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SHitovial

The National Onstitute of Reseazch-Development Jor _Machines and Dhnstallations designed to Agriculture and
gaoa Onaustzq -INMA Puchazest has the oldest and most prestigious reseatch activity in the Jield of agzicultuzal machinety

and mechanizing technologies in Romania.

Shoet Histrey
v On 1927, the Jizst teseazch Center Jor Agticubtural Machinety in <Agricultuzal WResearch Onstitute of Romania -
ICAR, (Establishing Law was published in OD. no. 97/05.05.1927) was established;

v On 1930, was Jounded The Lesting Department o Agticultural Machinery and Clools by transforming Agticultuzal
Reseazch Centre of ICAR - that Jounded the science of methodologies and expetimental technidues in the Jicld (Decision
no. 2000/1930 of ICAR, _Manage: - GHEORGHE IONESCU SISESTI):

v On 1952, was established the Wesearch nstitute Jor Mechanization and Electrification of Agricultuze - I[CMA
PBincasa, by transforming the Depattment of Agricultuzal _Machines and Tools Testing:

v DOn 1979, the Research Ohnstitute of Scientific and Technological Engineeting Jor Agricultural Machinery and Tools
— ICSITMUA was founded - subordinated to Ministzy of Machine DBuilding ndustry - MICM, by unifying ICMA
subozdinated to MAA with ICPMA subozdinated to MICM,

v On 1996 the National Ohnstitute o) WResearch- Development Jor Machines and Onstallations designed to HAgricultuze
and Fo0d Ondustry — INMA was founded — according to G.D. no.1308/25.11.1996, by reorganizing I[CSITMUA,
G.D no. 1308/1996 coordinated by the Ministry of Education and Research G.D. no. 823/2004;

v On 2008 INMA has been aceredited to cazzy out reseazch and developing activities Jinanced Jrom public Junds under

G.D. no. 551/2007, Decision of the National Authozity for Scientific WReseazch - ANCSno. 9634/2008.

HAs a result of widening the spectrum of communication, dissemination and implementation of scientific research results,
in 2000 was Jounded the institute magazine, issued undet the name of SCIENTIFIC PAPERS (INMATEH), ISSN
1583 — 1019.

Stasting with volume 30, no. 1/2010, the magazine changed its name to INMATEH - Apricattural Engincering,
appeating both in print format (ISSN 2068 - 4215), and online (ISSN online: 2068 - 2239). \The magazine is bilingual,
abstzact being published in native language and English, with a thythm o] theee issues / yeaz: Januazy-<Apzil, May~August,
September Decomber and is recognized by CNCSIS — with W™ category. Published atticles are Jrom the Jield of AGRICT
LTURAL ENGINEERING: technologies and technical eduipment Jor agicultuze and Jood industry, renewable enetgy,

machinety testing, envitonment, transpott in agricultuze ete. and ate evaluated by specialists inside the country and ab:oad, in
mentioned domains.
Technical level and performance processes, technology and machinety Jor agricultuze and Jood industry inczeasing, aceording

to national reduizements and éuzoyzean and inteznational regulations, as well as exploitation of renewable tesouzces in terms
of efficiency, life, health and envizonment protection tepresent refetential elements for the magazine , INMATEH - Agticubtutal
Ve ate thankdul to all readets, publishers and assessots.
Editov in chief.,
PrD. Eng. Wadut Nicolae- Valentin
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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
1.03x10%N-m-s-rad ™" 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
Darba analizéti jauna modula tipa energétiska un tehnologiska lidzekla vérté$anas un raksturoSanas
pamatprincipi. Pétijumu mérkis — droseles ietekmes pakapes novértéSana  hidrocilindru dobumus

savienojosaja  hidromagistralé arSanas agregata ar uzkarinamu arklu kustibas laika pagrieziena josla.
Pétijumu rezultata pieradijies, ka agregata kustibas vadibas uzlabosanas uz mobila energétiska Ilidzekla
bazes iespéjama pie viena hidrocilindra droseléSanas, ierobeZojot modulu savstarpéjo pagrieSanos
horizontala plakné. lerobeZojo$a hidrocilindra uzstadiSana modula tipa energétiskajam lidzeklim ar droseles
pretestibas koeficientu 1.03x10%N-m-s-rad™ Jauj divas reizes samazinat energétiska modula virziena lenka
reakcijas nokavésanos uz dzeno$o ritenu pagriesanos.

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 (Padureanu 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™.
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).

! Ivanovs S., Dr.Eng, Bulgakov V., Prof. Ph.D. Eng; Nadykto V., Prof. Ph.D.; lhnatiev Ye., Dr.; Smolinskyi S., Dr.;
Kiernicki Z., Prof. Ph.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.

T oL

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 K, = 1.03x10%H-m-s-rad™ 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 K, = 1.03x106 H m s rad ™" 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.

] = ( )
| N

EM ™ /

]

K

m

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; K, — the inductor generating the resistance coefficient

10
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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"] 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 [kq] 2600
Wheel track [mm] 1500
Tire size 16.9R38

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 O ...
10 cm layer was 15.3%. The soil density in the same layer did not exceed 1.24 g cm?®. The average value of
the movement speed of this ploughing machine-and-tractor aggregate on the headland was 2.4 m s™. 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 (K, = 1.03x10° H m s rad™) in the hydraulic cylinder and without it (K, = 0). The

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

was determined by the formula:
V,=50-(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 (a) and its relative bearing angle (¢) 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 (py) 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 p4 was 50.

11
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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)

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 (¢) 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 a, 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 (a) with the oscillations of its relative bearing angle ().

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 it is equal to: 1 (2.4)‘l =042s. 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? It is mainly
concentrated in a rather narrow frequency range 0..2 m™ (Fig. 7). Considering that the speed of the
movement of this ploughing machine-and-tractor aggregate is 2.4 m s™, the range is 0...4.8 s 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™ or 14.4 s™, 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

12
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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, or 0...0.32 Hz (Fig. 8).
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Fig. 6 - A normalised correlation function of oscillations of the field surface longitudinal profile
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Fig. 7 - Spectral density of oscillations of the field surface longitudinal profile

The maximum value of the normalised spectral density of angle a oscillations falls on a rather narrow
frequency range: 0.30 ... 0.35 s

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 a and ¢@. 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
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Fig. 9 - The normalised mutual correlation functions of the relative bearing angle ¢ oscillations,

caused by angle afluctuations at various throttling levels of the technological module’s hydraulic cylinder
1) K = 1.03x10° Nm s rad™; 2) K, = 0

e

Normalized cross-correlation function

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 a of the driven wheels of the
modular energy tool but its relative bearing angle ¢. That is, the control impact is a reaction to the change in
the relative bearing angle ¢ with a delay in time at the level of 1 s.

Besides, the cause of the change in the relative bearing angle ¢ 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 K, = 1.03x10° N m s rad™ essentially changes
the behaviour of the mutual correlation function o—¢. The data obtained and processed by statistical
methods of the experimental field investigations give reason to state the following:

14
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First, the strength of the correlation link between the changes in the parameters a and ¢ sharply
increases. Compared with the variant K, = 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 a) is the input, and the
relative bearing angle of the modular energy tool ¢ is the output of the dynamic system under consideration.

Third, the delay in the reaction of the relative bearing angle ¢ 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 1.03x10° N m s rad™ , 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.

ABCTPAKT

B cmammi 3pobneHo npunyweHHs, wo weudkicme 2azozeHepauii pocnuHHOI b6iomacu nporopyitiHa
Kiflbkocmi pocsiuHHOI 6iomacu, wo we Moxe 6bymu easudpikoeaHa. [ns aHanizy 3MmiHU mMacu nasuea 8
npoyeci pobomu easzozeHepamopa ynpooos8X rnegHozo rnepiody Yacy MoOXHa sukopucmamu mpu MooOesi i3
HacmyrnHuMu AonyuweHHsMU. 3MiHa Macu ranuea obepHeHO nporopyitiHa mMaci nanuea i yacy, amiHa macu
nanuea obepHeHO nporiopuiliHa Maci nanuea, 3MiHa Macu nanuea obepHeHO riporiopuiliHa 4dacy.
EkcnepumeHmanbHuUM winisixom 3HalideHO KoegpiuieHmu weudkocmi 2asucbikauii nanusa.

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:

mC,H ,O,N, +m,H,0+m,(0,+AN,)=

=m,CO +m;H, +m,CO, + m;H,0 +m,CH, +(nm, + Am,)N, + m,C
where: m; — specific consumption of dry fuel (biomass) in the formation of combustible gas, mol/sec; m, —
specific fuel moisture consumption, mol/sec; mz — specific air consumption, mol/sec; ms — specific content of
carbon monoxide in the wood gas (output), mol/sec; ms — specific content of hydrogen in the wood gas
(output), mol/sec; me — specific content of carbon dioxide in the wood gas (output), mol/sec; m; — specific
content of moisture in the wood gas (output), mol/sec; mg — specific content of methane in the wood gas
(output), mol/sec; mg — specific content of resin in wood gas (output) , mol/sec; A — coefficient characterizing
the nitrogen content in the air (A=3.76); x — the number of carbon molecules in the fuel mole; y — 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; xwar — the number of carbon molecules in the resin mole; yir — the
number of hydrogen molecules in the resin mole; zr — the number of oxygen molecules in the resin mole.

1
H...O @

xtar ytar =~ ztar

1 Genadii Golub, Prof.Dr.; Savelii Kukharets, Prof.Dr.; Jonas Césna, Dr.; Oleh Skydan, Prof.Dr.;
Yaroslav Yarosh, Dr.; Mykolai Kukharets, As.
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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: ER =0.21m, /(xm, +0.25ym, +0.5zm), the value of

the air flow will be:
m, =4.76ER(xm, +0.25ym, +0.5zm,). 2

Substituting the equation 2 in 1 and taking into account that the coefficient characterizing the nitrogen
content in the air is A=3.76, we obtain:

C,H,O,N, +4.76ER(x+0.25y +0.52)(0, +3, 76N,,) -
m
' —(N+17.9ER(x+0.25y +0.52)N,
=m,CO +m,H, +m,C0, +m,H,0 +m,CH, +(nm, +3.76m,) N, + m,C

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:

CXHyOZNn +4.76ER(x+0.25y +0.5z)(0, +3,76N,) —
—(n+17.9ER(x+0.25y +0.5z)N,
=28m,CO +2m,H, +44m,C0, +18m,H,0 + (4)
+16m,CH, +28(nm, +3.76m, )N, + 1,m,C,. . H ... O,....
where: y1 — molar mass of fuel, g/mol; ys — molar mass of resin, g/mol.

Obviously, in equation 5, the product pyim; 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.

J+m2H20: -

H,.O

xtar ytar ~ ztar *

,ulmi[ }+18m2H20:

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.
5

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/dr is inversely proportional

to the fuel mass M and time 7:

dﬂ = _kMrMT ’ (5)
dr

where:

M — the fuel mass, kg; T — gasifier operating time, sec; ki, — the speed ratio of the fuel gasification
according to mass and time.

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

dm K
V:_kmrdr; InM-InM,=- Z (c*-72).

Considering that 7o = 0, we will obtain:

2 M Ky 7°
n M- K™ , — =exp| ——— |,
M 2 ' M, 2

0

2 2
M =M, exp(— kMér j,Mg =M, (1—exp(—kM#TD; (6)
where:

Mo, M, My —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:

k =£In%_ (7)

Mt 2

T M
The second model is based on the assumption that the fuel mass change dM/dr is inversely
proportional to the fuel mass M:

W -k, M; ®)
dr
where:
ki — the speed ratio of the fuel gasification according to the mass.
The solution of the equation (8) will be as follows:
M =M, exp(—k,7), My =M, (1-exp(-k,7)). )

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

k, ==In—. (10)

T M
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The third model is based on the assumption that the change in fuel mass dM/dtT is inversely

proportional to the operating time of the gasifier T:

M K z; (11)
— =k
dr ’
where:
k; — the speed ratio of gasification according to the time.
The solution of the equation (11) will be as follows:

k k
M=M0—Efz'2, M, :MO—(MO—?%Z) (12)

In this case, the rate coefficient of fuel gasification based on research data can be determined by the
formula:
M, -M
k =2—2——.

2 2
T

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.

Experimental values of fuel mass change in the process of straw pellets gasification Teble
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.
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Fig. 2 - Change of fuel mass in the process of straw pellets gasification during air supply 0.01169 m3/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)

Gasifier operation time, sec The sum
Indicator of the
0 135 250 415 620 values
Experimental data
Current fuel mass, kg 5 3.96 2.92 1.88 0.84 14.6
Igliessqf‘r‘grrﬁ tﬁ; gdeenvei?;iloe?ri tﬁ‘;ﬂ:ﬁg%gﬁ”w 1.8225 | 0.0961 | 05329 | 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? 9.2809-10¢
Current fuel mass, kg 5 4.59 3.74 2.25 0.84 16.42
ﬁ’gl;na;ﬁegt‘egi\gla;fg of experimental data 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™! 0.002877
Current fuel mass, kg 5 3.39 2.44 1.52 0.84 13.19
]csrgl:na;ﬁegfre(tjii\;ilac‘:iﬁ; of experimental data 0 1.44 169 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%
Current fuel mass, kg 5 4.8 4.32 3.14 0.84 18.1
fsrglr'lnaiﬁeg:eﬂi\;ila;ir?: of experimental data 0 0.7056 1.96 1.5876 0 4.2532
Coefficient of determination 0.848

2
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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)

) Mass of gasified fuel, kg
Indicator
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 | 295 | 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)
. Mass of gasified fuel, kg
Indicator 0 1 > 3 2 18
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 | 292 | 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)
. Mass of gasified fuel, kg
Indicator
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 5 393 | 286 | 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.

0.0035
o
(]
n |
g 0.003 |/l¢=—‘_
s
50,0025 | /
b
=
% ~0.002
©
(@]
° 0.0015 —+
o
..§ %
2 o0.001
~ 0 0.002 0.004 0.006 0.008 0.01

Air supply to the gasifier, m3/sec
Wood, pellets Peat, pieces —&o—Wood, pieces —— Straw, pellets

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
Air supply qg, m3/sec
Fuel type Empirical equation
0.0009 0.006 0.012
Wood, pellets 0.001148 0.00254 0.002957 kn=-16.73304%+0.3776(¢+0.0008
Peat, pieces 0.001246 0.0028 0.003257 km=-18.819q4%+0.4226(¢+0.0009
Wood, pieces 0.001101 0.002467 0.0029 km=-15.994q4%+0.3675 qgg+0.0008
Straw, pellets 0.001094 0.002411 0.002877 kn=-14.57q4?+0.3481qy+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 sect, wood pellets — 0.003 sec?, wood pieces and straw pellets — 0.0029 sec! 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.

iE

Ky T 1T B B Z HA IR I, BEH T — A T2 19 #7 7 7F 37 1A (1\PSO) Fl7) e 78 2 JEH 502
(EKF) 975 BB I S 5 7E 26 H iR 7% L T IBRPL ) ) Z R, T OE TR Z 8. #1X0 EKF Z7%
PG T X LG IR TSI 1R EDER SR AT I, 2571515 B 26 NS T A2/ \PSO S7ZX EKF B2 9 A7 [
T . RYFE T4, RS \PSO-EKF X G I A6 19l i) 1T 126 HE iR, F A7 R 1 I il 1 1 CA
T B 1 B i 1 B 5 B BB HTA AT o G AT 07 R RZE Y, B 7 \PSO-EKF 448 87 T iRl IR S5
HIBRIRFGSE, L T IR Y

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
EKEF, 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.
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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 VY., et al., 2019):

ZFY = (mv, +mrv,) = 2Fcosdy +2F,,

D My =1, =2F, ¢ -2F, |,

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

@)

acceleration, m/s?, v, - the lateral velocity, m/s; I - the yaw acceleration, rad/s?; I - the yaw rate, rad/s; Fy
- the lateral force on the front wheels, N; F,, - the lateral force on the rear wheels, N; J; - the steering angle
of the front wheels, rad; 1, - the moment of inertia around the vertical axis, Kg-m?; |; - the distance between

the front axle and the centre of gravity, m; | - 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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Fyf =Cfa1 (2)
I:yr =Cia,
v, +l.r
=5, - yv !
” 3)
lr-v,
a, = v

X

Where C; - is the cornering stiffness of the front tires, N/rad; C, - the cornering stiffness of the rear

tires, N/rad; ¢, - the side slip angles of the front tires, rad; «, - 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:

2C; +2C, 2C;l; —2C,I, 2C,
. _r s S T
Vv mv. mv V
Yz X ) XZ A Ss )
2C, I, —2Cl; 212c, +217C, || r ] | 2Cl
1V, Vg I,
An approximate value for the rotational inertial can be calculated as follows:
Iz = mlflr (5)
In equation (4), m,l; , 1 and |, are invariant parameters of the rice transplanter, |, can be

approximated by (5), J; is steering angle of the front wheel as input variable, v, can be approximately

equal to the speed of the rice transplanter on the ground, C; and C, 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),5(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 v, and yaw

rate I of the rice transplanter are obtained by coordinate transformation.
The measurement vector z=[vy,r]T is introduced as the measurement equation of the system,

which is equivalently expressed as:

2(t) =h(x(t)) ™

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 x=[vy,r]T 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, C; and C, are added to the state vector X. The equations (6) and (7) can be expressed
as a nonlinear system.

