0.3776qg+0.0008 

Peat, pieces 0.001246 0.0028 0.003257 kМ=-18.819qg
2+0.4226qg+0.0009 

Wood, pieces 0.001101 0.002467 0.0029 kМ=-15.994qg
2+0.3675 qg+0.0008 

Straw, pellets 0.001094 0.002411 0.002877 kМ=-14.57qg
2+0.3481qg+0.0008 

 

According to the values of the coefficient of biomass gasification rate, peat pieces have the highest 

gasification rate, and straw pellets – the lowest one. The proposed method of biomass gasification rate 

estimation can be used for other types and sizes of gasifiers. 

 
 

 

CONCLUSIONS 

Mathematical models of fuel mass change in the gasifier in the process of wood gas depending on the 

air supply to the gasifier are developed.  

In mathematical models, the following assumptions were made: change in fuel mass is inversely 

proportional to the mass of fuel and time; change in the mass of the fuel is inversely proportional to the mass 

of fuel; change in the mass of the fuel is inversely proportional to time. 

It is found that the closest to the experimental values of the fuel mass change during the operation of 

the gasifier for a certain period of time is the model of the fuel mass change proportional to the fuel mass. 

On the basis of experimental studies, it was found that peat pieces have gasification coefficient of 

0.0033 sec-1, wood pellets – 0.003 sec-1, wood pieces and straw pellets – 0.0029 sec-1 when the air supply to 

the tuyere belt of the gasifier equals 0.012 m3/sec. 
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ABSTRACT  

In order to improve the accuracy of rice transplanter model parameters, an online parameter 

identification algorithm for the rice transplanter model based on improved particle swarm optimization (IPSO) 

algorithm and extended Kalman filter (EKF) algorithm was proposed. The dynamic model of the rice 

transplanter was established to determine the model parameters of the rice transplanter. Aiming at the 

problem that the noise matrices in EKF algorithm were difficult to select and affected the best filtering effect, 

the proposed algorithm used the IPSO algorithm to optimize the noise matrices of the EKF algorithm in offline 

state. According to the actual vehicle tests, the IPSO-EKF was used to identify the cornering stiffness of the 

front and rear tires online, and the identified cornering stiffness value was substituted into the model to 

calculate the output data and was compared with the measured data. The simulation results showed that the 

accuracy of parameter identification for the rice transplanter model based on the IPSO-EKF algorithm was 

improved, and established an accurate rice transplanter model. 

 

摘要 

为了提高插秧机模型参数辨识精度，提出了一种基于改进的粒子群算法(IPSO)和扩展卡尔曼滤波算法

(EKF)的插秧机模型参数在线辨识方法。建立了插秧机动力学模型，用于确定插秧机模型参数。针对 EKF 算法

中噪声矩阵难以选取而影响最佳滤波效果的问题，该算法在离线状态下应用 IPSO 算法对 EKF 算法的噪声矩阵

进行优化。根据实车试验，采用 IPSO-EKF 对前后轮胎的侧偏刚度进行在线辨识，将辨识的侧偏刚度值代入模

型中计算得到输出数据与测量数据进行对比。试验和仿真结果表明,基于 IPSO-EKF 算法提高了插秧机模型参数

的辨识精度，建立了准确的插秧机模型。 

 

INTRODUCTION 

With the intelligent and modernized development of agricultural machinery, a rice transplanter with 

autonomous navigation has played a key role in rice planting. However, an accurate dynamic model must be 

established before the model-based rice transplanter control algorithm is designed. The accuracy and 

real-time of parameters for the dynamic model directly affect the path tracking control of the rice transplanter 

(Kayacan E., et al., 2019). The cornering stiffness of the front and rear tires for a rice transplanter is an 

important parameter of the dynamic model, it needs to be accurately identified online. At present, it is difficult 

for sensors to directly measure the cornering stiffness of tires in real time, so the system identification method 

is particularly important to identify the parameter of vehicle models. 

The least square algorithm is widely used in parameter identification. The non-linear least squares 

algorithm is used to identify the vehicle parameter, namely, the cornering stiffness of the front and rear tires 

(Kayacan E., et al., 2015). The offline least squares algorithm is used to identify tire cornering stiffness by real 

vehicle tests (Li L., et al., 2016). They don’t consider that the cornering stiffness is a time-varying parameter. 

The variable forgetting factor recursive least squares algorithm is used to identify online parameters such as 

the vehicle mass and the rotational inertia (Khaknejad M B., et al., 2011). Although the algorithm meets the 

requirements of online identification, it is only suitable for simple linear models and can’t be directly used for 

nonlinear models. The modern intelligent optimization algorithms are also applied to parameter identification.  
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The eight unknown parameters of the semi-trailer train model are identified by genetic algorithm and 

L-M optimization algorithm (Liang Q.Z., 2016). The improved genetic algorithm is presented to optimize the 

parameters of the inertia for three coordinate axes (Zhang Q.C.,2007). The genetic algorithm can identify 

multiple parameters at the same time and can reach the global optimal solution, but the calculation is large 

and complicated, and the identification of time-varying parameters can’t be well applied. Considering the 

real-time nature of the algorithm, the EKF algorithm is used to identify the vehicle’s mass and the cornering 

stiffness of front and rear tires online (Wang J., 2019). The EKF is used to identify the cornering stiffness of 

the front and rear tires of vehicle (Reina et al., 2019). As the noise matrices are selected according to 

experience, the filtering didn’t reach the expected effect. A method is presented for identifying parameters of a 

vehicle dynamic model (Best., et al., 2007). They used an adaptive EKF with variable fading factor to identify 

vehicle’s mass, the rotational inertia and wheelbase parameters online, but this algorithm was more 

complicated and adjusted more parameters. 

Considering the above-mentioned problems, this paper proposes an online parameter identification 

algorithm based on IPSO-EKF. As the selection of the process noise matrix Q and the measurement noise 

matrix R determines the convergence for EKF algorithm, and the true value of the Q and R can’t be obtained 

directly, combined with PSO algorithm, Q and R matrices are identified offline to determine the optimal noise 

matrices. This algorithm not only solves the difficult problem of determining the noise matrices in traditional 

EKF, but also doesn’t need to change the original EKF algorithm. Therefore, the IPSO-EKF algorithm is used 

to identify the cornering stiffness of the front and rear tires for the rice transplanter online. 

 

MATERIALS AND METHODS 

Dynamic model of the rice transplanter 

According to motion characteristics of rice transplanter, the two degrees of freedom of the bicycle 

model with only lateral and yaw motion are established. In the range of small angles, the lateral tire forces are 

assumed to be proportional to the slip angles. The front wheel of the rice transplanter is steered and the front 

wheel has a small angle. The bicycle model is shown in Fig.1. 

xv

yv

r

X

Y

yrF yfFrl fl

O

f

2

l

1

 
Fig. 1 - Two degrees of freedom of the bicycle dynamic model  

 

According to Newton’s second law of motion, the lateral and yaw motion of the rice transplanter is 

written as follows (Xu Y., et al., 2019): 

                 
( ) 2 2

    
2 2

Y y x yf f yr

Z z yf f yr r

F mv mrv F cos F

M I r F l F l

 = + = +


= = −




                       (1) 

Where m - is the mass of the rice transplanter, kg; xv - the longitudinal velocity, m/s; yv - the lateral 

acceleration, m/s2; yv - the lateral velocity, m/s; r - the yaw acceleration, rad/s2; r - the yaw rate, rad/s; yfF

- the lateral force on the front wheels, N; yrF - the lateral force on the rear wheels, N; f - the steering angle 

of the front wheels, rad; zI - the moment of inertia around the vertical axis, Kg·m2; fl - the distance between 

the front axle and the centre of gravity, m; rl - the distance between the rear axle and the centre of gravity, m.                      

The lateral tire forces are calculated in a linear model in which they are assumed to be proportional to 

the slip angles, and they are written as follows: 
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 Where fC - is the cornering stiffness of the front tires, N/rad; rC - the cornering stiffness of the rear 

tires, N/rad; 1 - the side slip angles of the front tires, rad; 2 - the side slip angles of the rear tires, rad. By 

combining equations (1), (2) and (3), the state-space model of the rice transplanter can be written as follows: 

2 2

2 2 2 2 2

22 2 2 2

f r f f r r f
x

x xy y

f
f fr r f f f f r r

zz x z x

C C C l C l C
v
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C lrC l C l l C l C
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II v I v
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      = +      − +       − 
    

                  (4) 

An approximate value for the rotational inertial can be calculated as follows: 

      z f rI ml l=                                         (5) 

In equation (4), m , fl , rl and zI are invariant parameters of the rice transplanter, zI  can be 

approximated by (5), f  is steering angle of the front wheel as input variable, xv  can be approximately 

equal to the speed of the rice transplanter on the ground, fC  and rC  are the cornering stiffness to be 

identified. In this paper, the cornering stiffness of tires for the rice transplanter will be changed for the 

complexity of the road surface. Therefore, the cornering stiffness is regarded as a time-varying parameter for 

online identification. Equation (4) can be equivalently expressed as: 

                  ( ) ( ( ), ( ))x t f x t t=                                      (6) 

In order to collect the data, the steering angle of the front wheel is set to 20 degrees step, and the rice 

transplanter is driven counter clockwise on the asphalt ground at a low speed, as shown in Fig. 2. The rice 

transplanter uses RTK system for precise positioning. The speed and heading angle of the rice transplanter 

are obtained by the M600 receiver, and the data collection frequency is 5 Hz. The lateral velocity yv  and yaw 

rate r of the rice transplanter are obtained by coordinate transformation.  