{X(t) = f(x(1),5(1)) +w(t) ®)

z(t) = h(x(t)) +v(t)
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.

{Xku = f(x.0)+w ©)

z, =h(x)+Vv

Where f(.) - the state evolution function represents the rice transplanter dynamics, h(.) - the
T
relationship between the state vector and measurement, X, =[vyk,rk,Cfk ,C,J - the joint state vector at time

k., d; - the steering angle of the front wheel, and z, =[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:

2C, +2C, 2C, 1, -2C I 2C,
frv, =Q-—"——dt)v, +(-v,—— “—)dtr, + —=dtJ,
k+1 mvx k . m
2C I, -2C, I, 212C, +2I%C, 2C, I,
fir., =#dtvyk +(1- kl “dt)r, + Ik dto, (10)
fy:C, =Cy
f4 :Crk+1 :Crk
Similarly, h(.) can be obtained as:
h:v, =v
. Yiat Yk (11)
h, ifea =1,

The EKF algorithm can be given by the following recursive equations:

X = F(R,6)

F_)k+1 = AkPkA<T +Q

Ky = PgHy (H P HY +R)™ (12)
)A(k-v-l =X1 Kk+1(zk+l - Hk+17k+1)

Pt = (- Kk+1Hk+1)|3k+1

Where X, ,,- the priori state vector prediction; I5k+1— the posteriori error covariance matrix prediction; Q - the
process noise matrix; R - the measurement noise matrix; K, ,,- the Kalman gain; X, ,,- the posteriori state
vector prediction; z,,, - the measurement vector; | - the identity matrix; B, - the posteriori error covariance

matrix prediction; In these equations, A , H, - the Jacobian matrix of the state vector and the Jacobian matrix
of the measurement vector, respectively.
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The initial values P(0) and x(0) are selected by experience, and the measurements of the

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

(C,,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):

Vig (K+1) =wv, s (K)+C,r(p; g =X 4 (K)+C,H (94— X 4 (K)) (15)
X (K+D) =% 4 (k)+V, 4 (k) (16)
Where i- the number of the particle; d - the dimension of the particle; k - the number of iterations;
C, . C,- the acceleration coefficient; r,r, - two random numbers uniformly distributed in the interval [0,1];
P, - 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).
X oaxd )y (X —xq,)
( = ) | O :

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

in the interval [0,1]. Xgmx and Xr‘f“n are the upper and lower bounds of the variables, respectively. The IPSO

R(k) = e *ecos(27u) a7

velocity equation is updated according to the following equation:
Vig (K+D) =wv, 4 (K)+c (P g =X (K)) +Ch (94— X 4 (K)) +C,r(R(K) =X 4 (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 |f(xi) - f(pi)| <o 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:

Yirra =4Yia Q= Yia) (19)
Each component of the initial value y, is randomly generated in a uniform distribution in the interval [0,1]. In

a carrier-like manner, the particles expanded to an area with R, radius centred on the current position.
Xik,d =X4 TRy (2Yq -1 (20)

When f(x,)< f(x,) is satisfied, the current particle position is updated. When k>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 FxD 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 fithess 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 y, , and the

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

13 _
f= Wz‘ Y — HXk+1‘ (21)
k=1

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:

Q=diag(;,9;,,95,9ss) (22)
R= diag(rll’ r22)

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

Fig.3.
- - - - - - - - - - =
| |
| u, , |
e —_— Calculate |Xopt
_IQR | objective |f(@QR)
| function

Current Q
Modified Q and R
and R

CPSO

fQR

Fig. 3 - Structure diagram of IPSO optimized noise matrices
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The parameters of the identification algorithm are set as: F=20,D=6,N,=20,c =1,c,=1.5,

c,=2,k,, =40,N, =10,N=5,R,=10,4=4,5=10°,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.
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0.056 - .

0.054 - g

Objective function value

0.052 - g

0.05 - ’ ;
0 10 20 30 40

Number of iterations
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
m I I, 1 5,
Parameters 2 3
[Kd] [m] [m] [Kg-m?] [°]
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 C, =C, =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. 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 Maximum errory, Maximum error r Average error v, Average error r
algorithm [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

32



Vol. 61, No. 2 /2020 INMATEH —Agticuttutal Enginceting

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

winding device locking device telescopic device rotating device cutting device introduction device

I‘/ 1—=/~/”{_ ~ F\ /
= U

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

AR

Wood

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, F1 is the force of the frame to the wood, F2 is the vertical force of the knife saw to the wood,
F3is 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, VV is the moving direction of the saw blade, F1 is the force of the frame to the
wood, F—3 is the horizontal force of the cutter to the wood, and F—Z is the vertical force of the knife saw to

the wood. The resultant force received by the wood is F2, 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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The following symbols are used in this paper:
\/ =The moving direction of the saw blade;

F =The resultant force received by the wood;
F1=The force of the frame to the wood;

F 2=The vertical force of the knife saw to the wood;
F3=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 1:17,1:31, 1:50 1:31

Output 5-1,000 260

Gear Metal and plastics Metal

Motor Motor, DC, Step-hy- 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
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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) 251303 (25|30 |3 |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) 7.8 118.5/20.3| 6.3 |15.0|22.2| 6.0 |11.7|17.6
Pruning time with teeth spacing of 2.6 mm (s) 5319.2|149| 3.5|10.4|125| 6.9 | 9.4 |12.1
Pruning time with teeth spacing of 1.4 mm (s) 10.815.5(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.

o

4 —

Fig. 4 - Experimental test of pruning
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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.

PE3IOME

B mawuHHOU mexHonoeauu 8030esbigaHusi U ybopKU KOPHEenno0o8 U riyka OOHUM U3 8axKHeUwux
rnokasamersel Kkadecmsa, ornpeodensoueao OnumesibHOCMb XpaHeHUs1 KOpHerni00o8 s1ersiemcsl Hanu4due 8
3aknadbleaeMOM Ha XpaHeHUe B80pPOXe [1OYBEHHbIX U pacmumenbHbiX npumecel. Hego3MoxHOCMb
omaoesieHUs1 MOYBEHHbIX KOMKO8 U3 80poxa KOPHENI0008 U fiyka 0bycrioerieHa mem, 4mo Ha bonbuuHcmee
y60POYHbIX MawuH MPUMEHSIIOM wjesiesble cenapupytouwjue paboque opaaHbl, Mpu 3MOM MEXIPYmKosoe
paccmosiHue cenapupyrowezo mpaHcriopmepa C Uerbio UCKITIOYEHUST MOmMePb KOPHEer0008 6bIrNoSIHEHO
MeHbWe MUHUMAalibHO20 pasMmepa cernapupyemMozo KopHerioda, 4mo rnpueodum K HEB03MOXHOCMU UX
OYUCMKU Ha cenapupyrowux pabodyux opa2aHax yb0opOYHbIX MawuH, a criedosamersibHO, K mpasmupo8aHUio
3Ha4yumenbHOU 4Yacmu moeapHoU rnpodyKyuu U omepsM [pu XpaHeHuu 3HayumersibHOU 4acmu
8blpawjeHHo20 ypoxas. CospeMeHHble MmexHOoo2uU U mexHu4Yeckue cpedcmea ybopKu KOpHernodos u
Jiyka He CrocobHbl obecrieqyump MOyYeHUEe KadyecmeeHHOU moeapHoU npoldyKuuu npu MUHUMabHbIX
mpydo3ampamax, 4mo 06ycri08/1IeHO omcmasaHueM unnu omcymemeuem 8 pa3pabomke mexHOM02U4ecKUx
OCHO8, mexHosoaul u paboyux opzaHos yOopKU KOPHeriodo8 U JiyKa, 0380M[WUe CHU3UMb UMU
UCKIMIOYUMb  cOOepXKaHUEe [MOY8EHHbLIX KOMKO8 8 moeapHOoU Mpo0yKyuUu 8 pasfiudHbIX [04Y8EHHO-
Knumamudeckux ycnosusix. CniedoeamernibHo, paspabomka cpedcme MexaHu3ayuu O0nsi ybopku
KOPHEernn0008 U JlyKa, MO38OMISIOUUX CHUSUMb UMU UCKTIOYUMb codepxaHue MexaHUYecKux rpumecel 8
mosapHoU npodyKuuu 6 pPasfudHbIX MOYEEHHO-KIIUMamu4yeckux ycrosusix mnpedcmasrisgem Hay4YHyro
npobnemy, peweHue komopoul 6ydem criocobcmeosampb UHHOBAUUOHHOMY pPa3gumuio 8HYMpPEeHHe20 pbiHKa
ceribCcKoX035UcmeeHHOU MpoOyKUuUU, ycrmou4ueoMy rnosoxeHuUsi Poccuu Ha 8HEWHEM PbIHKE.

! 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.. 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 a; and the
elevator speed vg;.

The separation coefficient € at any inclination angle «, increases as the speed of the rod elevator v,
increases, to a certain maximum value, after which it starts decreasing. The optimal movement speed vg;, 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 = Vg " A (1)

where v — is the progressive speed of the harvester movement, m/s; A — coefficient (A=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 a of the rod
elevator inclination as a result of changes in soil and climatic conditions of harvesting root 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 aadjustment.
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The linear drive, represented by electric cylinders 5, moves the linear drive rod to the required
distance S;or S,changes the a,inclination 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
anglea, 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 v 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 vg; 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 h; of immersion into the soil of the digging plough share
and progressive vy speed of the root and onion harvester. In addition, in order to study the influence of the
amount of onion heap supply Qgg; 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 h; of
immersion of the digging plough share into the soil, were changed.

The progressive speed vi 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 h; 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.
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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 h; = was 0.02 m to 0.06 m;

— progressive speed of the root and onion harvester vy = was 1.0 m/s to 1.8 m/s;
— the progressive speed of the rod elevator blade vg; = 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 v in % and damage to bulbs D in % vs. the operating
and process parameters of the harvester (h;, and vp) and the separating rod elevator (vg;) with an
adjustable blade inclination angle.
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Fig. 4 — Dependence of separation completeness v and damage to bulbs D of a separating rod elevator with an
adjustable blade inclination angle vs. depth h;, 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 h;, of the digging plough share into the soil is expressed by an equation of parabolic functions:
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{v =102.32 —3.24 - h; + 0.28 - h?, )
D =2.52-3.28-h, —0.71-hi. 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 v and damage to bulbs D

of separating rod elevator with adjustable blade inclination angle vs. the progressive v,
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 v in % and damage to the bulbs D in % on the progressive speed of the seed onion
harvester:

{v =114.29 — 2.37 - v + 0.67 - V2, 3
D =239+ 0.85 v + 0.53 - v&. ®

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 progressivevy 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 vg; 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 (v and D) of onion harvesting and progressive speed vg;, is
determined by a correlation dependence, which is expressed by an equation of parabolic functions:

v=18279+412.2 vy — 2.14 - V&, @
D = 0.45 + 0.05 - v, + 0.53 - vZ,.
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Fig. 6 — Dependence of the completeness of separation v and damage to bulbs D of separating rod elevator with
adjustable blade inclination angle vs. the progressive speed v, 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 vg;, 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 vy 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 h; 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 WAOQO) 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 (R?20.93), contrary to the tendency of the specific draft
force with the depth. Winged opener (i.e. WAQO) 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.
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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 (Sanchez-Girén 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 (a/cm?) Moisture content (9/(100q), 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).

7 40mm

Chisel . Winged

60

Chisel "N Winged
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

[

“ : Tractor

\‘(

RS
Kis

'Data collector 3

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

e 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 x18 m (length x 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 - 1:70) x 100% 1)

V =2x100% )

Xi(hi—h)?
S=J" e @)

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;

h; 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:

F, =2 x 100% @)
where:
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F. is soil over-turning rate;

Lt 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=[@ZL,d) - (d; +d,)] x5 ()
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;

d; and d, are the first and the last profile meter readings for every section of the profile, respectively;

| 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=1 (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

Ti Desired depth of 0-5cm Desired depth of 5-10 cm Desired depth of 10-15 cm

ines -

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.

Above ground

Ground surface

Travel direction

Under ground

@ (b) (©) (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.

N .\,

(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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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.
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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 Test.
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It presented that the disturbance cross-section area increased with the working depth increasing
linearly with the R? value of 0.93. WAO had the largest value, the second place was AO, and CO produced
the lowest cross-section area underground, within the depth range of 5-10 cm and 10-15 cm. However, no
significant differences were found between these three openers at the depth of 10-15 cm. For the same
opener, the disturbed cross-section areas within the depth ranges of 0-5 cm and 5-10 cm, showed
differences from that at the depth of 10-15 cm significantly. Although the disturbed cross-section area of CO
was lower than that of WAO, no significant differences could be found within the depth range of 0-5 cm and
5-10 cm through the method of Independent Samples Test at the significance level of 0.05 within the depth
range of 0-5 cm and 5-10 cm, respectively, as shown in Table 3.

Table 3
Independent Samples Test of disturbed soil layer cross-section area for CO and WAO

Levene's Test for

Iizg%t)h Equality of Variar_lces t-test for Equality of Means -
F Sig. t df Sig. (2-tailed)

0-5 Equal variances assumed 6.017 .070 -1.692 4 .166

Equal variances not assumed -1.692 2.149 .224

5-10 Equal variances assumed 1.670 .266 -1.357 4 .246

Equal variances not assumed -1.357 2.432 .287

* Soil cutting forces

Within the depth range of 0-15 cm, CO had the lowest draft force of all the selected openers, WAO
had the largest values, approximately twice larger than CO. All the horizontal force data increased with the
working depth increasing linearly with the R? values of exceeding 0.99 (Fig.8(a)). Significant differences
existed between the draft forces of the same opener with the working depth varying. For the vertical
resistance data, it varied with the working depth and opener geometry. The vertical force of CO increased
with the working depth increasing. However, for AO and WAOQ, the sensor was in a compression situation in
the depth range of 0-5 cm, but under stretch within the depth range of 5-15 cm.

The specific draft forces were calculated through equation (6), and the relationship between specific
draft force and working depth was obtained and drawn in Fig. 8(b). The lines showed the specific draft forces
of the openers decreased with the working depth increasing. CO always had the lowest specific draft force
when it operated at different working depths, smaller than that of WAO.