The measurement vector [ , ]T

yz v r=  is introduced as the measurement equation of the system, 

which is equivalently expressed as: 

( ) ( ( ))z t h x t=                                          (7) 

 
Fig. 2 - The actual vehicle test of the rice transplanter 
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EKF algorithm for online identification parameters 

The EKF algorithm can be used as a parameter online identification algorithm of nonlinear systems 

which can be transformed into a linear problem by Taylor decomposition, and be the same as linear Kalman 

filtering (Battistelli G., 2016). In the process of parameter identification, the state vector [ , ]T

yx v r=  and the 

cornering stiffness of the front and rear tires to be identified are combined into a joint state vector, and the 

EKF algorithm is used to make the optimal estimation of the parameters by combining the joint state vector. 

When the value of the parameter to be identified converges, the convergent value is used as the value of the 

optimal parameter. EKF is widely used for online identification of model parameters due to its small amount of 

calculation and high real-time performances. 

In this paper, EKF is applied to the online identification of the parameters for the rice transplanter’s 

dynamic model, fC  and 
rC  are added to the state vector x . The equations (6) and (7) can be expressed 

as a nonlinear system. 

 
( ) ( ( ), ( )) ( )

( ) ( ( )) ( )

x t f x t t w t

z t h x t v t

= +


= +
                                      (8) 

Where ( )w t , ( )v t - the process noise and the measurement white Gaussian noise with zero mean, 

respectively. First, the above continuous-time nonlinear equations need to be converted in a discrete-time 

state-space representation. 

1 ( , )
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                                        (9) 

Where (.)f - the state evolution function represents the rice transplanter dynamics, (.)h - the 

relationship between the state vector and measurement, , ,C ,C
k k k

T

k y k f rx v r =   - the joint state vector at time

k , 
kf

 - the steering angle of the front wheel, and [ , ]
k

T

k y kz v r= - the measurement vector at time k . If the 

sampling period is dt , the discrete system is represented by a first-order difference quotient, (.)f is 

expressed as follows: 
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Similarly, (.)h can be obtained as: 
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The EKF algorithm can be given by the following recursive equations: 

1
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                              (12) 

Where 
1kx +
- the priori state vector prediction; 1kP + - the posteriori error covariance matrix prediction; Q - the 

process noise matrix; R - the measurement noise matrix; 
1kK +
- the Kalman gain; 

1
ˆ

kx +
- the posteriori state 

vector prediction; 
1kz +
- the measurement vector; I - the identity matrix; 

1kP +
- the posteriori error covariance 

matrix prediction; In these equations,
kA ,

kH - the Jacobian matrix of the state vector and the Jacobian matrix 

of the measurement vector, respectively. 
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The initial values (0)P  and (0)x  are selected by experience, and the measurements of the 

vehicle’s response ( , )yv r  are input into the extended Kalman filter that recursively outputs the vector 

( , )f rC C  according to equation (12). Then the optimal state estimate is obtained, and model parameters of 

the rice transplanter are obtained in real time. 

 

Parameter identification algorithm of IPSO-EKF 

The Q  and R  matrices corresponding to the statistical characteristics of noise w  and v  have a 

greater impact on the convergence of EKF. In this paper, IPSO combined with the EKF algorithm is used to 

optimize Q  and R  offline. Particle swarm optimization (PSO) is a population-based stochastic search 

algorithm inspired by the social behaviour of bird flocking. It was first introduced by Kennedy and Eberhart in 

1995. Each particle in the PSO algorithm represents a feasible solution, and the particle has two properties: 

velocity and position. In the search space, individual particles compare the optimal positions they pass with 

the optimal position of all the particles and adjust their speed continuously so that they can move closer to the 

global optimal position. The velocity and position of each particle are updated according to the following 

equations (Liu W.X., et al., 2011): 

  , , 1 1 , , 2 2 ,( 1) ( ) ( ( )) (g ( ))  i d i d i d i d d i dv k wv k c r p x k c r x k+ = + − + −              (15) 

, , ,( 1) ( ) ( ) i d i d i dx k x k v k+ = +                                     (16) 

Where i - the number of the particle; d - the dimension of the particle; k - the number of iterations; 

1c ,
2c - the acceleration coefficient; 

1r ,
2r  - two random numbers uniformly distributed in the interval [0,1]; 

,i dp - the historically optimal position of particle i ; g - the optimal position experienced by all particles in the 

population; w - the inertia decreasing weight. In order to increase the new space solution for more extensive 

search, an adaptive detection radius is proposed (Zhang Q., et al.,2019). 

max minmax min
( )( )

( ) cos(2 )
2 2

d dd d

t
x xx x

R k e u −
−+

= +                       (17) 

Where   is a variable parameter ( 2  ), u  represents the random numbers uniformly distributed 

in the interval [0,1]. max

dx  and min

dx  are the upper and lower bounds of the variables, respectively. The IPSO 

velocity equation is updated according to the following equation: 

 
, , 1 1 , , 2 2 , 3 3 ,( 1) ( ) ( ( )) (g ( ))  + ( ( ) ( ))i d i d i d i d d i d i dv k wv k c r p x k c r x k c r R k x k+ = + − + − −       (18) 

Because the standard PSO algorithm is easy to fall into the local optimal value, chaotic search is 

introduced into the PSO algorithm. After updating the velocity and position of each particle according to 
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equations (15) and (16), the fitness function f  of each particle is updated accordingly. When the particle i  

satisfies ( ) ( )i if x f p −   for N  consecutive times, it is judged that the particle has a stagnation state. 

So, the chaotic sequence generated by Logistic is used to search again; it is expressed as follows: 

1, , ,4 (1 )k d k d k dy y y+ = −                                      (19) 

Each component of the initial value 
0y  is randomly generated in a uniform distribution in the interval [0,1]. In 

a carrier-like manner, the particles expanded to an area with 
dR  radius centred on the current position.  

, , ,(2 1) k

i d i d d k dx x R y= + −                                         (20) 

When 
, ,( ) ( )k

i d i df x f x  is satisfied, the current particle position is updated. When 
maxk N  is 

satisfied, chaotic iteration ends. By increasing the adaptive detectable radius and chaotic sequences 

generated by stagnation, the IPSO algorithm solves the problem which falls into a local optimal solution, and 

greatly improves the reliability of global optimization. 

 

IPSO optimizes the noise matrices 

The parameters optimized by the IPSO algorithm are Q  and R  noise matrices in EKF. The 

sequence of lateral speed, the yaw rate and the steering angle of the front wheel collected by the above M600 

receiver were input into a discrete rice transplanter model. IPSO randomly generates F D  dimensional 

matrices, and uses equations (15) and (16) to update the position and velocity of particles and chaotic search 

for stagnant particles. The random Q  and R  noise matrices are input into EKF, and the optimal Q  and 

R  matrices are obtained according to the objective function until the maximum number of iterations is met. 

The selection of fitness function is a core part of the PSO algorithm. If it is not adopted properly, it will affect 

the global optimization performance of the algorithm. The optimized noise matrices Q  and R  in EKF are 

designed to minimize the cumulative absolute error between the sampled measurement data 
1ky +
 and the 

filtered output 
1kHx +
. The objective function is defined as follows (Xiang Y., et al., 2016): 

1 1

1

1 N

k k

k

f y Hx
N

+ +

=

= −                                        (21) 

 

Where N - the number of the measurement data. The two degree of freedom dynamic model of the 

rice transplanter established in this paper has four state variables and two output variables, where the 

matrices corresponding to the Q  and R  are as follows: 

11 22 33 44

11 22

       = ( , , , )

       ( , )          

Q diag q q q q

R diag r r=
                                       (22) 

 

The structure of the noise matrices for the EKF algorithm identified by the IPSO algorithm is shown in 

Fig.3. 
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and R
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Fig. 3 - Structure diagram of IPSO optimized noise matrices 
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The parameters of the identification algorithm are set as: 20F = , 6D = ,
c =20N ,

1 1c = ,
2 1.5c = , 

3 2c = ,
max 40k = ,

max 10N = , 5N = , 10dR = , 4 = ,
610 −= , w  decreases linearly at [0.9,0.4]. When the 

IPSO algorithm is run, the change curve of the global optimal objective function value for population is shown 

in Fig.4. It can be known that about 13 iterations tend to stabilize in the search process. Chaotic search and 

adaptive detection radius are introduced to solve the problem that the PSO algorithm is easy to fall into the 

local optimal value, and the global optimal solution can be searched. The identified Q  and R  noise 

matrices will be used in the online identification algorithm based on IPSO-EKF in the next chapter. 

 
Fig. 4 - Evolution of the objective function 

 

RESULTS 

 Simulation of parameters setting 
 This simulation uses MATLAB to verify the accuracy of the IPSO-EKF algorithm. The model parameters 

of the rice transplanter PZ60-DT are shown in Table 1. The ground speed and course angle of the rice   

transplanter come from the M600 receiver, and the yaw rate and lateral acceleration are calculated by 

coordinate transformation. 

 

                                                                                         Table 1 

                         Simulation model parameters of the rice transplanter 

Parameters 
m  fl  lr   

zI  
fδ  

[Kg] [m] [m] [Kg·m2] [°] 

Values 720 0.7 0.4 201.6 20 

 

Online identification of cornering stiffness based on IPSO-EKF 

The data collected by the above M600 receiver and the Q  and R  noise matrices identified by 

IPSO-EKF are input into dynamic simulation model of the rice transplanter. The initial value of the cornering 

stiffness is set to fC = rC =1000N/rad, the simulation results of the cornering stiffness of the front and rear 

tires for the rice transplanter are shown in Fig.5, which shows the evolution in the cornering stiffness of the 

front and rear tires at each sampling time. Considering the unevenness of the test field and the serious side 

slip of the front wheels during driving, the change in the cornering stiffness of tires is obvious. In order to more 

intuitively verify the accuracy of the identification results, the identified cornering stiffness of the front and rear 

tires are substituted into the dynamic model of the rice transplanter, and the model output obtained is 

compared with the measurement data collected by M600 receiver as shown in Fig.6. It can be seen from Fig.6 

that the cornering stiffness and yaw rate response curves of the model output after IPSO-EKF identification 

are basically consistent with the collected data. In what follows and for comparison purposes, our proposed 

method will be compared with trial-error method for standard EKF. As shown in Fig.7, it can be known that 

model output identified based on EKF algorithm doesn’t match the measured value. There is a large error 

between the model output calculated from the identified model parameters and the measured data in Table 2. 

The simulation results show that the noise matrices optimized by IPSO have a better optimization effect on 

the online identification algorithm of EKF, and can accurately identify the model parameters. 
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Fig. 5 - The cornering stiffness of the front and rear tires under 20-degree step condition 

 

 
Fig. 6 - The value of model output and measured value obtained by IPSO-EKF algorithm under 

20-degree step condition 

 

 
Fig. 7 - The value of model output and measured value obtained by EKF algorithm  

under 20-degree step condition 

 

Table 2 

The statistics of lateral velocity and yaw rate for errors under 20-degree step condition 

Identification 

algorithm 

Maximum error
yv  Maximum error r Average error 

yv  Average error r 

[m/s] [rad/s] [m/s] [rad/s] 

IPSO-EKF 0.0672 0.0873 0.0064 0.0050 

EKF 0.3050 0.3841 0.0595 0.0316 

 

Simulation verification under different operating conditions 

In order to verify the consistency of the algorithm, the data under different working conditions are used 

to simulate the IPSO-EKF algorithm. The steering angle of the front wheels for the rice transplanter is set to 
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30 degrees, and it is driven clockwise at low speed along the field. Similarly, the collected longitudinal velocity, 

lateral velocity and yaw rate are input into the dynamic model of the rice transplanter. The cornering stiffness 

of the front and rear tires are identified by the EKF algorithm, as shown in Fig.8. The comparison between the 

output data calculated by the model and the data measured by M600 receiver is shown in Fig.9. Fig.9 shows 

that the data calculated by the model are basically consistent with the measured data, although there are 

some errors which are small and can better match the measured data, and the overall curve trend is 

consistent. 

 

 
Fig. 8 - The cornering stiffness of the front and rear tires under 30-degree step condition 

 

 
Fig. 9 - The value of model output and measured value obtained by IPSO-EKF algorithm under 30-degree 

step condition 

 

CONCLUSIONS 

In this paper, through the dynamic analysis of the rice transplanter, a lateral dynamic model of the rice 

transplanter was established. In order to accurately identify the parameters of the rice transplanter dynamic 

model, the IPSO-EKF algorithm was proposed. In the offline state, combined with data collected by M600 

receiver, the noise matrices in EKF were optimized by IPSO algorithm. The optimized noise matrices are 

selected as the best matrices, and the cornering stiffness of the front and rear tires for the rice transplanter 

model was identified online based on the IPSO-EKF algorithm. The simulation results showed that the output 

data calculated by the model was basically consistent with the data collected by M600 receiver. Compared 

with the EKF algorithm, the IPSO-EKF algorithm greatly improved the accuracy of the identification. In order 

to verify the consistency of the algorithm proposed in this paper, the data collected under different operating 

conditions of the rice transplanter were used to verify the algorithm. The simulation results showed that the 

algorithm can better describe the dynamic characteristics of the rice transplanter and accurately realize the 

online identification of the parameters for the rice transplanter model. This algorithm lays the foundation for 

the design of a rice transplanter based on a dynamic model control algorithm. 
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ABSTRACT 

This paper attempts to design a universal, easy-to-use pruning tool suitable for taller branches. For this 

purpose, the author proposed an omni-directional electric pruning saw. The saw has a 360° rotatable head, 

which can prune branches in all directions. Under the saw blade, a V-shaped groove was added so that the 

branches can be introduced, cut and released stably. A telescopic rod was included in the design to prune 

branches at different heights. To facilitate the retraction and release of wire, a winding reel was provided to 

make the wire change with the length of the rod. In addition, there is a deadlock device at the handle, which 

prevents the manmade safety hazards. The proposed pruning saw was tested through an experiment. The 

results show that the saw could be used for various branches and was 4 times more efficient than the 

traditional hand saw. 

 

摘要 

本文研究一种全方位电动打枝锯，其旋转锯头实现了 360 度全方位打枝作业；锯片下方设计的 V 型槽，方便了

枝条的导入，保证了锯切打枝的稳定性；伸缩杆满足了高度不同树种打枝的需求；绕线盘使导线在伸缩杆的收

缩和拉伸的过程中，随杆长变化而变化，解决了导线收放不便的问题；手柄处设计的锁死装置，有效避免了由

于人为操作误失而造成的安全隐患。实验结果证明：该打枝据可应用于多种枝条，相比普通手工锯，效率提高

了 4 倍。 

 

INTRODUCTION 

 China has made great progress on land afforestation. In 2017, China planted 7.362 million hectares of 

trees and tended 8.302 million hectares of forest, making a great contribution to the ecological protection in 

the country (Li and Wang, 2006). One of the main measures for forest tending lies in tree pruning. Rational 

pruning keeps the trees straight, tough and bending-resistant and facilitates the upper photosynthesis; it is 

very important for the growth of trees (Cheng, 1981; Ji, 1990; Liu, 1975). Traditional pruning tools like saw 

and machete are relatively backward. These tools require high labour intensity and only apply to lower 

branches, failing to achieve desirable pruning effect. China is located in East Asia, in the north of the 

distribution centre of bamboo plants in the world. There are more than 30 genera of bamboos, accounting for 

about 45% of the world's bamboos. The total area of bamboo forest is about 3.4 million hectares, the total 

volume is about 71.2234 million tons, and the total annual cutting volume of commercial bamboo is about 5 

million tons. In the paper (Yu, 2019), a cluster bamboo selective cutting machine featuring operation in a 

small space, small size, light weight and a reciprocating saw-based cutting mode was designed. The 

preliminary test shows that the surface cut by the reciprocating saw is very relatively smooth, with no serious 

tearing phenomenon of bamboo outer skin, able to meet the basic requirements for selective cutting of 

cluster bamboo, the saw was 4-6 times more efficient than the traditional hand saw. Bosch GSA18V compact 

reciprocating saw (Jeremy, 2018) did everything the operator wanted to do. Cordless, portability and 

convenience with high electrical storage capacity of 6.3 Ah, makes the instrument more competitive on the 

market. One V-type bamboo cutting program with double cylindrical helical cutter was proposed in his paper 

(Wang, 2016). Two experiments about the efficiency of cutting bamboo and impact resistance capacity show 

that the cylindrical cutter can be used for cutting bamboo, and its cross section is similar to conical surface 

which is formed by the chopper. Considering the huge demand for forest pruning in China and the poor 
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capacity of traditional pruning tools (Chen, 2018; Deng, 2017; Shen, 2010), this paper attempts to design a 

universal, easy-to-use pruning tool suitable for taller branches. 