7 co O co A A0 O WAO
AO — = Fit line of AO —— Fit line of WAQ — - = Fit line of CO 50 —O-co
At —0O0—A0
EZwao a5 —— WAO
y=374.31x+634.80 e
R=1 S 404
A 2
s 2
L7 y=426.09x-1186.76 8]
R*=0.997 g
C B B8 T 304
P =258.12x+26.53 & 251
X R*=0.993
e
R 0
510 10-15 2 4 6 8 10 12 14 16 4 6 8 10 12 14 16
Depth (cm) Depth (cm) Depth (cm)
(@) (b)

Fig. 8 - Typical soil resistance curves: (a) horizontal sensor data with depth, (b) specific draft force with depth

Note: Different lowercase letters reflected the significant differences between the forces of different openers at the same depth range at the
significance level of 0.05 by the Duncan Multiple Range Test. Different capital letters represented the significant differences between the forces
at different depth ranges of the same opener at the significance level of 0.05 by the Duncan Multiple Range Test.

CONCLUSIONS

(1) The selected subsoiler-type openers could break the soil layer underground and create disturbance
on natural grassland. The manners of opener penetrating into the soil layer and its on-the-go movements,
the geometry parameters of the front surfaces and shank of the openers, affected the ways of roots fracture
and the translocations of soil underground a lot. Wings or wider working width could increase the draft forces
and create larger soil disturbance area. However, the differences of disturbed soil layer cross-section areas
between the winged opener and no-winged opener is not significant.
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To obtain the same disturbance effect, using a no-winged or a narrow opener could be an effective
choice compared with the winged opener.

(2) Tangled L-C roots and the soil underground, and withered grass on the surface, formed a
complicated structure on natural grassland, brought about large soil over-turning rate (maximum value
of 26.08%) and little soil backfill for the typical subsoiler-type openers (i.e. CO, AO, and WAO) during
their passages, making them not suitable to be used to create necessary furrows for drilling or reseeding
because of the possibility of resulting in severe soil erosion problems and improper roots damage. Adding
cutting chamfers or adjusting appropriate structure parameters may be alternatives for subsoiler-type
openers to achieve desirable soil loosening or soil fragmentation situations, but needs further research.

(3) The soil layer failure processes of the natural grassland were affected by its composite soil
layer structure and the geometry of tillage tool. Coupling failure mechanism, working resistance, soil over-
turning rate, area of disturbed cross-section, and specific draft force reflected the working performance of
these subsoiler-type openers well, may become the evaluation indicators of the specialized tillage tools used
for natural grassland, and supportive references for designing and optimizing related tillage tools for
grassland.
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ABSTRACT

In winter, the poor ventilation conditions in broiler houses may lead to high ammonia concentration,
which affects the health of yellow-feather broilers or even causes the death of many broilers. This research
used a machine learning model to predict the ammonia concentration in a broiler house during winter. After
analysis, it was found that the ammonia generation in the broiler house was a gradual accumulation featured
by non-linear data. After the broilers entered the broiler house for several days, and the ammonia
concentration reached a certain value, a ventilation system was used for regulating the concentration. Firstly,
the back-propagation (BP) neural network model and gated recurrent unit (GRU) model were used for
predicting the ammonia concentration, respectively. Then, ensemble empirical mode decomposition (EEMD)
was performed on the time series data of ammonia concentration in the broiler house. After that, the EEMD-
GRU prediction model has been established for the intrinsic mode function (IMF) components and the
temperature and humidity data in the broiler house. Finally, all component results were summarized to obtain
the final prediction result. A comparison was conducted among the prediction results obtained by the above
three models. The results show that the root mean square errors of the above three models are 6.2 ppm, 4.4
ppm, and 2.4 ppm, respectively, and the average absolute errors were 4.9 ppm, 2.8 ppm, and 1.6 ppm,
respectively. It could be seen that the EEMD-GRU model had higher accuracy in predicting the ammonia
concentration in the broiler house. The EEMD-GRU model can effectively predict the ammonia concentration
in broiler houses, facilitating the feedback to the central system for timely adjustment.
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INTRODUCTION

As the living standards of the Chinese people are improving, the demand for meat consumption is also
becoming diversified. This has accelerated the development of China's breeding industry. As the basic meat
in people's lives, broiler meat deserves much attention from the breeding industry in terms of the quality and
health of broilers. In broilers' breeding, environmental factors in broiler houses have important effects on the
health and production of broilers, such as ammonia concentration. Ammonia is a colourless, poisonous gas
with a strong pungent odour. The ammonia in a broiler house is mainly produced by the decomposition of
broiler manure and nitrogen-containing organic matters.

1Zeying Xu, Ms.; Xiuguo Zou, Assoc. Prof. Ph.D.; Zhengling Yin, Ms.; Shikai Zhang, MAE. Stud.;
Yuanyuan Song, MAE. Stud.; Jie Zhang, MAE. Stud.; Jingxia Lu, Assoc. Prof. Ph.D.
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The high concentration of ammonia can not only affect the broiler's feed intake, feed conversion ratio
(FCR) and productivity, but also cause damage to the broiler's respiratory system, which may reduce the
quality of broiler (Yao Z., 2008). Therefore, it is of great significance to reasonably, timely, and accurately
analyse and predict the ammonia concentration in broiler houses, so as to provide a reference for breeders
to take corresponding measures.

Liu et al. (Liu W., 2019) implemented structural partitioning of a broiler house in Shandong Province
along with horizontal and vertical directions. Based on the ammonia concentration data at each point
monitored from 2014 to 2015, the single factor analysis method was used to obtain the daily ammonia
concentration change in the broiler house and the ammonia gas distribution pattern between different cross-
sections. They also proposed corresponding measures to reduce the ammonia concentration. Shen et al.
(Shen D., 2018) used the statistical data of environmental indicators such as ammonia concentration
detected in a broiler house to obtain the statistical characteristics of the distribution of air pollutants in the
broiler house and the main sources of pollutants. Zilio et al. (Zilio M., 2020) determined the main contributor
to the ammonia emissions of livestock farms using the seasonally sampled feces and ammonia data from
four livestock farms in Italy from 2015 to 2017 through partial least squares (PLS) regression. They found
that temperature was the main predictor of ammonia concentration. In summary, researchers have
conducted extensive research on the poisonous gas emissions and distribution patterns in broiler houses.
Multivariate statistical analysis and empirical models have played a very important role in the above
research. However, the concentration data of various environmental factors in a broiler house are mostly
non-stationary. This means that statistical methods cannot accurately predict the concentration of pollutants
in a broiler house in a timely manner, and cannot provide a more accurate reference on breeding schemes
for breeders.

With the development of artificial neural networks (ANN), traditional machine learning algorithms have
been widely used in many research fields. Huo (Huo C., 2018) used a gray neural network algorithm and
corrected the residual error through BP neural network to predict the ammonia concentration in a piggery,
with a prediction accuracy of 94%. In the same year, Richardson et al. (Ribeiro R., 2019) established the
ANN-Bayesian regularization model, and used the historical environment data of a broiler house to generate
a set of parameters for the controller to make a correct response, which reduced the labour cost of poultry
management. Xie (Xie Q., 2015) used the ANFIS-based algorithm to establish a model for ammonia
concentration prediction in pig houses in different seasons, and analysed and obtained the correlation
between ammonia concentration and various environmental factors in pig houses. The smallest relative error
of the predicted ammonia concentration was 0.0858. This model provides a reliable reference for the control
of the environment in a pig house.

Researchers have made considerable improvements to the structure of neural networks in recent
years to improve the training effect of neural networks. Deep learning networks and the various learning
frameworks they generate have gradually become popular and applied in various fields, especially on the
research of air pollutant concentration. Guo et al. (Hao G., 2019) used a deep neural network to predict the
concentrations of PMzs and PMuo in Beijing, and proposed a prediction method of spatial conversion. They
investigated the spatial correlation between air pollutants, which provided new ideas for air quality prediction
models. Wei et al. (Xu W., 2011) developed a soft sensor for predicting the ammonia concentration at the
outlet of a factory using BP neural network. They proposed an improved particle swarm algorithm to optimize
the BP neural network model. Compared with the other two models, this model showed higher accuracy and
better generalization ability. Due to the strong memory function and the ability to effectively process time-
series data, the long short term memory (LSTM) network has been widely used in various practical problems,
e.g., human action recognition (Majd M., 2019), water level prediction for nuclear reactor pressurizer (Zhang
J., 2019), and short-term economic load forecasts (Muzaffar S., 2019), etc. The GRU model is a variant of
the LSTM model, which is simpler in structure and can reduce the iteration time to a certain extent. GRU has
also been used in sentiment classification(Pu M., 2019), and travel pattern recognition (Guo M., 2019), etc.

In previous research, we have used the computational fluid dynamics (CFD) method to establish a 3D
model of the broiler house designed in this paper, which proved that the ventilation system of the broiler
house met the requirements for cooling, ventilation and comfortable breeding (Zhang S., 2019). The
proposed method of using an inverter to control the negative pressure fan has been accepted by some
breeding bases, and has a good prospect for further application (Yao H., 2018). In terms of the research on
the temperature inside a broiler house, we used the optimized least squares support vector machine model
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based on the improved particle swarm optimization algorithm to predict the temperature in a broiler house.
The average absolute error was 0.787 °C (Zhang X., 2019).

Based on the BP neural network and GRU model, this paper constructs an EEMD-GRU model to
predict the ammonia concentration in the broiler house. The EEMD-GRU model effectively uses the historical
time series data in the broiler house, considers the non-stationarity of the environmental data, and can
determine the information forgotten and retained at each step according to the activation function. The
results show that the EEMD-GRU model can improve the prediction accuracy and reduce the iteration time.

MATERIALS AND METHODS
Data Acquisition

In this experiment, the ammonia concentration of the yellow-feather broiler house located in Jinniuhu
Street, Luhe District, Nanjing City, Jiangsu Province, China, was used as the research object. Environmental
monitoring sensors were installed in the broiler house, and environmental data were collected in real-time
every 1 min and transmitted through the RS485 serial network. The broiler house is 1.9 m wide and 2.9 m
long. Fig. 1 shows the internal scene of the broiler house. The experiment had 45 broilers in the broiler
house, and 50833 pieces of environmental data and broilers situation data from December 5, 2019 to
January 12, 2020 were used as experimental data in this paper, including ammonia concentration,
temperature, humidity, age of broilers and time for broilers to enter the broiler house. Because the ammonia
concentration, temperature and humidity inside and outside the broiler house would not change greatly
within 1 h, this research used the average of minutely data within 1 h as the hourly data. A model was
established using experimental data to predict the ammonia concentration of the broiler house in the next
hour. The increase of ammonia concentration in the broiler house was a gradual process, as the ammonia
concentration would change with the growing days of the broilers and the environmental factors inside and
outside the broiler house. Table 1 shows some of the data in this experiment. Table 2 exhibits the result of
the statistical analysis.

Fig. 1 — Internal scene of the broiler house
Sensors, cameras, and wind speed inverters, etc. were installed in the experimental broiler house to
detect the environmental data in real-time and take corresponding measures. The temperature and humidity
sensors were purchased from Shandong Renke Measurement & Control Technology Co., Ltd., with an
accuracy of £0.5 °C and +3% RH, respectively, and with a resolution of 0.1 °C and 0.1% RH, respectively.
The PM2s sensor was also purchased from this company with an accuracy of £+ 10%. The ammonia
concentration sensor was also purchased from this company with a resolution of 0.1 ppm (parts per million, 1

ppm = 1 ml/m?). The above sensors all had a dimension of 110 mm x 85 mm x 44 mm.
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Table 1
Experimental data from December 15 to December 31, 2019
. ; ) . Time for
Ammonia Outside Outside Inside Inside Age of broilers to
; io | temperature relative | temperature | relative ;
Time concentratio p L p S broiler enter the
o humidity o humidity .
n (ppm) (°C) (%) (°C) (%) (day) broiler
house(hour)
2019-12-15
00:00 2.3 13.6 77.9 15.1 69.7 84 202
2019-12-15
01:00 2.2 14.4 78.1 14.8 70.6 84 203
2019-12-15
02:00 2.2 14.2 74.6 14.1 66.4 84 204
2019-12-15
03:00 2.2 13.9 73.6 13.7 65.8 84 205
2019-12-15
04:00 2.1 13.7 73.9 13.7 68.3 84 206
2019-12-31
06-00 29.6 0.4 65.4 3.9 66.6 100 592
2019-12-31
07-00 29.0 0.2 66.0 3.9 67.0 100 593
2019-12-31
08:00 28.1 1.9 67.3 4.9 65.9 100 594
2019-12-31
09-00 27.1 3.2 63.0 6.1 64.1 100 595
2019-12-31
10:00 25.3 3.8 62.0 7.0 61.5 100 596
Table 2
Statistical analysis of environmental data
Standard Maximum Minimum
Parameter Data volume Mean value .
deviation value value
Ammonia 883 15.5 12.5 50 0
Outside 883 10.8 3.9 23.3 0.2
temperature
Inside 883 12.7 3.2 23.2 38
temperature
Outside relative 883 81.7 114 97.8 36.2
humidity
Inside relative
humidity 883 76.0 9.3 90.1 40.7

Data Processing Methods
e Data Normalization

Data normalization is to make the eigenvalues of different dimensions on the data set comparable to a
certain extent, and to eliminate the dimensional and order of magnitude differences between the
eigenvalues. If there is a large difference in the value of features on a data set, the features with larger
values often make a greater contribution to the model's results. Therefore, in order to improve the
convergence speed and accuracy, the ammonia concentration, temperature and humidity values in this
research need to be normalized.

The normalization method adopted in this paper is the min-max scaling method. All the values are
concentrated to 0-1 according to

x*: X-Xmin 1)
Xmax~Xmin

where x" is the normalized data, x is the original data, x,,;, and x,,,, are the minimum and maximum values
of the eigenvalues of the original data, respectively.
e Data Interpolation

In the experiment, the data is collected every 1 min, and data missing often occurs due to the failure of
the data acquisition device. The data set is interpolated by summing and averaging the data of one hour
before and after the missing time as the missing data to make the time series of the data set more complete.
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Establishment of the Model

TensorFlow is a powerful open-source software library developed for deep neural networks (DNN). It
supports all popular languages, such as Python, C ++, and Java, etc., with the ability to work on multiple
platforms, and has good visualization of computing charts. Based on the TensorFlow framework, the
following three models are established in this research for prediction.
*  BP Neural Network Model

Back propagation (BP) neural network is a multilayer feedforward neural network using an error back-
propagation algorithm and consists of an input layer, a hidden layer, and an output layer. The basic steps of
a BP neural network are as follows:

(1) The At output value y of output layer neuron is calculated forward by:

Vie=f ( Z;?:l wy, Xby-0) (2
where wy, represents the weight matrix from the A% neuron of the hidden layer to the output layer, 8
represents the threshold of neurons in the output layer, b, represents the output of the 4™ neuron in the
hidden layer. f
represents the activation function.

by=f( 2?;1 Vig XX; =0) (3
where v;, represents the weight matrix from the i neuron of input layer to hidden layer, x; represents the
input of the i neuron in the input layer, 8, represents the threshold value of the 4™ neuron in the hidden
layer.

Vig=lvir iz viz---vig] (4)
where d represents the number of neurons in the input layer, g represents the number of neurons in the

hidden layer. In this paper: d =14.
Final output value y of output layer:

y=ly, vy vy, ®)

where n is the number of forecast samples.
The structure of the BP neuron model is shown in Fig. 2.
Input layer Hidden layer Output layer
by

Fig. 2 — Structure diagram of BP neuron model

(2) If there is an error between the output value and the expected output value, the error term is back
propagated.

2
E==(-y,) (6)
where E represents the output error, Y, represents the expected output value.

(3) The gradient descent method is used to continuously iterate each neuron's weights to reduce the
error term until it reaches the acceptable error range.