 

MATERIALS AND METHODS 

Determination of pruning saw working mode 

 At present, most of pruning saws at home and abroad are circular saw, chain saw and hand saw.  

The circular saw has simple operation and high rotational speed, but its feeding is difficult and the safety is 

poor. The cutting thickness of the chain saw is large and the maintenance can sometimes be difficult. The 

hand saw needs pure manpower for operation with high labour intensity, low work efficiency and high risk, 

which is not suitable for large-area pruning operation (Wang et al., 2017; Tang, 2015; Lin, 1985). 

 In the omni-directional electric pruning saw, a high-power charged lithium battery is taken as power 

supply, a worm gear reducer is provided, and a small teeth space saw blade is used for reciprocating cutting, 

ensuring sufficient power and increasing working stability. Charged machine is light, environmental and 

energy-saving. By increasing the extension length of the equipment and the rotation degree of the saw head, 

it can be well adapted to the change of the height and orientation of tree branches, highlighting its strong 

application value (Michael and Jin, 2014). 

 

Overall design and parameters of pruning saw 

 The pruning saw consists of a locking device, a telescopic device, a rotating device, a cutting device, 

and an introduction device, as shown in Fig.1. The winding device is composed of a winding reel, a winding 

reel and electric wire. The wire can be retracted or released according to actual requirements to avoid 

enwinding of the electric wire (Liu et al., 2018). 

 
Fig. 1 - Schematic diagram of omni-directional pruning saw 

 

 The locking device is composed of a power dead lock button and a power switch button. 

The telescopic device is composed of n (n>=3) one-meter-long steel pipes and n-1 connection heads. The 

telescopic device can be adjusted over two meters in length, and the connection heads are used to fix the 

position of the steel pipes. 

 The rotating device consists of a shell, a bayonet lock and an annular support which can rotate within 

360 degree, and the bayonet lock is responsible for fixing its position. 

 The cutting device is mainly composed of a slider-crank mechanism, which converts the rotary motion 

of the motor into the reciprocating linear motion of the saw blade. 

 The introduction device is mainly a V-shaped groove structure composed of a saw blade and a frame, 

which is convenient for locking the branches and stabilizing the sawing operations. 

 

Operation force analysis of pruning saw 

 The force analysis of V-shaped groove structure is shown in Fig.2.  V  is the moving direction of the 

saw blade, 1F  is the force of the frame to the wood, 2F  is the vertical force of the knife saw to the wood, 

3F  is the horizontal force of the cutter to the wood. Therefore, the resultant force received by the wood is 

F , so the wood will move in the direction of F  in the process of being cut, which is conducive to fixing the 

cut branches. 

 As shown in Fig.3, V  is the moving direction of the saw blade, 1F  is the force of the frame to the 

wood, 3F  is the horizontal force of the cutter to the wood, and 2F  is the vertical force of the knife saw to 

the wood. The resultant force received by the wood is 2F , so the wood will move downward and leave the 

saw blade in the process of being cut, which is not favourable for the operator to perform the pruning 

operation. 
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Fig. 2 - Force analysis 1 

 
Fig. 3 - Force analysis 2 

 

 The following symbols are used in this paper: 

 V =The moving direction of the saw blade; 

 F =The resultant force received by the wood; 

 1F =The force of the frame to the wood; 

 2F =The vertical force of the knife saw to the wood; 

 3F =The horizontal force of the cutter to the wood 

 

Pruning saw parameters 

 For the users of electric power tools, efficiency and running time are the most important to evaluate 

whether a pruning saw is excellent or not besides the comfortable holding and exquisite design, so it is 

important to set the parameters of the pruning saw correctly. 

 Worm gear reducer. When using tools for wood sawing, one of the basic characteristics of cutting 

machine under load is power. The correct selection of worm gear reducer determines the cutting force of 

pruning saw. Specific parameters include the structure type of the motor, output speed, power, voltage, and 

diameter specifications. Technical parameter range and selection parameters of small worm gear reducer 

are as follows: 

Table 1  
Technical parameter range and selection parameters of small worm gear reducer 

Parameters Range Selection parameters 

Voltage (V) 3-24 18 

Power (W) 0.5-50 24 

Reduction 

ratio 

1:17, 1:31, 1:50 1:31 

Output 

speed (rpm) 

5-1,000 260 

Gear 

material 

Metal and plastics Metal 

Motor Motor, DC, Step-by-

step, hollow  cup 

electricity electrical 

4444MotorElectric 

motor, DC, step, 

hollow cup 

electricalElectric 

motor, DC, step, 

hollow cup 

DC motor 

 

 Lithium battery. The battery pack with high mA hour rating can maintain the reciprocating saw for a 

longer time than the battery pack with low mA hour rating. According to the number of branches cut by the 

saw after one charge, the voltage of the worm gear reducer and the weight of the whole machine, the 



Vol. 61, No. 2 / 2020  INMATEH – 
 

38 

pruning saw is equipped with 2 to 3 lithium batteries with a voltage of 18 (V) and battery capacity of 3.0 (Ah) 

for one day’s work (Zhang et al., 2018; Katuril and Gorantla, 2018). 

 Saw blade. In daily life and industrial production, there are numerous examples of interchangeability, 

and saw blades are produced and sold according to the requirements of interchangeability. Therefore, the 

selection of the saw blade in this study is based on the parameters existing on the market, and can be 

replaced with each other in the same specification. (1) Choice of materials. According to the processing 

object, using strength and processing precision, the cutting object of the pruning saw is wood, the strength 

requirement is lower than in the case of metal, and the precision requirement is lower. At present, there are 

duplex metal saw blades (Jia et al., 2017), high-speed steel saw blades and carbon steel saw blades. 

Carbon steel saw blades are low in cost and hardness, so they are more generally used. (2) Selection of 

dimensions. The maximum cutting width of the saw blade is equal to the total length (mm) of the saw blade 

minus 70 (mm). The thicker the material is, the larger the teeth spacing is. In accordance with the load 

capacity of the battery and the power analysis provided by the worm gear reducer, the larger the teeth 

spacing is, the larger the saw feed amount is, the larger the battery power consumed by the sawing process 

is. When the electric quantity is small, the saw blade is easy to be blocked (Li, 2017). A saw blade with 

length of 150 (mm) and teeth spacing of 2.6 (mm) is selected in combination with market research and 

experiment. 

 

EXPERIMENTAL TEST OF PRUNING 

 Experimental test of pruning is carried out on three kinds of common trees, poplar, plane tree and pine 

in Fig.4. The hand saw with teeth spacing of 6 mm and omni-directional pruning saw with teeth spacing of 

4.3 mm, 2.6 mm and 1.4 mm are used to conduct pruning on the trees with different diameters and their time 

is counted. Each experiment group is carried out for three times. Finally, the average value is taken. The 

results are shown in Table 2. 

 

Table 2  
Statistical table of data 

Type of tree Poplar Plane tree Pine 

Branch diameter (mm) 25 30 35 25 30 35 25 30 35 

Pruning time with teeth spacing of 6 mm (s) 28.3 39.1 69.7 15.6 51.6 98.1 22.6 29.6 49.3 

Pruning time with teeth spacing of 4.3 mm (s) 7.8 18.5 20.3 6.3 15.0 22.2 6.0 11.7 17.6 

Pruning time with teeth spacing of 2.6 mm (s) 5.3 9.2 14.9 3.5 10.4 12.5 6.9 9.4 12.1 

Pruning time with teeth spacing of 1.4 mm (s) 10.8 15.5 36.8 5.9 15.6 19.6 11.2 13.7 20.5 

 

 Experimental analysis: as a whole (take Fig.5 as an example), the larger the diameter is, the longer 

the pruning time of different cutters is. Under the condition of the same tree diameter, the pruning time of 

omni-directional pruning saw is obviously shorter than that of the hand saw. In the case of the same tree 

diameter, the pruning time of saw blade of 2.6 teeth spacing is significantly shorter than that of the other two 

kinds of teeth spacing. And we also cut the bamboo with this experimental equipment and saw blade. In this 

case, compared with the time taken for hand saw, the omni-directional pruning saw of 2.6 saw blade is 

approximately 1/4 of the time, that is, its efficiency is approximately 4 times that of the hand saw. 