In this research, the ammonia concentration, temperature, and humidity of the broiler house in the
previous two hours are used as input data. The ammonia concentration at the current moment is used as a
label to construct a BP neural network sample.

The parameters of the BP model designed in this paper are shown in Table 3.
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Table 3
BP model’s parameters

Parameter Parameter value
Training set 70% of all data sets
Test set 30% of all data sets
Optimizer Adam adaptive moment estimation optimizer
Exponential decay rate of first-
e 0.9
order moment estimation
Exponential decay rate of
second-order moment 0.999
estimation
Epsilon 108
Hide layer activation function ReLU()
Number of Network layer 3
Number of hidden layer nodes 10, 15
Output layer activation function ReLU()
Learning rate 0.001

¢ GRU Model

The gated recurrent unit (GRU) model uses a recurrent neural network. The structure of the recurrent
neural network is similar to that of a shallow neural network, which is composed of an input layer, a hidden
layer, and an output layer. The difference is that the recurrent neural network is composed of multiple hidden
layers, which deepens the depth of the network structure to a certain extent. The nodes in the hidden layer
are connected to each other. When processing time-series data, the output result of each node is not only
related to the current information input to the node, but also depends on the output result of the previous
node, which means a function of memorizing. So, the recurrent neural networks are suitable for processing
time series-data (Hu M., 2019). The LSTM recurrent neural network adds forget gate, input gate, and output
gate to the original recurrent neural network structure. The opening and closing of these gates are
determined by the activation function, which can determine whether the information of the upper layer is
added to the calculation of this layer. However, its ability to learn complex long-sequence data is poor, and
there will be the problems of gradient disappearance and gradient explosion during the learning process.
The GRU model is a variant structural model of LSTM, but simpler in structure, which reduces the iteration
time. There are only two gates in the GRU structure, namely, update gate and reset gate. The update gate
can be seen as a combination of the forget gate and input gate in the LSTM model. The GRU network
structure is shown in Fig. 3.

Y =
/a N e —R—F »— X
reset gate T update 1. update

)
reset gate reset gate
re. ' gate r
R t-1 ] % t+1 7

g
Y
N— Q

Xt-1 Xt Xt+1

Fig. 3— GRU network structure

As shown in Fig. 3, x,.1, X; and x4 represent the input of the previous moment, the current moment,
and the next moment, respectively,/,.;, h; and h,, represent the hidden state of the previous node, the
current node, and the next node, respectively,/,.1,h; and /. represent the candidate hidden states, 7, and
z, represent the reset gating and update gating, respectively, and o represents the activation sigmoid

function.
The states of the reset gate and update gate at time t are defined as:

{’” =o(w,x,tuhy ) 7

z,=o(w.x,tu hy. )

where w,. , u,, w, and u, represent the weight matrixes.
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The hidden state /, and the candidate hidden state /4, at time t are defined as:

hy=(1-z)h,. +z,h,

tutal

~ 8
Iy =tanh(wyx +urhe.) ©
where
o(x)= l
1+exp(x) (9)
_ l-exp(2x)
tanh ()C) - 1+exp(2x)
In the output layer:
Y, =hsw (10)
where w is the weight matrix of the output layer.
The training process of the GRU model is as follows:
(1) Learning weight matrix parameters by the forward propagation.
(2) Calculate the sample loss in the transmission by the forward network.
(3) Learn network update parameters by the backward error propagation.
The GRU model’'s parameters in this research are shown in Table 4.
Table 4

GRU model’s parameters

Parameters Parameter value
Training set 70% of all data sets
Test set 30% of all data sets
Optimizer SGD random gradient descent optimizer
Momentum parameter 0.8
Learning rate attenuation 10°
Regularization of random
N 0.1
deactivation
Hide layer activation function Sigmoid()
Input dimension 3
Number of Network layer 30
Output layer activation function tanh()
Learning rate 0.001

e EEMD-GRU model

The empirical mode decomposition (EMD) method can decompose a signhal into several IMFs and one
RES that reflects the overall trend of the signal based on the local characteristics of the original signal. EMD
method does not need to select any function as the base, and has the adaptive capability, which is suitable
for the data processing of non-linear and non-stationary signals. The decomposition formula is given by

x(t)zz;’il Ci(t)+r11(t)

, ¢, represent the IMFs obtained by the decomposition of the original signal x(¢), with

(11)

where Cy, Cyyreeer oo

each IMF containing a single time scale, and 7, (¢)represents the residue (RES).

The ensemble empirical mode decomposition (EEMD) is an improvement to the EMD method, which
overcomes the phenomenon of modal aliasing in the EMD method. If there is a sudden change in the time
scale of a signal, there will be an IMF component containing different time scales. By adding white noise to
the original signal sequence, EEMD performs smoothing processing on the abrupt changes in the time scale,
and uses the uniform distribution of white noise spectrum to make the signals of different scales adaptively
map to the appropriate reference scale. At the same time, by adding white noise multiple times to perform
EMD and obtain the average result, the influence of noise is eliminated. Finally, the IMF component
containing a single time scale is obtained. The decomposition steps of EEMD are as follows (Chen R., 2012):

(1) Add M Gaussian white noise n;(f) (i =1~M) with an amplitude of 0 and constant amplitude
standard deviation to the original signa x() to obtain x;(f), as shown below.

x;(t)=x(t)+n;(¢) (12)
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(2) Perform EMD on x;(¢) respectively to obtain the IMFs and RES, and record the jth IMF as c¢;(%)

and the RES as 7;(%).
(3) Perform average calculation on the IMFs, and obtain the final result of EEMD, as shown below.

¢i()=5; 21 €41 (13)

The flow chart of EEMD is shown in Fig. 4.

By performing EEMD on the time series data of ammonia concentration in the broiler house, the
ammonia concentration series are decomposed into 8 IMF components and 1 RES component, which
achieves the separate processing for different characteristic components, thereby improving the prediction
accuracy. Then, the GRU model is established for each component, and finally, the prediction results of the
components are summed to obtain the final prediction result. The flow chart of the EEMD-GRU model is

shown in Fig. 5.
(Datasct prcparation)
start I
Data

normalization
v
N v . v
input signal : .
X(t) temperature ammonia humidity
I _] EEMD ‘—

y

4
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X (=X, (0) @ @ ......
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GRU model training

l
{Result]} [RcsultZ] {Resulm} [Rcsult(l
Yes )

i<Mm [ [ |
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Fig. 4 — Flow chart of EEMD model Fig. 5 - Flow chart of EEMD-GRU model

RESULTS AND DISCUSSION
Data Trends

Based on the data set used in the experiment, the trend of the environmental data in the broiler house
is obtained, as shown in Fig. 6.

It can be seen from Fig. 6 that the temperature inside and outside the broiler house was maintained at
about 15°C during the experimental period from December 5 to January 12. After 16 days from the start of
the experiment (December 21), the temperature inside and outside the broiler house gradually decreased
and fluctuated around 10°C. It can be seen from the figure that the humidity of the broiler house changed
greatly during a whole day, with higher humidity at night, and lower humidity in the daytime.
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The trend of NH3(ppm)
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Fig. 6 - Trend of the environmental data

The highest relative humidity is about 90% and the lowest is about 40%. The temperature and
humidity inside and outside the broiler house had the same change trend. For the trend of ammonia
concentration, it can be clearly seen that the change in the ammonia concentration underwent a cumulative
process. At the beginning of the experiment, there was no ammonia in the house and the ammonia
concentration is 0. As the experiment went on, ammonia gas was generated, and the concentration
continued to increase with the increase of the experimental time. The ammonia concentration reached the
maximum value of 50 ppm at about 15 days after the broilers entered the chicken house. In order to protect
the health of the broiler, the ventilation system started to regulate the ammonia concentration. It can be seen
that the ventilation system had well controlled the ammonia concentration in the broiler house.

EEMD Results

The ammonia concentration data in the broiler house has obvious non-linear and unstable
characteristics. In this paper, the EEMD algorithm is performed on the ammonia concentration data collected
in 38 days, from December 5, 2019 to January 12, 2020. The ammonia concentration data in the broiler
house is used as the input and the components and residuals of the ammonia concentration data are used
as the output, as shown in Fig. 7.
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Fig. 7 - Decomposition results of EEMD algorithm

It can be seen from the decomposition results in Fig. 7 that the EEMD algorithm decomposes the
ammonia concentration data into 8 IMF components and 1 RES component. Specifically, the IMF1-IMF3
components have a high frequency and have a certain random disorder, which reflects the influence of
random uncertain factors inside and outside the house on the characteristics of the ammonia concentration
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in the house. As the decomposition goes on, the volatility and frequency of the IMF component decrease in
order. The RES component is a low-frequency component, which reflects the overall change trend of the
original ammonia concentration data during the experiment. The original data sequence can be obtained by
adding each component.

Prediction Results

In this research, the ammonia concentration is predicted according to the parameters of the BP model,
GRU model, and EEMD-GRU model. A comparison is conducted on the prediction results of the three
models. The prediction results are shown in Fig. 8, Fig. 9, and Fig.10.

Test set data prediction results of BP
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Fig. 8 - Prediction result curve of the BP model

From Fig. 8, it can be seen that the ammonia concentration fluctuates greatly during the experiment,
showing strong instability and fluctuation. The prediction result of the BP model is roughly consistent with the
true curve. However, it can also be observed that the prediction result curve by the BP model is slightly
lagged behind the true curve, and the difference between the two is larger on the vertical axis, especially in
the range of 630 h to 670 h and 725 h to 800 h. The maximum difference reaches about 20 ppm. In the final
prediction result, Test RMSE is 6.2 ppm and Test MAE is 4.9 ppm.

Test set data prediction results of GRU
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Fig. 9 - Prediction result curve of the GRU model

From Fig. 9, it can be seen that the prediction result curve of the GRU model is more consistent with
the true curve than the BP model. The problem of lag in the two curves disappears, and the error is reduced.
Especially in the range of 680 h to 710 h and at the time of about 850 h, the two curves can basically
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coincide. The curves from 630 h to 670 h and 725 h to 800 h are also close, better than the result by the BP
model. However, it can be seen that the maximum error is still around 17 ppm, and the prediction accuracy
needs to be further improved. In the final prediction result, Test RMSE is 4.4 ppm and Test MAE is 2.8 ppm.

Test set data prediction results of EEMD-GRU
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Fig. 10 - Prediction result curve of the EEMD-GRU model

From Fig. 10, it can be clearly seen that the prediction result using the EEMD-GRU model are more
accurate than the previous two models. The two curves can basically coincide at more points in time, and the
maximum error is also reduced to about 4 ppm. In the final prediction result, Test RMSE is 2.4 ppm and Test
MAE is 1.6 ppm. From the perspectives of both intuitive judgment and the final error, the EEMD-GRU model
has fewer errors and better accuracy than the BP model and GRU model.

Table 5 shows the comparison of the prediction errors of the three models.

Table 5
Comparison of the prediction errors of the three models

Model Root mean square error(ppm) Mean absolute error(ppm)
BP 6.2 4.9
GRU 4.4 2.8
EEMD-GRU 2.4 1.6

CONCLUSIONS

In this paper, the EEMD-GRU model has been used to predict the ammonia concentration in a broiler
house for yellow-feather broilers. The experimental data of the broiler house from December 5, 2019 to
January 12, 2020 were used as the data set. The generation of ammonia concentration has a strong
correlation with the age of broilers entering the house. When the number of broilers in the house was 45, the
ammonia concentration reached the highest concentration 15 days after the broilers entered the house. After
that, the ammonia concentration decreased through the ventilation control system. The first 70% of the data
set was used as the training set, and 30% was used as the test set. After 1000 iterations of the model, the
prediction results were obtained. For the EEMD-GRU model results, the root mean square error is 2.4 ppm,
and the mean average error is 1.6 ppm, which are higher than 6.2 ppm and 4.4 ppm of the BP mode and 4.9
ppm and 2.8 ppm of the GRU model. The EEMD-GRU model has shown the highest accuracy.

The EEMD-GRU model proposed in this paper can decompose the data with large volatility and non-
stationarity to obtain relatively stable data, which effectively improves the prediction accuracy. The accurate
and timely prediction of the ammonia concentration data in the broiler house will help breeders make
accurate judgments on the environment of broiler houses, effectively reduce the damage of harmful gases to
broilers, and improve the yield and quality.
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ABSTRACT

Different quality adaptive reactions of the "Cave-in-rock” and "Morozko" varieties were found in terms of
productivity parameters depending on the method of sowing seeds, the presence of a marker crop and the
conditions of vegetation periods. The highest yield of switchgrass for both varieties was for the second and
third terms of sowing (first and second decades of May). The method of sowing switchgrass seeds with a row
spacing of 45 cm with white mustard as marker crop must be used for effective weed control. Ukrainian
variety "Morozko" is a more adapted variety for the conditions of the forest-Steppe of Ukraine.

PE3IOME

Pi3Hi sikicHi adanmueHi peakuii copmie "Cave-in-rock” ma "Mopo3ko" eusieneHo 3a mnokasHUKamu
npoldykmueHocmi 3anexHo ei0 crocoby rocigy HaciHHS, Has8HOCMIi MapKepHoOI Kynbmypu ma nepiodig
eezemauii. Halbinbwa epoxaliHicmb ceimyzpacy o6ox copmig 6yna Ha dpyaul i mpemit mepMiHu rocigy
(nepwa i dpyea Oekadu mpasHsi). [ns ecpekmusHoi bopomsbu 3 6yp'aHamu HeobXxiOHO sukopucmosygsamu
criocib rnocigy HaciHHs ceimuepacy 3 MiXps00am 45 cm 3 sukopucmaHHsaM 6ol 2ipyuyi y sKocmi MapkepHoOi
Kynbmypu. YkpaiHcekul copm "Mopo3sko" e binbw npucmocogaHum copmom 0515 ymoe Jlicocmeny YkpaiHu.

INTRODUCTION

The soil and climatic conditions in the main regions of Ukraine are favourable for energy crops
cultivation with high level of biomass energy accumulation (Kvak et all., 2018). Switchgrass is a perennial
plant similar to a shrub grass, which is propagated by both seeds and rhizomes. This crop uses C4 carbon
fixation and has a high capacity to utilize nitrogen and water (Zhang et al., 2017). The advantages of
Switchgrass are: little need for the use of pesticides, promoting the preservation of natural conditions and
improving the quality of the soil (Rushing et al, 2013). The crop is resistant to diseases and pests, has a low
cost and low risks of cultivation, requires little investment, gives high yields of biomass even on low-
productive lands (Smeets et al, 2009). Switchgrass requires minimal management, and has a large potential
to sequester carbon underground (Hartman et al, 2011). In the last decade, Switchgrass has been
considered to be a “model biofuel” crop because of its ability to produce large quantities of biomass on
marginal soils (Scagline et al, 2015). Numerous cultivars of switchgrass (Panicum virgatum L.) have been
assessed in terms of yield potential and adaptability in diverse environments, in different countries. Upland
(‘Cave-in-Rock’ and ‘Shelter’) and lowland (‘Alamo’ and ‘Kanlow’) cultivars were harvested for 3 year under
one- or two-cut management at eight sites in the USA (Fike et al, 2006; Cherney et al., 2018). Upland
cultivars yielded more on average with two harvests rather than one. Lowland varieties grow better in deep
moist soils, while upland varieties tend to be better adapted to thinner soils and drier sites (Parrish and Fike,
2005). The highest yield, obtained with Cave-in-Rock during the third year, was 9.2 t/ha (Marra et al.,
2013). Cave-in-Rock and Nebraska 28 had the highest photosynthesis rate. At the same time Nebraska 28
and Pathfinder varieties shown strong drought tolerance (Ma et al, 2011).

1 Gumentyk M.Ya., Dr. Ph.D. Eng.; Chernysky V.V., Dr. Ph.D. Eng.; Gumentyk V.M., BSt; Kharytonov M.M., Prof. Ph.D. Agri.Sci.
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General opinion is that Cave-in-Rock variety and other upland cultivars with a high chromosome
ploidy might be optimal choices for biomass plants. Field experiments with two US varieties from the Elsberry
Plant Materials Centre conducted in Ukraine last decade gave possibility to select locally adapted
Switchgrass varieties (Kulik, 2016). Yield of variety Cave-in-Rock in the fifth vegetation year with row-spacing
of 45 cm was higher on 1.0 t/ha (10.0%) comparatively with width of 30 cm. Sanburst variety had increase of
yield according to row-spacing on 1.2 t/ha (9.4%) and 0.1 t/ha (0.8%). The greatest difficulty in switchgrass
growing technology is the increased sensitivity of plants to the conditions of life support in the first year of
vegetation. The highest switchgrass yield of dry biomass and the energy output was provided in our earlier
conducted field experiments in options with marker crop sowing and the inter-row space width of 30 and 45
cm (Gumentyk and Kharytonov, 2018). The main goal of this research was to develop a technology for two

switchgrass varieties growing by establishing the optimal terms and methods of sowing and caring for plants
during the first year of vegetation.

MATERIALS AND METHODS

Studies of switchgrass cultivation was carried out at the Borschyv experimental field station in
Ternopil region for the 2013-2016 period. This area is represented by gray forest soils. The climate of the
district is moderate-continental with insignificant amplitudes of temperature fluctuations, characterized by
short mild winters, warm humid summers and sufficient precipitation. The period with an average daily
temperature of more than 10°C lasted 160-165 days. The amount of precipitation during the growing season was
370...420 mm. Weather conditions prevailing in the region during 2013-2016 years are shown in Fig. 1 and 2.
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Fig. 1 - The precipitation during the vegetation Fig. 2 - The temperature regime during the growing
periods of 2013-2016, [mm] periods of 2013-2016, [°C]

Temperature regimes during the vegetation periods of 2013-2016 were characterized as weighted
average without extreme emissions. The year 2016 was the driest during the active vegetation period. The
vegetation periods of 2013 and 2014 were the most optimal in terms of moisture content. 2015 was
characterized by a lack of moisture in the second half of the growing season. Several factors were taken into
account in the field experiment with switchgrass including planting dates (Il decade of Apryl, | — Il decade of
May and Il decade of June), method of sowing switchgrass seeds (with and without marker plant), width of
inter-row spacing (30 and 45 cm) and two varieties (Cave-in-rock and Morozko) testing. White mustard was
used as marker crop. The total area of the experiments was 0.90 ha, four-fold repetition. Switchgrass sowing
period was chosen, waiting for the soil temperature at a depth of 10 cm to exceed 10°C. The germination of
switchgrass seeds in the forest-Steppe of Ukraine occurred at a temperature of +6-8°C. High level of
germination was observed when the soil was heated to +15°C. It was established that the crop can be sown
until the end of May in the conditions of Forest-Steppe zone of Ukraine. In our earlier conducted research,

the largest switchgrass yield was obtained when a seed sowing was made in the first decade of May
(Gumentyk and Kharytonov, 2018).
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Sowing with marker crop - white mustard, which comes before the main crop and sprouts very
quickly, was used to speed up the first row-to-row processing before the emergence of switchgrass
seedlings. Marker crop makes it possible to carry out the first inter-row processing before the emergence of
seedlings. Seeding rate of marker crop (white mustard) - 1-2 kg/ha. Depth of seeding-1-1.5 cm. Inter-row
cultivation was carried out to establish the optimal timing of soil treatment in various phases of plant growth
and development of weed control methods. These agrotechnical operations were carried out during the
entire vegetation period until the parts of plants closed over the soil surface. The soil was treated as close to
the plant as possible to minimize the protective zone and reduce the cost of weeding and loosening the soil
in the rows of crops. Cultivator with claws - blades in combination with needle discs, loosens the soil near the
plants and cleans the soil from the shoots of annual weeds by 60-70% was used for inter-row tillage. The
average width of the protective zone after the passage of the cultivator was 5-6 cm. Ripping needle discs
with bent to one side pointed teeth had a diameter of 350 and 450 mm. During the movement of such discs
in the aisles and protective zones, the teeth are buried in the ground up to 4-9 cm, loosen it and destroy
weeds. The quality of inter-row processing depends on the straightness of the lines. The width of the
cultivator working zone should coincide with the seeder width. The working bodies must completely cut the
weeds in the rows, not bring the wet soil layer to the surface, not damage the plants more than 1-2%, not
deviate from the specified depth by more than 15%.

RESULTS AND DISCUSSIONS
It was established that the terms and methods of switchgrass sowing had a significant impact on
seed germination (Table.1).

Table 1
The boundaries of changing the friction angle of the soil on the steel
Terms of sowing
Variety | term Il term Il term IV term
(Il decade of April) | (I decade of May) | (Il decade of May) | (I decade of June)

Cave-in-rock 42 73 68 60
Morozko 47 75 71 65
LSDgs 4.0

The first and second decades of May were the best for sowing. The number of seedlings of
switchgrass plants was 75 ... 71 units/line meter for Morozko variety and 73...68 units/line meter - for Cave-
in-Rock variety. The lowest number of seedlings was in the third decade of April and the first decade of June
- 47 and 65 units/line meter varieties Morozko and Cave-in-Rock. This is due to the low temperature of the
soil at the time of sowing. This is also due to the varietal features of the switchgrass. The data on
switchgrass plants standing density at the end of the growing season are shown in table 2.

Table 2

Table 2. Density of switchgrass plants standing at the end of the growing season, depending

on the timing of sowing and varietal characteristics, min. unit /ha, (2013-2016).
Terms of sowing

Variety il ;;igge of Il term Il term \Y
April) (I decade of May) | (Il decade of May) | (I decade of June)
Cave-in-Rock 3.9 6.7 6.3 3.9
Morozko 34 5.2 4.1 3.7
LSDgs 0.1

The density of standing switchgrass plants at the end of the growing season was the highest
(6.7 min. units/ha) - for the second term of sowing Cave-in-Rock variety and the smallest (3.4 min. units/ha) -
for the first period of sowing the Morozko variety. It was found that the switchgrass sowing timing had a
significant impact on the yield and energy output (table 3). The highest average yield of 16.5 t/ha of
switchgrass biomass for both varieties was for the second and third terms of sowing, the lowest-11.0 t/ha -
for the fourth term. This is due to the fact that during the first period of switchgrass sowing, the soil
temperature has didn’t rise to a favourable level for seed germination.
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Low reserves of productive moisture led to a decrease in field germination and, as a result, the crop
decreased. Accordingly, the energy yield was in the range from 176.0 to 268.8 GJ / ha depending on the
sowing period.

Table 3
Productivity of dry switchgrass biomass and energy output in the third year of vegetation
depending on the sowing period and varietal characteristics

Terms of sowing
I term Il term Il term v Average
(Il decade of (I decade of (Il decade of (I decade of
April) May) May) June)
Variety © % = % = % = % = %
£ 5T = 5T £ 5w £ 5w £ 5
- S < = S < = S < = S £ =, S <
T | 38| 3|33 3|88 g |83 3 38
Cave-in-Rock 14.0 2240 | 16.7 | 267.2 | 16.8 | 268.8 9.0 1440 | 14.1 | 225.6
Morozko 14.3 2288 | 16.3 | 260.8 | 16.1 | 257.6 | 13.0 | 208.0 | 14.9 | 238.4
Average 14.2 2272 | 165 | 2640 | 165 | 264.0 | 11.0 | 176.0 | 14.5 | 232.0
LSDos 1.6

The most productive variety in the first year of vegetation was Morozko with an average yield of 14.9
t/ha. Different quality adaptive reactions of "Cave-in-rock" and "Morozko" varieties were identified by
productivity parameters depending on the method of sowing seeds, the presence of marker crop and terms
of vegetation periods (Fig. 3 and 4).
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Fig. 3 - Productivity of the "Cave-in-rock" variety biomass, depending on the sowing seeds, the presence of a
marker crop and the terms of vegetation periods

In particular, it can be noted, that the adaptive reactions of the "Cave-in-rock” variety concern the
method of sowing seeds, the presence of a marker crop and the conditions of vegetation periods. The
adaptive reactions of the variety "Morozko" were flexible regarding the parametric levels of productivity
relative to the method of sowing seeds, the presence of a marker crop in the conditions of extreme
manifestations of 2016 in the growing season. It indicates a wider and optimized rate of adaptive reactions at
"Morozko" variety.
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Fig. 4 - Morozko varieties’ productivity of biomass depending on the method of sowing seeds,

the presence of marker crop and terms of vegetation periods, t/h, 2013-2016

The results of accounting for the yield of Cave-in-Rock and Morozko varieties, depending on the

method of sowing seeds, are shown in table 4.

Table 4
Switchgrass yield depending on width of inter raw spacing, t/ha
Years Average
Trials 2013 | 2014 | 2015 | 2016
«Cave-in-Rock»
Width 30 cm 20.8 21.0 21.4 22.0 21.3
Width 30 cm with marker crop 21.4 215 22.2 20.4 21.4
Width 45 cm 23.8 25.2 22.4 21.0 23.1
Width 45 cm with marker crop 24,5 23.8 23.2 25.7 24.3
Morozko

Width 30 cm 27.0 28.1 26.2 27.0 27.1
Width 30 cm with marker crop 28.1 28.3 26.3 24.3 26.8
Width 45 cm 28.4 27.7 28.3 27.4 28.0
Width 45 cm with marker crop 29.4 29.4 30.7 29.9 29.9
LSDgs — 1.08 t/ha

High yield of switchgrass biomass 29.9 t/ha, in the first year of vegetation was observed in the
variety Morozko with white mustard as marker crop and inter raw spacing width of 45cm.

Conventional planting techniques managed in the field experiments in Virginia State of US showed
that the best way to get the greatest yields is a choice for width of switchgrass stands from18 to 25 cm
(Parrish and Fike, 2005). In order to maximize biofuel production in other field experiments managed earlier
in the same experimental station in Ukraine it was advisable to plant switchgrass in narrow rows to provide
quicker canopy closure and weed control (Kulik, 2016). Variety Cave-in-Rock during the first three years and
variety Sanburst during four years had the highest phytomass productivity with row - spacing width of 30 cm.
However, switchgrass formed considerably high yield during the fifth and the sixth vegetation year with row-

spacing width of 45 cm.
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CONCLUSIONS

Different quality adaptive reactions of the "Cave-in-rock” and "Morozko" varieties were found in
terms of productivity parameters depending on the method of sowing seeds, the presence of a marker crop
and the conditions of vegetation periods. The highest yield of switchgrass for both varieties was for the
second and third terms of sowing. In particular, it can be noted, that the adaptive reactions of the "Cave-in-
rock" variety concern both methods of sowing seeds, the presence of a marker crop and the conditions of
vegetation periods. The adaptive reactions of the variety "Morozko" were flexible regarding the parametric
levels of productivity relative to the method of sowing seeds, the presence of a marker crop in the conditions
of extreme manifestations of 2016 in the growing season. High yield of switchgrass biomass 29.9 t/ha, in the
first year of vegetation was observed in the Morozko variety with white mustard as marker crop and inter raw
spacing width of 45cm. It indicates a wider and optimized rate of adaptive reactions at "Morozko" variety.
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ABSTRACT

An optimization method based on a regression model was established by combining physical experiments,
and an extended distinct element method (EDEM) simulation was proposed to address the difficult problem of
obtaining the contact characteristic parameters used in the discrete element method (DEM) model of quinoa
grains and for calibrating the parameters of the quinoa DEM model. The Plackett-Burman test was designed
using Design-Expert software to screen the parameters of the quinoa DEM model, and the quinoa-quinoa
static friction coefficient, quinoa-polylactic acid (PLA) static friction coefficient and quinoa-quinoa rolling
friction coefficient were found to have significant effects on the repose angle. The optimal value intervals of
the parameters with a significant impact on the repose angle were determined using the steepest ascent test.
A regression model of the repose angle and the parameters with a significant impact on the repose angle was
then established with the Box-Behnken design and further optimized, and the combination of optimal
parameters was as follows: 0.26 for the quinoa-quinoa static friction coefficient (E), 0.38 for the quinoa-PLA
static friction coefficient (F), and 0.08 for the quinoa-quinoa rolling friction coefficient (G). Lastly, the optimal
combination was used in the verification performed by the DEM simulation, and the error between the
simulated repose angle and the target repose angle was 0.86%. These findings indicated that it was feasible
to use the response surface optimization to calibrate the parameters required for quinoa DEM simulation and
that the combination of optimal parameters can provide a reference for selecting the characteristic contact
parameters used in quinoa DEM simulation.
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XKLL AG G022 L RFENCH A T i & B TEZS BT RIL (X ], SR IR#E Box—Behnken #1145 R &7 Ik
LEFGG BEIEZ BN [T TS AT LI, 772 B H S RIEN Gy BB EBERE 0. 26,
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INTRODUCTION

Quinoa is resistant to cold, drought, barren soil, and saline-alkaline soil and is thus highly suitable for
cultivation in arid and semiarid plateau areas. Due to its complete and rich nutritional content, quinoa is
regarded as one of most promising “superfoods” for ensuring global food security and human nutrition in the
21st century, according to the Food and Agriculture Organization of the United Nations (Chen et al., 2018).
However, quinoa is planted by the hole sowing method, at 5-8 grains per hole, leading to serious grain waste.
Quinoa seedlings look very similar to those of Chenopodium album, a common field weed, and both plants
belong to the Chenopodiaceae family, making it very difficult to control weeds and thus resulting in high labour
costs.
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The mechanization level involved in harvesting quinoa is low, and the use of traditional combines for
grain crops leads to high grain loss and high levels of impurities, which are seriously hampering the healthy
development of the quinoa industry. Therefore, it is of great practical significance to study key common issues
in quinoa mechanization.

In recent years, the discrete element method (DEM) has been increasingly used in research and
development (R&D) on agricultural equipment, and good results have been obtained. Investigating the
parameters involved in the quinoa DEM simulation can help in the R&D of quinoa production equipment
(Ucgul et al., 2017; Ucgul and Saunders, 2020; Sun et al.,, 2018; Zhao et al., 2013). The characteristic
physical parameters of quinoa grain include its intrinsic parameters and contact characteristic parameters,
which can be obtained through direct measurement. In EDEM, the intrinsic parameters can directly adopt
measured values, but the established model and the actual grains have specific differences with one another,
causing a simulation distortion when using measured contact characteristic parameters directly. Therefore, it
is necessary to calibrate the contact characteristic parameters of quinoa grains.

These characteristic parameters include the static friction coefficient, rolling friction coefficient, and
collision restitution coefficient (Zeng et al., 2017; Bart et al., 2014; Gonzalez et al., 2012). Scholars in China
and abroad have investigated the parameter measurements of DEM simulations extensively. Han et al.
constructed a linear equation for the rolling friction coefficient and repose angle, and they simulated the
heaping process for ellipsoidal particles using the DEM, performed virtual experimental calibration on the
measured parameters of loose materials, and obtained the rolling friction coefficient of granular materials,
thereby providing approximate numerical measurements (Han et al., 2014). Using rice grains as an example,
Jia et al. simulated rice grain heaping in a bottomless cylinder using DEM and MATLAB graphic image
processing techniques, demonstrating that this method was suitable for measuring the repose angle of rice
grains; they were able to predict the repose angle of ellipsoidal granular materials with known physical and
mechanical parameters (Jia et al., 2014).