 
Fig. 4 - Experimental test of pruning 
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Fig. 5 - Line chart of poplar 

 

 

 
 

Fig. 6 - Line chart of plane tree 

 

 

 
 

Fig. 7 - Line chart of pine 
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CONCLUSIONS 

 The study researches a type of omni-directional electric pruning saw with 360-degree rotary saw head, 

V-shaped groove under saw blade, telescopic rod, winding reel and head lock device at the handle. The 

experiment shows that the saw can be used for various branches; compared with ordinary hand saw, the 

efficiency is improved four times and the present manual labour mode is completely replaced, reducing the 

field labour intensity and the risk of high-altitude operation and improving the overall work efficiency of the 

existing high-altitude operation. In addition, the pruning operation cost is reduced and the pruning economic 

benefit is improved. 
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ABSTRACT 

In the machine technology for cultivation and harvesting of root crops and onions, one of the most 

important quality indicators determining the duration of root crops storage is the presence of soil and plant 

impurities in the heap to be stored. The impossibility to separate soil lumps from the heap of root crops and 

onions is due to the fact that the majority of harvesters use slotted separating executive devices, while the 

inter-rod distance of the separating conveyor, in order to eliminate the loss of root crops, is made smaller 

than the minimum size of the separated root crop, which leads to the impossibility of their cleaning on the 

separating executive devices of harvesters, and, consequently, to the damage of a significant part of 

commercial products and loss of a significant part of the crop grown during storage. The modern 

technologies and technical means for harvesting root crops and onions are not capable of providing high-

quality commercial products with minimal labour, due to falling behind or a lack of development of 

technological foundations, technologies and executive devices for harvesting root crops and onions, capable 

of reducing or excluding the content of soil lumps in commercial products under various soil and climatic 

conditions. Therefore, development of mechanization tools for harvesting root crops and onions, which would 

allow reducing or eliminating the content of mechanical impurities in commercial products under various soil 

and climatic conditions, is a scientific problem, the solution of which will contribute to the innovative 

development of the domestic agricultural market, Russia's stable position on the foreign market. 

 

РЕЗЮМЕ 

В машинной технологии возделывания и уборки корнеплодов и лука одним из важнейших 

показателей качества, определяющего длительность хранения корнеплодов является наличие в 

закладываемом на хранение ворохе почвенных и растительных примесей. Невозможность 

отделения почвенных комков из вороха корнеплодов и лука обусловлена тем, что на большинстве 

уборочных машин применяют щелевые сепарирующие рабочие органы, при этом межпрутковое 

расстояние сепарирующего транспортера с целью исключения потерь корнеплодов выполнено 

меньше минимального размера сепарируемого корнеплода, что приводит к невозможности их 

очистки на сепарирующих рабочих органах уборочных машин, а следовательно, к травмированию 

значительной части товарной продукции и потерям при хранении значительной части 

выращенного урожая. Современные технологии и технические средства уборки корнеплодов и 

лука не способны обеспечить получение качественной товарной продукции при минимальных 

трудозатратах, что обусловлено отставанием или отсутствием в разработке технологических 

основ, технологий и рабочих органов уборки корнеплодов и лука, позволяющие снизить или 

исключить содержание почвенных комков в товарной продукции в различных почвенно-

климатических условиях. Следовательно, разработка средств механизации для уборки 

корнеплодов и лука, позволяющих снизить или исключить содержание механических примесей в 

товарной продукции в различных почвенно-климатических условиях представляет научную 

проблему, решение которой будет способствовать инновационному развитию внутреннего рынка 

сельскохозяйственной продукции, устойчивому положения России на внешнем рынке. 

 
1  Dorokhov Alexey Semyonovich, Prof. PhD. Eng.Sc.; Sibirev Aleksey Viktorovich, PhD. Eng.Sc.;  

   Aksenov Alexander Gennadievich, PhD. Eng.Sc.; Mosyakov Maxim Alexandrovich, PhD. Eng.Sc. 
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INTRODUCTION 

 Creation and implementation of machines of a new, intellectual type is the determining component of 

the agricultural engineering development strategy in the Russian Federation (Aldoshin N.V. et al., 2015; 

Aldoshin N.V. et al., 2014; Kukharev O.N. et al., 2018; Kurdyumov V.I. et al., 2019; Kurdyumov V.I. et al., 

(2016)). The harvesting productivity and efficiency depends on the optimal solution to the problem of 

controlling the technological process of machine harvesting of root crops and onions (Bashkirtsev V.I. et al., 

2017; Lobachevsky Ya.P. et al., 2016; Laryushin N.P. et al., 2015). 

 When solving many problems related to the improvement of technological processes and executive 

devices of agricultural machines, the main goal is to increase crop yields and improve the harvesting quality 

of the grown crops (Zykin E.S. et al., 2017; Kukharev O.N., 2006; Kalinin A.B. et al., 2015; Kalinin A.B. et al., 

2016; Kukharev O.N. et al., 2018). 

 The main task to be achieved by mechanized harvesting of root crops and onions, as well as other 

crops, is to increase the completeness of collection, reduce damage to the products, which can be achieved 

by creating higher-performance harvesters. 

 When harvesting root crops and onions, a large volume of soil passes through the separating devices 

of root and onion harvesters on each hectare, from which root crops and bulbs must be extracted with 

minimal damage. Because of this, the productivity of harvesters is determined mainly by the throughput 

capacity of the separating devices (Kukharev O.N. et al., 2018; Sibirev A.V. et al., 2018). 

 At the same time, separating devices, and in particular the most common ones - rod elevators, are 

unable to ensure the required completeness of separation and sufficient performance under various 

conditions of their use.  

 To eliminate these deficiencies, various intensifiers with various drive designs are used on harvesters.  

 The disadvantages of separation intensifiers of various designs include the fact that, as a result of 

force impact on the material being processed, the product is damaged, moreover, during harvesting, soil 

impurities come together with root crops and bulbs, which leads to the clogging of the product, so additional 

processing is required for its cleaning at the site, which entails additional costs.  

 It is known that the separating ability of a rod elevator depends on the inclination angle 𝛼1 and the 

elevator speed 𝑣EL.  

 The separation coefficient 𝜀 at any inclination angle 𝛼1 increases as the speed of the rod elevator vEL 

increases, to a certain maximum value, after which it starts decreasing. The optimal movement speed vEL of 

a rod elevator is an interval between 2 m/s and 2.5 m/s.  

 Moreover, to avoid unloading a heap of root crops and onions on the surface of the rod elevator, the 

following conditions must be met (Sorokin A.A., 2006): 

vEL = vMe = vК ∙ А                                                                        (1) 

where vК − is the progressive speed of the harvester movement, m/s;     А − coefficient (А=1.3). 

Therefore, an increase in the productivity of the technological process of harvesting root crops and 

onions will lead to a decrease in the separation quality and increase in the damage to commercial products.  

 

MATERIALS AND METHODS 
 Based on the functional diagram of the control system with a perturbation control principle, an 

intelligent technology for harvesting root crops and onions was developed, with the development of a 

separating rod elevator with an adjustable blade inclination angle.  

 The separating rod elevator with an adjustable inclination angle (RF patent No. 2679734) ensures 

damage reduction and improves the quality of the separated products by minimizing the impact of the 

vertical component of the gravity of root crops and bulbs, while also increasing the uniformity of distribution 

of the heap of root crops and bulbs across the separating surface when changing angle α of the rod 

elevator inclination as a result of changes in soil and climatic conditions of harvesting roo t crops and 

onions (Sibirev A.V. et al., 2019). To adjust the inclination angle of the blade of rod elevator 1, weight 

sensors 2 mounted on digging plough share 3 (Figure 1) are used.  

 Weight sensors 2 measure the weight of the incoming heap of root crops on digging plough share 3 

and send the readings to microcontroller 4 during the root crops and onion heap separation and bar elevator 

1 inclination angle 𝛼1adjustment.  
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 The linear drive, represented by electric cylinders 5, moves the linear drive rod to the required 

distance 𝑆1or 𝑆2changes the α1inclination angle of the blade of rod elevator 1 depending on the readings of 

weight sensors 2 after receiving a signal from microcontroller 4.  

 

Fig. 1 – Diagram of changes in the inclination angle of the rod elevator:  
1 – rod elevator; 2 – digging plough share weight sensor; 3 – digging plough share; 4 – microcontroller;  

5 – electric cylinder; 6 – inertial sensor 

 

 When a heap of root crops passes across the surface of rod elevator 1, the soil is screened through 

slotted holes formed by adjacent rods of the blade (Figure 2). The screened soil is registered by means of 

inertial sensors 6 installed along the length of rod elevator 1. When evaluating the efficiency of separation by 

inertial sensor 6, the oscillation frequency will also be characterized by the movement speed of rod elevator 

1 (interchanging gaps and rods above the sensor).  

However, the amount of the screened soil will be characterized by peak amplitude values. Therefore, the 

separation efficiency of the elevator is estimated according to the amplitude values (Sibiryov A.V. et al., 

2019).  

 If the soil is screened on the rod elevator below the required value set by microcontroller 4, inclination 

angleα1 of rod elevator 1 is adjusted in the specified range of values. After determining the mass of the root 

crop and onion heap on the digging plough share, the controller, with time delay T, along with the movement 

of the rod elevator, sends a control signal to move the actuator rod. 

 
Fig. 2 – General view of the machine for harvesting root crops and onions, equipped with  

a separating rod elevator with adjustable blade inclination angle and receiving plough share  

for digging/collecting root crops and bulbs 
1-– frame; 2 – receiving plough share for digging/collecting root crops and bulbs; 3 – supporting wheels; 4 – main separating 

rod elevator; 5 – additional rod elevator; 6 – bed-forming roller; 7 – shaker adjusting plate; 8 – narrowing tray;  

9 – electric cylinders;  10 – weight sensor of the digging plough share; 11 – microcontroller 
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 The aim of the studies was to substantiate the possibility of using a separating rod elevator with an 

adjustable blade inclination angle for harvesting root crops and onions, as well as to establish the optimal 

values of its process parameters under laboratory and field conditions, ensuring high-quality separation of 

onion heaps from soil and plant impurities.  

 

 

Fig. 3 – General view of the harvester for root crops and onions, equipped with separating rod elevator with an 

adjustable blade inclination angle and receiving plough share for digging/collecting root crops and bulbs 
1 – Tractor MTZ 1221; 2 – root and onion harvester 

 

 Field studies of a separating rod elevator with adjustable blade inclination angle of root and onion 

harvester (Figure 3) were carried out on the fields owned by Tsirulev E.P. peasant farm enterprise in the 

Samara region in 2019, when harvesting Stuttgarter Riesen breed onions. 

 Production studies were carried out in accordance with STO AIST 8.7-2013 “Machines for harvesting 

vegetables and gourds. Methods for assessing functional indicators".  

When conducting studies of separating rod elevator with an adjustable blade inclination angle installed on a 

UKL-1.3 root and onion harvester, the physical and mechanical properties of the soil were determined, as 

well as the onion heap separation quality indicators. The soil in the plot selected for the studies is medium 

loamy black earth soil, the field relief is flat, the field contour is close to a rectangular shape, the pass 

(furrow) length is 350 m. 

 The quality of the technological process performance was assessed according to the following 

indicators: 

 – damage 𝑃 to the bulbs;  

 – separation completeness 𝜈 of an onion heap (Sibirev A.V. et al., 2018; Sibirev A.V. et al., 2019). 

 When determining the optimal value of the studied factor during production studies, the other factors 

remained unchanged, i.e. equal to the optimal values determined during laboratory and field studies. In the 

process of laboratory and field studies of a root and onion harvester equipped with separating rod elevator 

with an adjustable blade inclination angle, process parameters were set in the above specified range of 

values. 

 Progressive speed 𝑣𝐸𝐿 of the rod elevator blade varied from 1.0 m/s to 1.8 m/s with a variation interval 

of 0.2 m/s.  

 The only exceptions are the factors, the optimal values of which could not be investigated under 

laboratory conditions; these factors include depth ℎ𝐿 of immersion into the soil of the digging plough share 

and progressive vК speed of the root and onion harvester. In addition, in order to study the influence of the 

amount of onion heap supply 𝑄В𝐸𝐿 on the quality of separation of the rod elevator with an adjustable blade 

inclination angle, the progressive speed 𝑣𝑃 of the root and onion harvester, as well as the depth ℎ𝐿 of 

immersion of the digging plough share into the soil, were changed.  

 The progressive speed 𝑣К of the root and onion harvester varied from 1.0 m/s to 1.8 m/s with a 

variation interval of 0.2 m/s, the immersion depth ℎ𝐿 of the digging plough share into the soil varied in the 

range of 0.02 m to 0.06 m, in increments of 0.01 m. 

1 

2 
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 The performance quality of the rod elevator with an adjustable blade inclination angle was determined 

as follows. At the start of the registration plot, with self-propelled combine 1 moving non-stop (Figure 3), 

canvas was placed under the separating rod elevator upon a signal, in which all the harvested mass was 

collected.  

 In the process of passing the plot, canvas was unrolled behind the harvester, on which the heap 

dropped after separation.  

 Then samples were taken from the canvas surface from the entire territory of the registration plot.  

In so doing, the fractional composition of the heap was determined, taking into account: bulbs, loose soil and 

soil attached to bulbs. 

 

RESULTS AND DISCUSSION 

 When conducting laboratory studies of a rod elevator with adjustable blade inclination angle, the 

optimal values of the studied factors were determined, to be investigated for quality indicators of work in a 

production environment. The study of the technological process of the work of a rod elevator with adjustable 

blade inclination angle under laboratory field conditions was carried out with factors varying within (Figure 4): 

– depth of the digging plough share immersion into the soil ℎ𝐿 = was 0.02 m to 0.06 m; 

– progressive speed of the root and onion harvester 𝑣К = was 1.0 m/s to 1.8 m/s; 

– the progressive speed of the rod elevator blade 𝑣𝐸𝐿 = 1.55 m/s to 1.67 m/s. 

 According to the results of processing the experimental data, dependence graphs were plotted with 

regard to the completeness of separation of onion heap ν in % and damage to bulbs D in % vs. the operating 

and  process parameters of the harvester (ℎ𝐿 and 𝑣𝑃) and the separating rod elevator (𝑣𝐸𝐿) with an 

adjustable blade inclination angle. 
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Fig. 4 – Dependence of separation completeness ν and damage to bulbs D of a separating rod elevator with an 

adjustable blade inclination angle vs. depth ℎ𝐿  of the digging plough share immersion into the soil 

 

 The correlation between the quality indicators of the technological process of operation of a root and 

onion harvester equipped with rod elevator with an adjustable blade inclination angle from the immersion 

depth hL of the digging plough share into the soil is expressed by an equation of parabolic functions: 
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{
ν = 102.32 − 3.24 ∙ hL + 0.28 ∙ hL

2,

D = 2.52 − 3.28 ∙ hL − 0.71 ∙ hL
2.    

                                                       (2) 

 Analysing the graph (Figure 5), we can say that high quality of onion heap separation exceeding 98 % 

is ensured when the digging depth of the digging plough share is 0.02 m, and when the digging depth is 

increased, the completeness of onion heap separation is significantly reduced.  

 This circumstance is explained by an increase relative to the optimal onion heap supply determined 

under laboratory conditions for the rod elevator studied.  

 The lowest indicators of damage to onion bulbs, i.e. less than 2.5%, are achieved with the greatest 

digging depth of the digging plough share into the soil equal to 0.06 m/s, which is explained by the presence 

of a soil layer between the elevator rods and the separated onion products. 
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Fig. 5 – Dependence of the completeness of separation ν and damage to bulbs D  

of separating rod elevator with adjustable blade inclination angle vs. the progressive 𝒗𝒓  

speed of the root and onion harvester 

 

 When determining the quality indicators of the technological process of operation of a rod elevator with 

adjustable blade inclination angle, we obtained a correlation dependence of the separation completeness of 

the onion heap ν in % and damage to the bulbs D in % on the progressive speed of the seed onion 

harvester: 

{
ν = 114.29 − 2.37 ∙ vК + 0.67 ∙ vК

2,

D = 2.39 + 0.85 ∙ vК + 0.53 ∙ vК
2.

                                                      (3) 

 An analysis of quality indicators of operation of the root and onion harvester equipped with rod 

elevator with adjustable blade inclination angle depending on changes in the progressivevК speed of the root 

and onion harvester shows that the completeness of separation and damage to the bulbs drop with an 

increase in the technological indicator under study. 

 According to the graph shown in figure 6, it follows that the optimal ratio of onion harvesting quality 

indicators is ensured when crossing curves approximating the separation completeness of 95.7 % and bulb 

damage of 2.6 % at a progressive speed of the root and onion harvester equal to 1.38 m/s. 

 The results of studies of progressive speed 𝑣𝐸𝐿 of the rod elevator with adjustable blade inclination 

angle with regard to quality harvesting indicators in the field indicate that the optimal value of the studied 

factor corresponds to 1.6 m/s with separation completeness of 98.5 % and production damage of 2.3 %.  
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The correlation between quality indicators (ν and D) of onion harvesting and progressive speed vEL is 

determined by a correlation dependence, which is expressed by an equation of parabolic functions: 

{
ν = 82.79 + 12.2 ∙ vEL − 2.14 ∙ vEL

2 ,

D = 0.45 + 0.05 ∙ vEL + 0.53 ∙ vEL
2 .