In many cases, the response surface design is integrated into the calibration and optimization of particle
parameters. Li et al. obtained the repose angle of wheat kernels using the cylindrical lifting method,
established and optimized a second-order regression model of the repose angle based on the static friction
coefficient and rolling friction coefficient by response surface design, and compared the measured values with
the simulated ones for model verification, thus providing a reference for the parameter calibration of granular
materials, such as wheat kernels, in DEM simulations (Li et al., 2016). Based on the DEM, Santos et al.
obtained the dynamic repose angle of dried cherry fruits using a central combination experimental design and
a rotating drum test and calibrated the parameters needed in DEM simulations (Santos et al., 2015).

In this study, by using the Plackett-Burman, steepest ascent, and Box-Behnken tests, we calibrated the
contact characteristic parameters of quinoa grains and polylactic acid (PLA), a new biobased, biodegradable,
renewable material used for 3D printing, in the DEM model. We obtained the combination of optimal
parameters and verified this combination by comparing the simulated repose angle and the target repose
angle to provide a reference for the parameter calibration of quinoa grains in the DEM simulation.

MATERIALS AND METHODS
Basic parameters of quinoa grains

The quinoa used in this study was “Mengli No. 1” that was harvested in Liangcheng County, Ulangab
City, Inner Mongolia, China, with a density of 870 kg/m3, a water content of 8%, and a thousand-kernel weight
of 2.27-2.35 g. Using an outside micrometre with an accuracy of 0.01 mm, the average length, width, and
thickness of the quinoa grains were determined to be 1.803, 1.711, and 1.150 mm, respectively, with a
sphericity of 0.85.
Test method

We first measured the repose angle of the quinoa grain using the injection method during the physical
test, in addition to the contact characteristic parameters (collision restitution coefficient, static friction
coefficient and rolling friction coefficient) to determine the value ranges. We then constructed a simulation
model using SolidWorks software, which was added to EDEM for simulation, and we screened the contact
characteristic parameters of the quinoa grains used in the DEM simulation using the Plackett-Burman test to
determine the parameters that significantly affected the repose angle. Using the steepest ascent test, we
obtained the optimal value intervals of the parameters that were significantly affecting the repose angle. We
further established a regression model of the repose angle for the quinoa grain heap and the parameters that
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significantly affect the repose angle by performing an analysis of variance (ANOVA) as part of the
Box-Behnken test, and the regression model was optimized to obtain the optimal value for each significant
parameter. Lastly, we performed verification by simulation using the calibrated parameters and compared the
deviation between the simulated repose angle and the actual repose angle to verify the accuracy of the
calibrated parameters. The effects of the repose angles of different materials on the parameters of the DEM
model vary; because the regression model that was established using the response surface analysis method
is continuous, the optimum value obtained through the optimization is more accurate (Yuan et al., 2018).
Parameter calibration process and analysis
Determination of the repose angle

During this study, we calibrated the contact characteristic parameters of the quinoa grain and PLA, a new
biobased, biodegradable, and renewable 3D printing material. In reference to Surface active agents —
Powders and Granules — Measurement of angle of repose (GB11986-89), the national standard (GB/T
16913.5-1997) and the existing literature (Peng et al., 2018), the repose angle of the quinoa grains was
measured by the injection method using FT-104B powder and a particle repose tester. The setup is shown in
Fig. 1. To obtain accurate measurements and calibrated parameters, the funnel and the cylinder chassis were
manufactured with PLA by 3D printing. The inner diameter of the lower opening in the funnel was 10 mm; the
diameter of the cylindrical chassis was 50 mm; and the distance between the lower opening of the funnel and
the upper surface of the cylindrical chassis was 50 mm. During the measurement, the instrument was placed
and levelled on the table and ensured the centre of the chassis and the centre of the funnel in the same axis
through the alignment of the concentric circles on the chassis. Then, a specific amount of grain was weighed
and poured into the funnel. The height of the heap was measured sometime after the grains stopped flowing.
The repose angle of the quinoa grains was calculated using Eq. (1), and 10 measurements were averaged,
for a repose angle of 28.14°.

A
@ = arctan —
R 1)

where: 6 is the repose angle, [°];
R is the diameter of the cylindrical chassis, [mm];
| is the height of the heap, [mm].

Fig. 1 - Angle of repose measuring instrument
1. PLA funnel; 2. PLA cylindrical chassis; 3. Iron stand

Determination of the friction coefficient

The friction coefficient was determined based on the inclined plane mechanics principle using the CNY-1
Inclined Plane Tester, as shown in Fig. 2. Because the grains roll on the plane, the quinoa grains were
attached to the plane surface through adhesion, and the PLA plate and the adhesive plate for quinoa grains
were used (Zhang et al., 2017). The seeds are placed on the inclined surface, as the inclination angle of the
inclined surface gradually increases, when the grain is just about to start sliding on the inclined surface, the
inclination angle of the inclined surface at this moment is defined as static friction angle, and the
corresponding static friction coefficient of the quinoa grain is calculated using Eq. (2), which is the friction
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coefficient formula. The measurement was repeated 20 times, and the obtained average static friction
coefficients were 0.468 between quinoa grains and 0.545 between quinoa grains and PLA.

Fig. 2 - Friction coefficient tester
pu=tanf )
where: p is the static friction coefficient, [-];
B is the static friction angle, [°];

Similarly, to measure the rolling friction coefficient, a single quinoa grain was placed on the test material;
when the grain was just about to roll, the inclination angle of the inclined surface was defined as the rolling
friction angle of the grain, and the rolling friction coefficient of the grain was calculated using Eq. (2). The
measurement was repeated 20 times, and the average rolling friction coefficients were 0.141 between quinoa
grains and 0.124 between quinoa grains and PLA.

Determination of the restitution coefficient

The collision restitution coefficient reflects the ability of an object to retake its form following deformation
during a collision, and it is only related to the materials in the collision. During testing, the grain was dropped
and allowed to free-fall from fixed height H, and it collided with the test material to rebound. This process was
videotaped with a camera using a test system, as shown in Fig. 3. After the test, the video was analysed and
the grains that experienced a direct collision were analysed; rebounding height of the grain after its collision
with the test material was determined. The restitution coefficient of quinoa grain was calculated using Eg. (3).
The measurement was repeated 20 times, and the obtained average restitution coefficients were 0.347
between quinoa grains and 0.455 between quinoa grains and PLA.

o h
AT 3
H 3)
where: e is the restitution coefficient, [-];
h is the seed bounce height, [mm];
H is the seed falling distance, [mm].
3

T

R
N\ | y
/)

Fig. 3 - Collision recovery coefficient tester
1. Calibration plate 2. Fixed bolt 3. Blanking box 4. Test material plate 5. Base 6. Camera
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DEM model of quinoa grains

Quinoa grains assume the form of a round tablet without an adhesive surface. For this study, we adopted
the Hertz-Mindlin (no slip) contact model in the EDEM software and used the 6-ball combination method to
construct a DEM model of the quinoa grains, as shown in Fig. 4. In the simulation model, the quinoa grain was
1.8 mm long, 1.7 mm wide, and 1.1 mm thick, with a relative size error of 1.57%.

Fig. 4 - Quinoa seed particle model

Simulation parameters

By combining the existing physical characteristic parameters of the quinoa grain with the measured
parameters, we determined the variation ranges of the simulation parameters, as shown in Table 1. During
the simulation, we set the time step to 20% of the Rayleigh time step and the grid size to five times the
minimum spherical element size.

Table 1
Parameters required in DEM simulation

Parameters Value
Poisson’s ratio of quinoa 0.2-0.32
Poisson’s ratio of PLA 0.25-0.47 @
Young's modulus of quinoa [MPa] 390.00
Young's modulus of PLA [MPa] 2 350.00
Density of quinoa [kg-m-] 0.87
Density of PLA [kg-m-] 1.23
Quinoa-quinoa restitution coefficient 0.22-0.542
Quinoa-PLA restitution coefficient 0.32-0.68 2
Quinoa-quinoa static friction coefficient 0.24-0.702
Quinoa- PLA static friction coefficient 0.32-0.66 2
Quinoa-quinoa rolling friction coefficient 0.05-0.192
Quinoa- PLA rolling friction coefficient 0.03-0.192

Note: a shows the term is variable.

Simulation model of the repose angle

The Hertz-Mindlin (no slip) contact model in the EDEM software was adopted, and the inner diameters
and heights of the funnel and the cylinder chassis were identical to those in the repose angle test, as shown in
Fig. 5. The particles formed a particle plant at the top of the funnel. The Dynamic particle generation method
was used, and 7,000 particles were generated. The fixed time step was 25% of the Rayleigh time step. After
all the particles in the funnel fell into the chassis, they were left to rest for a period of time, a stable particle
heap was formed on the chassis, and then the repose angle was measured.

Fig. 5 - Simulation of quinoa seed particle accumulation
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Response surface design for simulation parameters

To calibrate the repose angle parameters accurately, the grain contact characteristic parameters were
screened based on their significance. In this study, the Plackett-Burman test was performed using
Design-Expert 8.0.6 software, and eight true parameters and three virtual parameters, each having two levels
(high and low), were chosen. The test parameters are shown in Table 2.

Table 2
Test parameters
Symbol Parameters Low level High level
A Poisson’s ratio of quinoa 0.2 0.3
B Poisson’s ratio of PLA 0.25 0.47
C Quinoa-quinoa restitution coefficient 0.22 0.54
D Quinoa-PLA restitution coefficient 0.32 0.68
E Quinoa-quinoa static friction coefficient 0.24 0.70
F Quinoa- PLA static friction coefficient 0.32 0.66
G Quinoa-quinoa rolling friction coefficient 0.05 0.19
H Quinoa- PLA rolling friction coefficient 0.03 0.19
J, K, L Virtual parameters -1 1

The Plackett-Burman test design designs were coded as -1 and +1, with one centre point, over a total of
13 tests. After the parameters with a significant impact on the repose angle were screened out using the
Plackett-Burman test. The steepest ascent test was used to determine the optimal value interval for each
parameter rapidly. Based on the steepest ascent test results and the response surface design principle,
Box-Behnken test was performed and three levels, i.e., low (-1), medium (0) and high (1), were chosen for
each parameter with a significant effect. The medium level was chosen for each parameter with a
nonsignificant effect, and three centre points were designed to assess the error.

RESULTS AND DISCUSSION
Plackett-Burman test

The results are shown in Table 3. The ANOVA was performed on the test results using Design-Expert
software, and the effect of each parameter is shown in Table 4, indicating that the quinoa-quinoa static friction
coefficient (E), quinoa-PLA static friction coefficient (F) and quinoa-quinoa rolling friction coefficient (G) had a
significant effect on the repose angle of the grains, while other parameters only had a nonsignificant effect.
Thus, in the steepest ascent test and the Box-Behnken test, only the above three parameters with a
significant impact were considered, and for the parameters with a nonsignificant effect, an intermediate value
was chosen (i.e., the Poisson's ratio of quinoa: 0.25; the Poisson's ratio of PLA: 0.36; quinoa-quinoa
restitution coefficient: 0.38; quinoa-PLA restitution coefficient: 0.50; and quinoa-PLA rolling friction coefficient:
0.11).

Table 3
Design and results of Plackett-Burman test
No. Test factors Angle of repose [°]
A B C D E F G H J K L
1 1 -1 -1 -1 1 -1 1 1 -1 1 1 45.23
2 -1 1 1 -1 1 1 1 -1 -1 -1 1 36.34
3 1 1 -1 -1 -1 1 -1 1 1 -1 1 29.42
4 1 -1 1 1 1 -1 -1 -1 1 -1 1 30.46
5 0 0 0 0 0 0 0 0 0 0 0 38.38
6 1 1 1 -1 -1 -1 1 -1 1 1 -1 28.55
7 1 1 -1 1 1 1 -1 -1 -1 1 -1 34.22
8 -1 1 1 1 -1 -1 -1 1 -1 1 1 22.39
9 -1 -1 1 -1 1 1 -1 1 1 1 -1 35.60
10 -1 1 -1 1 1 -1 1 1 1 -1 -1 42.24
11 1 -1 1 1 -1 1 1 1 -1 -1 -1 33.42
12 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 22.00
13 -1 -1 -1 1 -1 1 1 -1 1 1 1 33.58
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Analysis of significance of parameters in Plackett-Burman test Table 4
Parameters Effect Sum of squares Contribution [%] Significance
A -0.14 0.06 0.01 8
B 0.48 0.69 0.10 7
C -1.62 8.22 1.16 6
D -1.80 9.77 1.38 5
E 10.79 349.16 49.14 1
F 3.62 39.28 5.53 3
G 9.21 254.56 35.82 2
H 2.19 14.41 2.03 4

Steepest ascent test

The results are shown in Table 5, and the results showed that as the E, F, and G increased, the repose
angle gradually increased. The relative error was the lowest at Level 2, and it decreased first and then
increased when changed from Level 1 to Level 3. This finding indicated that the optimal value interval was
close to Level 2, which was then chosen as the centre point, and Levels 1 and 3 were designated as the low

and high levels, respectively, to set up the subsequent response surface design.

Design and results of steepest ascent test Table 5
Test fact .
No. S e 26 ors G Angle of repose [°] Relative error [%]
1 0.2 0.31 0.04 21.41 23.93
2 0.3 0.38 0.07 28.72 2.07
3 0.4 0.45 0.10 37.23 32.32
4 0.5 0.52 0.13 41.35 46.94
5 0.6 0.59 0.16 44.07 56.60
6 0.7 0.66 0.19 45.57 61.93

Box-Behnken test
The Box-Behnken test results are shown in Table 6. A second-order regression model of the repose
angle for parameters with a significant effect was established using Design-Expert software, and the quadratic
polynomial equation is as follows:
6 =-9.63 +36.74E +123.53 — 69.64G + 72.50 +175.83EG +101.19FG —

64.79E2 —169.98F 2 + 247.53G?2

4)

Design and results of Box-Behnken test Table 6

Test factors .

No. E S G Angle of repose [°]
1 -1 (0.20) 0(0.38) -1(0.04) 23.56
2 1(0.40) 0 -1 30.46
3 0(0.30) -1(0.31) 1(0.10) 28.72
4 -1 0 1 25.83
5 0 1(0.45) 1 32.13
6 -1 1 0(0.07) 25.27
7 1 1 0 33.42
8 0 0 0 29.07
9 0 0 0 28.90
10 0 1 -1 27.93
11 0 0 0 29.25
12 -1 -1 0 22.78
13 0 -1 -1 25.27
14 1 0 1 34.84
15 1 -1 0 28.90

The ANOVA results of the model are shown in Table 7. The E, F, G, and the quadratic term of F (F?)
showed a highly significant effect on the repose angle. The quadratic term of E (E?) and the interaction terms
of E and F (EF) and E and G (EG) showed a significant effect on the repose angle. The linear regression
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model had a P < 0.01, indicating that the relationship of the repose angle with the obtained regression
equation was statistically significant. The lack-of-fit item showed P = 0.21 > 0.05, indicating that the equation
had a good fit. In the test, the coefficient of variation CV = 1.30%, indicating that the test had high reliability.
The determination coefficient R2 = 0.996, the correction determination coefficient R2.qj = 0.989, and the
prediction determination coefficient R%pre = 0.940, all of which were close to 1, indicating that the model can
truly reflect the actual situation. The test precision of Adep Precision = 39.962, indicating that the model had
good accuracy.