                                                         (4) 
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Fig. 6 – Dependence of the completeness of separation ν and damage to bulbs D of separating rod elevator with 

adjustable blade inclination angle vs. the progressive speed 𝒗𝐸𝐿 of the rod elevator blade 

 

CONCLUSIONS  

 The results of production studies performed on a root and onion harvester equipped with rod elevator 

with adjustable blade inclination angle demonstrated high-quality performance of the technological process 

of separation of an onion heap with optimal values of parameters: 

 – progressive speed vEL of the rod elevator with adjustable blade inclination angle of 1.6 m/s, with 

separation completeness of 98.5 % and product damage of 1.3 %;  

 – movement speed vК of the root and onion harvester 1.38 m/s, with separation completeness of 95.7 

% and damage to the bulbs of 1.6 %; 

 – digging depth hL of the digging plough share equal to 0.02 m with onion heap separation 

completeness exceeding 98 % and damage to the products less than 1.5 %. 
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ABSTRACT  

 Unclear soil layer coupling failure characteristics on natural grassland impeded the design and 

optimization of appropriate tillage tools. The coupling failure characteristics including surface disturbance and 

profile, disturbed cross-section area, soil over-turning rate, and coupling forces between the soil layer of 

natural grassland and selected passive subsoiler-type openers were investigated in this paper. Three single-

shoot openers (i.e. CO, AO and WAO) and a test unit were designed, and furrow opening experiments under 

different working depths were conducted. Results showed that, along the passages, U-shaped disturbed 

cross-sections were usually created with soil-root clods overturned along the furrows. The roots were usually 

broken in a pulling or dragging way underground. Both disturbed cross-section area and draft force values 

increased with the working depth increasing linearly (R2≥0.93), contrary to the tendency of the specific draft 

force with the depth. Winged opener (i.e. WAO) had larger draft forces and disturbed soil layer cross-section 

areas than no-winged openers (i.e. AO and CO). The soil layer failure processes of the natural grassland 

were affected by its composite soil layer structure and the geometry parameters of the openers. The results 

provide original references for designing novel furrow openers applicable to improve degraded natural 

grassland.  

 

摘要  

 为研究耕作部件作用下的天然草地耦合失效特性，设计了三种深松铲型开沟部件，通过搭建试验台进行

了不同作业深度下的草地开沟失效试验，对草地土层失效过程、扰动情况、扰动截面积、翻垡率和作业阻力进

行了分析。试验结果表明，深松铲型开沟部件作业时产生 U 形扰动截面，同时沿沟易产生翻垡的土壤-根系复

合结构土块；开沟部件作业时主要通过拉扯的方式使根系拉断；开沟扰动截面积和水平方向的作业阻力均随着

作业深度的增加呈线性增加的趋势（R2≥0.93）；而沟形面积比阻随着作业深度的增加而减少。具有双翼的开

沟部件产生较大的牵引阻力和土层扰动截面积，草地土层失效过程受其复合土层结构和开沟部件的形状参数的

影响。试验结果为退化草地改良用专用开沟部件的研发和优化设计提供了参考。 

 

INTRODUCTION 

 Natural grasslands are important ecological screens of Northern China. Leymus chinensis (Trin.) Tzvel. 

(abbreviated as L-C hereafter), as a popular fodder grass, due to its good palatability and high forage value, 

widely spread in the natural grasslands of Northern China (MOA, 1996). However, the natural grasslands 

have been showing degradation trends including vegetation cover reducing, productivity decreasing, and 

ecosystem conditions deteriorating etc. recently, mainly caused by irrational management (e.g. overgrazing 

and over-cultivation) and climate change (Zhao et al., 2006; Han et al., 2008; Li et al., 2018).  
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Mechanical improvement methods including aerating, fertilizing, shallow ploughing, soil gashing and root 

cutting, loosening, and reseeding have been applied to improve degraded natural grassland in recent years 

(You et al., 2012; He et al., 2015; De Boer et al., 2018). Among those methods, drilling or reseeding practice 

was one of effective and long-standing recommendation means (Liu et al., 2015; Zhou et al., 2017).  

A furrow opener is an irreplaceable component for a planter, which is very important for building a 

suitable seedbed. In general, it moves in the soil layer underground and breaks the soil layer structure, 

creating a furrow and allowing the seeds to be deposited before being partially covered with the soil. Furrow 

openers such as hoe, shovel, shoe, runner, single disc, double disc, and chisel types have been widely used 

for many years in conventional tillage system (Chaudhuri, 2001). With the conservation agriculture technique 

developed, no-tillage farming system has been accepted and adopted gradually, openers such as disc, tine, 

chisel, shank types etc. have been applied, seeds are placed into crop fields by opening a narrow furrow, or 

hole of only sufficient width and depth to obtain appropriate seed placement and coverage (Derpsch et al., 

2014). Numerous investigations around the furrow openers in agricultural tillage system have been 

conducted in recent years. Performance of various furrow openers of seed drills or planters were studied in 

the laboratory, and compared with the results obtained through the experiments in the field (Chaudhuri et al., 

2001). The disturbance caused by selected furrows and related working forces was also investigated under 

various different soil properties, operating conditions, and geometry structures (Sánchez-Girón et al., 2005; 

Solhjou et al., 2013; Matin et al., 2016; Barr et al., 2020). In addition, the interaction relationships between 

the soil and furrow openers were also investigated, to supply suitable indexes for evaluating the performance 

or design novel tillage tools (Hasimu and Chen, 2014; Qin et al., 2018). 

The natural grassland forms undisturbed soil layer structure underground, different from the usually 

cultivated crop field due to composite tangled and outspread L-C roots underground, which bring about 

different soil layer failure characteristics from that of crop fields. However, the coupling failure characteristics 

caused by tillage tools were still undefined, affecting the development of appropriate tillage tools used for 

degraded natural grassland restoration. The mechanism, type and degree of soil disturbance of the natural 

grassland must be considered for the design and optimization of suitable tillage tools, related coupling forces 

should also be considered. However, almost all related studies and experiments about the openers focused 

on common crop fields, limited research or reports about specific furrow openers applied for natural 

grassland were found. This paper was a new attempt, aimed to investigate the soil coupling failure 

characteristics caused by selected passive subsoiler-type openers (i.e. chisel opener, arrow opener, and 

winged arrow opener) operated under different working depths on natural grassland, to provide original 

references and support for designing novel and specialized furrow openers applicable to natural grassland. 

The visual analysis of grassland surface disturbance, soil over-turning rate, and cross-section area of 

disturbed soil layer were used for describing the coupling failure characteristics, and the failure mechanism 

was analysed. The coupling horizontal and vertical resistances from the soil (defined as draft force and 

vertical force in this paper) were also recorded as well. Working depth and its uniformity were measured so 

that the results could be compared at the same controlled situation.  

 

MATERIALS AND METHODS 

 Experimental site description 

 The experimental site was located in a typical natural grassland with the area of over 80 ha in Chabei 

district of Hebei province (41°28'31.649″N, 115°1'28.733″E). L-C was the dominant grass species of this area. 

No conventional tillage practices were used in this area before and no livestock grazing was allowed in 

recent three years. The bulk density, moisture content, and porosity of the soil layer within the depth range of 

0-15 cm on natural grassland were obtained based on the survey method as He et al. (2016) reported, listed 

in Table 1. 

Table 1 

Soil physical properties of the experimental site 

Depth (cm) Bulk density (g/cm3) Moisture content (g/(100g), d.b.) Soil cone index (MPa) 

0-5 1.04±0.05  9.99±2.43  2.92±0.53 

5-10 1.26±0.13  13.68±2.42  2.38±0.62 

10-15 1.34±0.12  17.18±2.35  2.20±0.56 
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 Experimental openers and test unit 

Three single-shoot subsoiler-type openers were selected. They were chisel (CO), arrow (AO), and 

winged arrow (WAO) openers, as shown in Fig. 1. The front working surface of the chisel opener consisted 

of a flat and a shank adapter, the arrow opener resembled a sweep, and the winged arrow opener had a 

similar configuration, but with two additional wings. These openers were designed based on typical 

subsoilers commonly used in conventional tillage system in China. A shared shank was designed without 

any cutting edges. In the experiments, the openers were mounted on the same shank. The other parameters 

of the openers and the shank were similar to those listed in the MOMI standard (MOMI, 1999). 

 
Fig. 1 - Selected openers used in the experiments 

 

A test bench (Fig. 2) was designed and applied in the experiments, which was mainly composed of a 

data collection system, an image collecting device, frames and depth limiting device. The test bench was 

linked with a tractor by three-point hydraulic suspension frames. The openers were fixed on the frame in an 

articulated connection way. Two tension-pressure sensors (BK-2B, China Academy of Aerospace 

Aerodynamics) used for monitoring force data were fixed on the frame in horizontal and vertical directions, 

respectively. A data collector (SQ 2020, Grant Squirrel) was placed on the frame, which could gather the 

data from the two sensors. During the experiments, the data was reserved by the collector, then was 

exported to the laptop when the experiments were finished. An image collecting device (GoPro video) was 

fixed on the frame to capture the images, moving processes and interactive behaviours between the openers 

and soil layer on the natural grassland.  