ANOVA of quadratic polynomial model of Box-Behnken test Table 7
Source of variation Sum of squares df Mean square P-value
Model 167.45 9 18.61 <0.0001
E 113.85 1 113.85 <<0.0001
F 21.06 1 21.06 <0.0001
G 25.92 1 25.92 <<0.0001
EF 1.03 1 1.03 0.0406
EG 1.11 1 1.11 0.0357
FG 0.18 1 0.18 0.3025
E? 1.55 1 1.55 0.0200
F? 2.56 1 2.56 0.0075
G? 0.23 1 0.23 0.2555
Residual 0.68 5 0.14
Lack of fit 0.62 3 0.21 0.1313
Pure error 0.06 2 0.03
Total 168.13 14
R?=0.996; R2agj=0.989; RZxe=0.940; CV=1.30%; Adep Precision=39.962

Based on the results in Table 7, under the objective of ensuring that the model was significant and the
lack-of-fit term was not significant, the terms (FG, G?2) without a significant effect on the repose angle were
excluded and the ANOVA results of the optimized model are shown in Table 8. The lack-of-fit term showed P
= 0.135 > 0.05, indicating that the equation fit well. In the test, CV = 1.390%, indicating that the test had high
reliability. The R2=0.994, R?%q4j= 0.987, and R%ye = 0.955, indicating that the model can truly reflect the actual
situation. The test precision of Adep Precision = 41.084, indicating that the model was improved after the
optimization. The regression equation after optimization is as follows:

0 =—14.25+37.88E +133.56F +7.25G + 72.50EF +175.83EG —66.69E* —~173.86F>  (5)

ANOVA of modified model of Box-Behnken test Table 8
Source of variation Sum of squares Freedom Mean square P value
Model 167.04 7 23.86 <0.0001
E 113.85 1 113.85 <0.0001
F 21.06 1 21.06 <0.0001
G 25.92 1 25.92 <0.0001
EF 1.03 1 1.03 0.0396
EG 1.11 1 1.11 0.0318
E? 1.65 1 1.65 0.0139
F? 2.70 1 2.70 0.0042
Residual 1.09 7 0.16
Lack of fit 1.03 5 0.21 0.1347
Pure error 0.06 2 0.03
Total 168.13 14
R?=0.994; RZ2a4j=0.987; R%yre=0.955; CV=1.39%; Adep Precision=41.084

Analysis of the interaction terms in the regression model

The ANOVA results of the optimized regression model indicated that two interaction terms, i.e., EF and
EG, had a significant effect on the repose angle of the quinoa grains (P < 0.05). When G was 0.07 and F was
0.38, the response surfaces of three parameters (E, F, and G) under the interactions of EF and EG were
plotted using Design-Expert software, as shown in Fig. 6, to describe the effect of the interaction term on the
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repose angle in a visual manner. Fig. 6A and Fig. 6B show that compared to those of F and G, the response
surface of E was steeper, indicating that it had a more profound effect on the repose angle.
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a) Interaction between E and F b) Interaction between E and G

Fig. 6 - Interaction effect diagram of EF and EG

Determination of the optimal parameter combination and its simulation verification

With Design-Expert software, the optimized regression equation was solved with the actual repose angle
of quinoa grains as the target, and the results showed that when E, F, and G were 0.26, 0.38, and 0.08,
respectively, and the parameters with a nonsignificant effect were set to the medium level, the minimal
deviation between the simulated repose angle and the experimental repose angle was obtained. The
simulation on the repose angle was then performed with the combination of the above optimal parameters,
and the comparison of the simulation and physical test is shown in Fig. 7. The repose angle values obtained
through three repeated simulations were 28.55°, 28.05°, and 28.37°, with an average error of 0.86%,
indicating the feasibility of the optimization of physical characteristic parameters for the quinoa grains used in
the simulation by combining the significance analysis and the response surface method.

a) Physical test N b) Simulation test

Fig. 7 - Comparison of simulation and physical tests
CONCLUSIONS

In this study, based on the reported experiments, we calibrated and optimized the simulation parameters
of quinoa grains and the 3D printing material PLA using the DEM. Using Design-Expert software with the
significance analysis and the response surface methods, we optimized and solved the simulation parameters
with the repose angle as the response value, screened those with a significant impact on the repose angle,
determined the optimum value range for each parameter, established a regression model, and analysed the
interactions between the parameters to determine the optimal parameters. We then verified the accuracy of
the quinoa grain simulation model through the simulation and drew the following conclusions:

1) The Plackett-Burman test results showed that E, F, and G had a significant effect on the repose angle,
while the other parameters showed no significant impact on the repose angle of the quinoa grains.

2) The optimal value interval of the parameters with a significant effect on the repose angle was
determined through the steepest ascent test. Based on the Box-Behnken test results, a second-order
regression model of the repose angle on the parameters with a significant impact was established and
optimized. The ANOVA results for the optimized model showed that in addition to the linear terms of the three
parameters with a significant impact on the repose angle (E, F, and G), the interaction terms EF and EG and
the quadratic terms F? and E? showed a significant effect on the repose angle.

3) The above regression equation was optimized and solved using the actual repose angle of quinoa
grains as the target value, and the combination of the optimal parameters with a significant effect was
obtained, i.e., E was 0.26, F was 0.38, and G was 0.08. The experimental comparison showed that the repose
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angle obtained from the simulation was not significantly different from the actual repose angle (P > 0.05),
indicating that the response surface analysis was feasible for calibrating the parameters used in the DEM
simulation.

4) A simulation on the repose angle was performed using the obtained combination of optimal
parameters, and the repose angle of the quinoa grains obtained through the simulation was 28.32°, which had
an error of 0.86% under the experimentally measured repose angle (28.14°) and was not significantly different,
indicating that the contact characteristic parameters obtained during the calibration can be used in the DEM
simulation.
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ABSTRACT

Castor is an important oil crop. Impact damage is critical in the process of castor capsule shelling,
directly affecting the shelling effect of castor seeds. An experiment was taken to investigate it. To study the
damage degree of castor capsule under the impact, water content, impact height, and impact angle were
taken as test factors, and the maximum impact force and normal deformation were taken as test indexes.
The combination optimization was carried out through the multi-objective genetic algorithm. The results show
that the impact height has a significant effect on the maximum deformation (p<=0.01), and the water content
and impact angle have a significant impact on the impact force (p<=0.05). The height and angle have a
significant impact on the deformation (p<=0.01), and the water content has a significant impact on the
deformation (p<=0.05).
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INTRODUCTION

Castor is an important biomaterial, which is widely used in medicine, aviation, and other engineering
fields. It is an essential oil crop in China, with a total output of ten million tons in China. During the process of
shelling, repeated impacting occurs between the castor capsule and the shelled part. This directly leads to its
damage in the process of shelling. The shelling damage affects the yield of crops for about 6% (Sun et al.,
2012). Therefore, it is vital to study the impact damage of the castor capsule.

At present, the research on the damage theory of agricultural materials is pervasive. Huang et al. (2013)
regarded castor bean seeds as approximate spheres and analysed the mechanical model of castor bean
under concentrated force by using the elastic thin shell theory. Based on the finite element theory (Liu et al.,
2012), numerical simulation of the compression load on the castor capsule was studied and the damage
position, deformation, and stress of it was obtained. Based on the explicit dynamic simulation, PETRU M et
al. (2012) conducted a static compression load test on jatropha seeds. They obtained the relationship
between force, deformation, and energy of fruits with different maturity. ROMULI S et al. (2015) used the
energy method to analyse the influence of the physical characteristics of jatropha seeds on the energy
consumption of the shelling mode. Based on the collision exfoliation test, the mechanism of peanut seed
shelling under the collision exfoliation method is complex (Yang et al., 2017), experimental analysis on the
variety, collision location, moisture content, and other factors was studied. Based on the discrete element
method, Zhao et al. (2013) established the ellipsoid model of rice grains for simulation and used sensors for
experimental analysis. The results showed that the normal force of rice grains in the collision test increased
with the change of particle size ratio. To explore the damage degree of a cherry collision, Zhou et al. (2016)
conducted a collision test on cherry to study the collision of collision materials, impact height, and collision
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angle on the damage. Wang et al. (2018) reconstructed the corn model by 3D reverse scanning technology
and conducted collision analysis.

Although Cao et al. (2010) used the thin shell theory and the finite element method to analyse the
effects of the physical and mechanical properties of castor seeds on the shelling, the studies on the collision
characteristics of castor seeds are still relatively few. Because the material properties and geometric
characteristics of castor seeds are different, the deformation and stress change dynamically in the process of
shelling. Therefore, this study focuses on the damage theory of the castor capsule and its influence factors
on the maximum impact force and normal deformation.

MATERIALS AND METHODS
Test materials

The typical castor capsule variety of ZheBi 4 and TongBi 17 are widely planted in the Tongliao areas of
China. They were selected as the experimental material, which is shown in Fig.1. The test instrument is
Vernier calliper, which is to measure the geometric dimension of castor seed. The mass of castor seed was
measured by electronic balance. One hundred samples of castor capsules were taken for measurement.
Through the statistical analysis of the geometrical dimensions of the castor capsule. It is concluded that the
triaxial dimensions of the castor capsule are D,=13.65~18.75mm, D,=14.40~15.90mm, D,=15.50~17.90mm.

The embedded drop impact testing bench is used for the experiment. Test machine includes USB-6009
data acquisition card, QLMH-P collision sensor (power supply 5-12 V, measuring range 0-1000N, output
voltage 2 mV, strain gauge amplifier (power supply 5-9 V, amplification factor k=470).

A o ; — = =

(a) TongBi 17 (b) ZheBi 4

Fig. 1 - Different castor varieties
Test method

In the test of impacting, the sensor was placed in the centre of the test plate. And the castor capsule
was placed on the centre of the sensor. In the beginning, the TLB-30B falling darts impact loading test bench
was activated to adsorb iron impact block onto the drop darts. And then it was raised to a specified height.
When the drop dart and the iron were at rest, the release button is pushed, the iron block would drop to the
castor capsule. At the same time, the data of the collision force was transmitted to the signal analysis system
through the USB6009 acquisition card and the strain gauge amplifier. The value of the output voltage of each
collision force was recorded. By comparing the relationship between the maximum value of the collision force
sensor and the test value, the collision force of the castor capsule would be obtained, as shown in Eq.(1).

F — k Fmaxvreal (1)
Vmax
Where: F is the maximum collision force received by the castor, [N]. K is the amplification factor of the
amplifier circuit, k=470. F. is the maximum range of the collision sensor, [N]. V e is the actual measured
output voltage, [mv]. Vyax is the maximum output voltage of the amplifier, [Mv].Vax = 2 [mV].

1

Fig. 2 - Castor capsule impact test device
1. display panel; 2. camera; 3 light sources; 4.USB transmission line; 5. collection card; 6. battery;
7. dart impact load test bench; 8. sensor; 9. signal analysis system
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The impact process of the castor capsule was recorded by high-speed photographic equipment.
Through image and video processing, the changes in normal deformation of castor fruit were analysed. The
normal deformation of castor fruit was obtained through the conversion of pixel distance and actual distance.
The impact test device of castor fruit is shown in Fig.2.

Based on the change of reasonable deformation amount of castor capsule, the deformation amount is:

|L2 - L1|
u, =—"-—"-
Lol
Where: u, is the normal deformation quantity [mm]. L is the large diameter of the castor capsule. L; and L,
are the pixel distances initiation and end of the collision respectively [mm].

)

7
(b)
Fig. 3 - Variation of normal deformation before and after the collision of castor
(a) Initiation of the collision contact (b) End of the collision contact

Test methods

The main factors affecting the impact of breaking shells include impact force, moisture content, impact
angle, material parameters (thickness, elastic modulus), variety, etc. Considering the limitations of the TLB-
30B falling impact load test bench, the moisture content, impact height, and the angle were selected as
experimental factors. The maximum impact force and normal deformation of castor capsule were selected as
experimental indexes. The impact experiment was carried out by using the standard ternary quadratic
general rotation combination regression test, which is shown in Table 1.

In the experiment, the castor capsules of different varieties were gradually dried and evenly divided into
five parts to measure the moisture content, which was 4.01%, 9.26%, 16.97%, 24.67%, and 29.92%,
respectively. With the increase of impact angle, its maximum impact force and normal deformation are
smaller. Therefore, the collision angle was selected as 4°-15°. According to the secondary general rotation
combination regression test, the voltage peak data and video of each test data acquisition were recorded.
The sampling frequency of the data acquisition system is 1024Hz, and the sampling time is 0.5s.

Table 1
Castor capsule collision test factor level coding

Factor levels
Coding space Moisture content Fall height Collision Angle

[%] [mm] [°]

-1.682 4.01 160 4

-1 9.26 237 6

0 16.97 350 9

1 24.67 463 12

1.682 29.92 540 14

RESULTS
Castor TongBi 17 collision test

Based on the standard ternary quadratic universal rotating combination regression test scheme, an
impact test was conducted on the castor TongBi 17. The maximum collision force y; and normal deformation
Y. were obtained, as shown in table 2.

Table 2
TongBi 17 castor experiment design plan and results
Water content x; Collision Collision The maximum The normal
height x» Angle X3 collision force y; deformation y»
[%] [m] [°] [N] [mm]
1 1 1 370.692 2.246
1 1 -1 383.245 2.405
1 -1 1 332.766 0.981
1 -1 -1 344.202 1.035
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Water content x; Collision Collision The maximum The normal

height x, Angle x3 collision force y; deformation y»

-1 1 1 410.021 1.935

-1 1 -1 413.521 2.147

-1 -1 1 310.734 0.904

-1 -1 -1 350.523 1.121

1.682 0 0 365.585 1.785

1.682 0 0 325.479 1.805

0 1.682 0 313.617 0.627

0 1.682 0 459.575 2.548

0 0 1.682 371.021 1.681

0 0 1.682 345.473 1.402

0 0 0 366.223 1.532

0 0 0 369.787 1.427

0 0 0 351.649 1.498

0 0 0 353.457 1.544

0 0 0 356.543 1.475

0 0 0 364.202 1.526

According to the results in table 2, the regression model of the maximum impact force y,;, moisture
content x,, impact height x, and impact angle x; were obtained based on the principle of the least square
method, as equation (3):

y, = 297.95—6.34x, +38.89%, —6.42x, —9.87x,X, +8.05X> (3)

To study the significant relationship between the maximum impact force and the indicators, variance
analysis was performed on the test data in table 2. The significance level o was 0.05. The analysis results
are shown in Table 3. It can be seen that F=33.19>F(:(9,10)=4.95 and P<0.0001, which indicates that the
proxy model is very significant. The impact height has an extremely significant effect on the maximum impact
force, while moisture content and collision angle have a significant effect on the maximum impact force. The
interaction between moisture content and collision height has a significant effect on the maximum impact
force.

Table 3
Analysis of maximum collision force variance for TongBi 17
Sum of Degrees of The mean The F
Source P values
squares freedom square value
model 23538.4 9 2615.38 33.19 0.0001 * *
X1 549.41 1 549.41 6.97 0.0247 *
X2 20653.9 1 20653.9 262.1 < 0.0001 * *
X3 563.38 1 563.38 7.15 0.0233 *
X1X2 765.23 1 765.23 9.71 0.0109 *
X1X3 0.53 1 0.53 0.006 0.9365
X2X3 23.06 1 23.06 0.29 0.6004
X1” 95.93 1 95.53 1.22 0.2957
X2" 934.91 1 934.91 11.86 0.0063 * *
X3 24.91 1 24.91 0.32 0.5864
Residual item 788.06 10 78.81
Loss of quasi item 651.94 5 130.39 4.79 0.0553
Error term 136.12 5 27.22
Total error 24326.5 19

Note: R=0.96, correction R=0.93. Extremely significant level (p<0.01, significant level (p<0.05), not significant (p>0.05).

To further study the fitting accuracy of the agent model, the residual distribution curve of the maximum
striking force test value, and the distribution diagram of the test value are shown in Fig.4. The predicted
value obtained is shown in Fig.5. Among them, the biggest maximum residual value is 2.607, and the
minimum residual value is 0.046. The biggest collision force of experiment and predicted values are on a
straight line, which shows that the agent regression model can well reflect on the relationship of the factors.