 

Fig. 2 - The photograph of the test facility 
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A profile metering device was used to measure the surface profile of disturbed soil-layer, as shown in 

Fig. 3. The spirit level was placed on the fixed plate to keep the horizontal ruler overlapping with the 

horizontal line. Coordinate value of a point of the disturbed area could be confirmed through the readings of 

the two rulers, then the cross-section profile could be drawn by Computer Aided Design (CAD) software 

through the coordinate values. 

 

 
Fig. 3 - Profile meter 

 

 Experimental procedure and calculation 

Based on the pre-experiments, the openers always went through two phases when they were working, 

i.e. the phases of penetrating into the soil and moving stably. The dimensions of the experimental field area 

were 25 m ×18 m (length × width). The openers usually entered the soil layer gradually at the first distance of 

1 meter along the moving direction, then kept on-the-go movements stably underground along the last 

distance of 24 meters. During the stable movement phase, the results were obtained from every 8 meters 

along the length. There were 3 repetitions for each opener. The openers were operated at a forward speed 

of 1.08±0.14 km/h pulled by the tractor moving at a slow speed of No.2 level. The operating depth was 5 cm, 

10 cm, and 15 cm, respectively.  

The depth uniformity was used to describe the stability of working depth during the tillage movements 

of the openers, taking the Chinese NY standard (MOA, 2003) as a reference, calculated as follows: 

𝑈 = (1 −
𝑉

100
) × 100%                                                             (1) 

𝑉 =
𝑆

ℎ
× 100%                                                                          (2) 

𝑆 = √
∑ (ℎ𝑖−ℎ)

2𝑛
1

𝑁−1
                                                                          (3) 

where: 

U is the uniformity of working depth; 

V is the coefficient of variation; 

S is the standard deviation of depth; 

h is the average value of depth; 

hi is the measured depth value at the point i; 

N and n are the numbers of the measurement points.  

The soil over-turning rate was defined as the total length of overturned soil clods divided by the travel 

distance of the opener (MOMI, 2007), calculated by: 

𝐹𝐿 =
𝐿𝑓

𝑏𝐿
× 100%                                                                          (4) 

where: 
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FL is soil over-turning rate; 

Lf is the average value of the total length of overturned soil clods; 

b is the numbers of opener while working, L is the travel distance. 

The disturbance range of soil layer underground caused by the openers was described by the value of 

disturbance cross-section area, which was defined as Askari (2013) reported, calculated by equation (5) as 

follows: 

𝐴 = [(2∑ 𝑑𝑖
𝑛
𝑖=1 ) − (𝑑1 + 𝑑𝑛)] ×

𝑙

2
                                                    (5) 

where: 

A is disturbance cross-section area;  

di is profile meter reading, which represented the depth from the disturbed bottom surface 

underground to the grassland surface;  

d1 and dn are the first and the last profile meter readings for every section of the profile, respectively;  

l is the interval distance of every two adjacent measurement points, which was controlled at 10 mm 

along horizontal direction in this study. 

The specific draft force was calculated using the following equation: 

𝑆. 𝐷 =
𝐹

𝐴
                                                                              (6) 

where: 

S.D is specific draft force; 

F is the draft force of tillage openers. Average draft force and disturbed soil layer area were used to 

calculate the specific draft force. 

 

RESULTS 

 Working depth and its uniformity  

Table 2 showed that the actual working depths of all openers were basically located in the range of 0-5 

cm, 5-10 cm, and 10-15 cm as desired. The actual working depth had no significant differences between the 

three openers within the depth range of 10-15 cm. In the range of 0-5 cm and 5-10 cm, significant differences 

existed between the depth values of CO and AO at the significance level of 0.05, but no significant 

differences were found between CO and WAO. There were three gradients in the working depths, implying 

that the working performance of the same opener could be compared under various working depths. 

The working depth uniformity was obtained based on equations from equation (1) to (3).  

All openers had good working depth uniformities with the value of exceeding 76%, especially it went 

over 85% for WOA within the depth range of 0-15 cm. The results demonstrated that the openers had stable 

movements when they were working.  

Table 2 
The actual working depth of all openers 

Tines 
Desired depth of 0-5 cm Desired depth of 5-10 cm Desired depth of 10-15 cm 

Actual working depth (cm) 

CO 3.23±0.15bC 8.17±1.94bB 12.33±2.61aA 

AO 5.37±1.27aC 11.3±0.72aB 14.63±0.23aA 
WAO 4.23±0.45abC 8.37±0.45bB 15.03±2.22aA 

Note: Different lowercase letters (i.e. a, and b) in each column represented the significant difference at the significance level of 0.05 by the 

Duncan Multiple Range Test. Different capital letters (i.e. A, B, and C) in each row represented the significant difference at the significance level 

of 0.05 by the Duncan Multiple Range Test. 

 

 Soil layer coupling failure characteristics on the grassland  

The L-C roots in the horizontal direction were mainly distributed in the subsoil layer at the depth of 

around 5 cm, and there were almost no roots that could be observed clearly beyond the depth of 10 cm 

underground. The rhizomes and soil formed composite structure underground. The disturbed soil layer 

surface profile was measured via the profile meter aforementioned; it could be concluded that it usually 

formed a “U” type disturbed cross-section profile underground after the opener making a furrow. Three main 

disturbed grassland surfaces remained after working, one was that big clods were overturned along the 

furrow, another one was only small over-turning clods left after working, the other one was that the soil layer 

on the grassland surface was ruptured, and bulged but not overturned after the opener moving. These 

selected openers easily caused the soil-root clods overturning when they were moving underground on the 

natural grassland. The soil over-turning rate was more than 5% for all openers calculated by measuring the 
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over-turned clods with the diameter of more than 5 cm along the furrows. Within the depth range of 5-10 cm, 

the soil over-turning rate even reached 26.08 %.  

Among all the disturbed results, the situation with big clods overturned occupied most, and it was hard to 

produce soil backfill. The typical disturbed situations were as shown in Fig. 4.  

  

               (a)                                                                   (b)                                (c)                             (d) 

Fig. 4 - Soil disturbance on grassland: (a) typical profile of disturbed soil layer cross-section (b) big clods  
along the furrow; (c) small clods along the furrow; (d) soil layer bulged without overturning 

 
 

When the opener was moving underground, the front surfaces of the opener lifted up the soil-root 

complicated layer structure and push them laterally, as shown in Fig. 5 (a). In addition, it was observed that 

the roots in the soil layer were broken by the openers in a pulling or dragging way. The aboveground part of 

the shank was usually wrapped by the composite structure of soil and roots, clods and dry grass during on-

the-go movements. 

  

(a)                                                                                        (b) 

Fig. 5 - Soil disturbance underground: (a) schematic diagram of the coupling failure mechanism  
between opener and soil layer, (b) broken roots caused by openers 

 

Two kinds of actions of the soil layer usually generated with the opener moving along the passage. a) 

When the opener was moving in the soil layer, the front surface contacted with the soil layer, producing 

disturbance and fracture. During the experiments, the fracture line of the soil layer was usually created 

randomly, not always along the symmetry line of the shank and front surface. The soil root clod was 

disturbed and lifted up, then moved along the front surface of the shank. Under the connecting function by 

the rhizomes with the undisturbed soil layer, the disturbed soil root clod moved laterally, and fell back 

subsequently. This coupling mechanism resulted in the surface disturbance characteristic with bulged soil 

layer but not overturning. The coupling procedure was as shown in Fig. 6 (a). b) The soil layer was lifted up 

by the front contact surface of the opener, then it moved along the shank, under the action of the shank, the 

soil layer was separated into two soil-root clods. Due to the tangled rhizomes, the two clods were still 

connected and went forward with the shank. With the opener moving underground, the soil layer ahead the 

front surface was lifted up again, and higher rising height following, the disturbed and uplifted soil layer 

prevented the two clods from moving forward. The tangled roots were pulled apart and broken by the 

ongoing shank, and the clods were overturned along the passage. Related coupling procedure was as 

shown in Fig. 6 (b). 
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(a) 

 
(b) 

Fig.6 - Coupling procedure between the grassland surface and opener. (a) coupling procedure for disturbed 
surface with overturning soil clods, (b)coupling procedure for disturbed surface with bulged soil layer 

 

The area of disturbed soil layer cross-section underground was calculated by equation (5), listed in 

Fig.7.  

 
Fig. 7 - Cross-section area of disturbed soil layer underground 

 
Note: The different lowercase letters reflected the significant differences between cross-section areas of different openers at the same depth 
range at the significance level of 0.05 by the Duncan Multiple Range Test. The different capital letters represented the significant differences 
between cross-section areas at different depth ranges of the same opener at the significance level of 0.05 by the Duncan Multiple Range Tes t. 
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