According to the test data in table 2 and based on the principle of the least square method, the standard
ternary-quadratic polynomial regression proxy model of castor TongBi 17 normal deformation was
established as follows:

y, =1.70+0.04x%, +0.6X, +0.08x, +0.068x, X, +0.093x; (4)
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Fig. 4 - Maximum collision residual distribution of TongBi 17  Fig. 5 - Distribution of test values and predicted
values for TongBi 17

To study the significant relationship between the normal deformation y, and various test factors,
variance analysis was conducted on the test data of castor TongBi 17. The significance level a was 0.05.
The results are shown in Table 4.

Table 4
Analysis of the normal deformation variance of castor TongBi 17
Source Sum of Degrees of The mean The F P values
squares freedom square value value
model 5.25 9 0.58 1474 <0.001 * *
X1 0.023 1 0.023 5.84 0.0363 *
X2 4.96 1 4.96 1254 <0.001 **
X3 0.091 1 0.091 22.93 0.0007 * *
X1X2 0.037 1 0.037 9.42 0.0118 *
X1X3 0.0075 1 0.0075 1.91 0.1967
X2X3 0.0005 1 0.0005 0.15 0.7102
X1’ 0.12 1 0.12 31.47 0.0002 * *
X2’ 0.0055 1 0.0055 1.39 0.2650
X3~ 8x 10" 1 8.2x10” 2x10" 0.9888
Residual item 0.04 10 0.0039
Loss of quasi item 0.03 5 0.0059 3.12 0.1185
Error term 0.0095 5 0.0019
Total error 5.28 19

Note: R=0.98, correction R=0.96, Extremely significant level (p<0.01), significant level (p<0.05). not significant (p>0.05).

Analysis of the normal deformation variance of castor TongBi 17 is shown in Table 4. The regression
proxy model F=147.38 >F(9,10)=4.95, P<0.0001, which indicated that the proxy model is very significant.
The correlation coefficient R=0.98 and the misfit term P=0.1185>0.05 indicate that the agent model had high
fitting accuracy. The influence of impact height and angle on the normal deformation of castor ZheBi 17 is
very significant. The influence of moisture content on the normal deformation of castor TongBi 17 is
significant. The interaction of moisture content and impact height on the normal deformation is significant.
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Fig. 6 - Residual distribution of normal deformation of Tongbi 17 Fig. 7 - Distribution of the test value and the
predicted value of the TongBi 17 deformation

The residual distribution curve of the standard deformation test value is shown in Fig.6. The distribution
diagram of the test value and the predicted value are shown in Fig.7. It can be seen that the maximum
residual is 2.266, and the minimum residual is 0.021. The experimental value and predicted value of the
normal deformation are distributed on a straight line, which indicates that the regression agent model can
well reflect the relationship between the normal deformation and the test factors.
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Based on the same experimental scheme, the test factors of the castor ZheBi 4 castor fruit were at the
same level as those of castor TongBi 17. The test factors of castor ZheBi 4 and castor TongBi 17 were the
same. Among them, the test results of the maximum impact force y; and the normal deformation y, of castor
ZheBi 4 are shown in Table 5.

Table 5
Castor TongBi 4 impact experiment design and results
Water content Collision height Collision Angle Maximum collision Normal deformation

X1 X2 X3 Y3 Ya
[%] [m] [°] [N] [mm]
1 1 1 350.732 2.331
1 1 -1 367.136 2.474
1 -1 1 300.031 1.083
1 -1 -1 316.104 1.149
-1 1 1 380.426 2.033
-1 1 -1 390.734 2.255
-1 -1 1 300.484 1.047
-1 -1 -1 310.695 1.258

1.682 0 0 345.866 1.186

1.682 0 0 315.732 1.984
0 1.682 0 275.819 0.627
0 1.682 0 430.214 2.748
0 0 1.682 343.381 1.802
0 0 1.682 323.692 1.202
0 0 0 330.293 1.632
0 0 0 325.764 1.567
0 0 0 320.466 1.705
0 0 0 336.047 1.655
0 0 0 320.732 1.579
0 0 0 326.415 1.603

Based on the principle of the least square method, the standard ternary quadratic polynomial regression
model between the maximum impact force and water content, impact height and impact angle of castor
capsule was established in equation (5)

y, =1.62+0.053x, +0.59x, —0.12x, +0.07x,X, +0.098x’ )
To study the significant relationship between the maximum impact force and the test factors, variance

analysis was carried out for the test data of the maximum impact force in Table 5. The significance level a is
0.05, and the analysis result is shown in Table 6.

Table 6
Analysis of the variance for castor ZheBi 4
Source Sum of Degrees of The mean square value | The Fvalue P values
squares freedom
model 22876.3 9 2541.81 32.48 <0.001 **
X1 717.88 1 717.88 9.17 0.0127 *
X2 19904.4 1 19904.4 254.4 <0.001 **
X3 542.93 1 542.93 6.94 0.0250 *
X1X2 424.10 1 424.10 5.42 0.0422 *
X1X3 17.87 1 17.87 0.23 0.6430
XoX3 0.023 1 0.023 0.002 0.9867
X1 28.55 1 28.55 0.36 0.5593
X2~ 1236.41 1 1236.41 15.80 0.0026 * *
X3~ 81.31 1 81.31 1.04 0.3321
Residual item 782.50 10 78.25
Loss of quasi item 606.83 5 121.37 3.45 0.0999
Error term 175.67 5 35.13
Total error 23658.8 19

Note: R=0.96, correction R=0.93, extremely significant level (p<0.01). 22* significant level (p<0.05). not significant (p>0.05).

It can be seen in Table 6 that the regression model F=32.48 >F;;(9,10)=4.95, P<0.0001. It suggested
that the agent model is very significant. The influence of impact height on the maximum impact force of
castor ZheBi 4 is very significant. The influence of moisture content on the maximum impact force of castor
Zheri 4 is significant. The influence of impact angle on the maximum impact force is significant, and the
interaction of moisture content and impact height on the maximum impact force is significant.
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Fig. 8 - Distribution of the maximum Fig. 9 - Distribution of the maximum collision force
residual of ZheBi 4 test value and the predicted value of ZheBi 4

To further study the fitting accuracy of the agent model, the residual distribution curve of the maximum
striking force test value and the distribution diagram of the test value and the predicted value were obtained
as shown in Fig.8 and Fig.9. The results indicated that the regression agent model could well reflect the
relationship of the factors. Based on the principle of the least square method, the regression model of the
standard ternary quadratic polynomial between the normal deformation y, and the moisture content x,, the
collision height x, and the collision angle x; are obtained as equation (6):

y, =1.62+0.053x, +0.59x, —0.12x, +0.07x,X, +0.028x,X, — 0.011x,X, +0.098x” +0.023x> —0.042x; ©)
The significant relationship between the normal deformation and the experimental factors was studied.
Analysis of normal deformation variance is shown in table 7.

Analysis of normal deformation variance for castor ZheBi 4 Table 7
S Sum of Degrees of The mean The F value P values
ource
squares freedom square value
model 5.30 9 0.59 101.9 < 0.0001 **
X1 0.039 1 0.039 6.64 0.0276*
X2 4.83 1 4.83 829.6 < 0.0001 **
X3 0.20 1 0.20 34.27 0.0002 **
X1X2 0.044 1 0.044 7.47 0.0211*
X1X3 6 x10° 1 6.2x 107 1.08 0.3238
X2X3 9x10™ 1 9.6 x 10 0.17 0.6921
Xi° 0.14 1 0.14 23.93 0.0006**
Xo° 7x10° 1 7.7%x10° 1.33 0.2749
ng 0.026 1 0.026 4.44 0.0613
Residual item 0.058 10 5.8x 107
Loss of quasi item 0.045 5 8.9x10° 3.38 0.1038
Error term 0.013 5 2.6x10°
Total error 5.36 19

Note: R=0.98, correction R=0.97, extremely significant level (p<0.01);22Significant level (p<0.05); not significant (p>0.05).

It can be seen that F=101.9 >F;,,(9,10)=4.95, P<0.0001, which suggested that the agent model is very
significant. The correlation coefficient R?=0.98 and lost quasi item P=0.1038>0.05, which shows that the
fitting accuracy is higher. The influence of impact height on the normal deformation is very significant, the
influence of impact angle and moisture content on the normal deformation is very significant, and the
interaction of water content and impact height on the normal deformation is significant.

Effect of interaction on collision damage of castor fruit

Based on experiment results, it can be seen that the interaction of water content and falling height had a
significant effect on the maximum impact force and normal deformation. The interaction of moisture content
and angle had no significant effect on the maximum impact force and deformation, while the interaction of
impact height and impact angle has no significant effect on the maximum impact force and normal
deformation. Therefore, the response surface of the interaction of water content and impact height of castor
TongBi 17 and castor ZheBi 4 on their maximum impact force and normal deformation is shown in Fig.12
and Fig.13.

In the process of impacting, the interaction between moisture content and impact height affected the
maximum impact force and normal deformation.
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When the impact height was constant, with the increase of moisture content, the maximum impact force
increased first and then decreased, and the normal deformation increased slightly. It is because the impact
force increases before the shell is broken. When the shell is broken, the impact force becomes smaller.
When the water content was constant, the maximum impact force and normal deformation increased
significantly with the increase of impact height. Therefore, reasonable control of the maximum impact force
can improve the shelling result. It is of considerable significance to reduce the shelling damage rate.
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Fig.12- Effect of moisture content and drop height interaction on TongBi 17
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Fig. 13 - Effect of moisture content and drop height interaction on ZheBi 4

Evaluation of collision damage and multi-objective optimization

To study the sensitivity of parameters to break the shell, the optimal ratio of shelling parameters was
determined. The moisture content x;, impact height x, and collision angle x; were taken as optimization
variables. The maximum impact force and normal deformation were carried for optimization, and the multi-
objective genetic algorithm was used to calculate the optimal value. The multi-objective optimization model is
shown in equation 7.

max Y;=f;(x)
min Y2=f2(X) ©)
St p<xi<up, i=1....n
S.t.lyxorlessu,orlessl=1..;n

where: Y;-normal deformation amount [mm]. Y,- maximum collision force [N], I,-parameter lower bound,;
Uy - upper bound of parameters. n - parameter dimension.
Evaluation index of castor capsule collision damage
The damage degree of castor under different experimental conditions was used as the damage index to
make the classification. Then the best parameters of the breaking shell of castor capsule were found. The
classification of damage degree is shown in Table 8, and the actual impact results are shown in Fig.14.

Evaluation criteria for collision damage of castor Table 8
o Collision Normal deformation . Damage level
Varieties Damage index
force [N] [mm] number
Undamaged (elastic
[0, 290] [0.1.1] deforgmati(on) !
. Moderate injury (three
TongBi17 | [290, 350] [1.1, 2.3] ventricularjrugn(ues) I
_ N Severe injury
[350 -] [2.3] (complete rupture) -
Undamaged (elastic
[0, 310] [0.1.2] deforgmati(on) !
. Moderate injury (three
ZheBi 4 [310, 360] [1.2, 2.1] vemricularjrugn(”es) I
_ N Severe injury
[360 -] [2.1-] (complete rupture) i
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Fig. 14 - Classification of collision damage levels of castor

Multi-objective genetic algorithm optimization

In the actual collision of the castor capsule, the collision of falling height on the maximum collision force
and deformation of castor fruit is very significant. To improve the efficiency of the castor shelling machine,
reduce the damage rate, the maximum collision force of castor fruit must be smaller. Based on the strategy
of elitist rapid nondominated sorting genetic algorithm (NSGA-II), the maximum collision force and
deformation of combination optimization is the following.

Optimization type determination
gacommon.m
v
Optimization solution
Gamultiobjsove.m
v
Generate initial population

gamultiMakeState.m
»y

A 4

Population evolution iteration
Stepgamultiobj.m

v
Get the result
gadsplot.m
v
Termination condition
gamultiobjConverged.m

Get the best solution

Fig. 15 - Multi-objective genetic algorithm optimization process

The optimal front-end individual coefficient ParetoFraction is 0.3, the Population size is 100, the
maximum evolutionary algebra is 200, the stop algebra is 200, and the deviation of the fitness function is le-

100.
Table 9

Optimal combination of the parameters for collapsing and shelling of castor

The moisture Collision Collision Maximum Normal
Varieties content height Angle collision force deformation
[%] [mm] [’] (N] [mm]
ZheBi 4 4.2494 361.72 5.9906 351.0137 1.9627
TongBil7 4.3006 353.51 0.2433 347.9855 2.2786

The multi-objective optimization results are shown in Table 9. Under the optimum condition of castor

capsule breaking, the difference between the maximum impact force of TongBi 17 and ZheBi 4 is 1.67% and
0.86% respectively. When the water content, collision height, and collision angle are similar, the maximum
impact force of TongBi 17 is smaller, and the normal deformation is the larger. Therefore, castor ZheBi 4 is
more difficult to shell than castor TongBi 17.
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CONCLUSIONS

From the analysis of the experiment, it can be seen that the impact height has a significant impact on
the maximum deformation(p<=0.05), and the moisture content and impact angle have a significant impact on
the force(p<=0.05). The influence of impact height and angle on deformation is very significant(p<=0.01),
and the influence of moisture content on deformation is significant(p<=0.01).

According to the response surface analysis, when the impact height is constant, with the increase of
moisture content, the maximum impact force increases first. It then decreases, and the normal deformation
rises slightly. When the moisture content is constant, the maximum impact force and normal deformation
increase significantly with the increase of impact height. The difference between the maximum impact force
of the castor capsule between castor TongBi 17 and castor ZheBi 4 was 7.63%, and the difference between
the maximum normal variation was 3.51%.

The difference between the maximum impact forces of castor Tongli 17 and castor ZheBi 4 was 1.67%
and 0.86% respectively. In the case of similar water content, collision height, and collision angle, the impact
force of TongBi 17 is the smallest, and the normal deformation is the largest. Therefore, castor ZheBi 4 is
more accessible to shell than castor TongBi 17.
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ABSTRACT

Individual pig identification technology is the precondition of precise breeding. Taking pig face as the
study point, this article puts forward a pig face identification method based on improved AlexNet model and
explores the influence of training batch size on the performance of the model. Spatial attention module (SAM)
is introduced in AlexNet model to compare the performance of the AlexNet model and the improved model on
the training set and the validation set. The study shows that the improved AlexNet model can achieve higher
precision rate under different training batch sizes and has higher convergence rate and robustness, with an
identification precision rate reaching 98.11%, and a recall rate and f1 value reaching 98.03% and 98.05%.
When the training batch sizes are 16, 32, and 64 respectively, the test time of the model, which represents its
operating efficiency, improves by 1.99%, 2.36% and 10.31%, respectively, showing better performance in pig
face identification. The test results show that different batch sizes have a certain influence on the prediction
results of the model, while no fixed relationship.

WE

AEFE M R FEARAE LB RG TR H HTHE . TGt Ky TE w48 5 T2 AlexNet B 11952 i ik 7
TrIEIFIR I NG DX FEZE P GERE T, 7 AlexNet B i I A 55187 7 8 (SAM) ,  [L# AlexNet 5K
CCH T D5 FER T il 2 LIRS, WETEH, 2T AlexNet BEZE 7S Al il Gk AN F 4 i 73 55
HERIE, AH T HIISF ES EREIE, IRER R A 98.11%, 776/ F 5L {7 744 #/98.03% . 98.05%,
HAENEIA D775 F7 16,3264 1500 s MRS {TRCFHTFZE M i 0T 5] 77 J 4E 5 7 1.99%, 2.36%,10.31%,
I TR ST BB ARSI 25 R0, A AT BT TR R — e, A AATE B K7 -

INTRODUCTION

Effective individual pig identification is the precondition of intelligent pig breeding. Pig face includes
pig’s eyes, pig’s nose and other biological characteristics that are of natural identifiability. Based on these
characteristics, pigs can be individually identified. The face identification technology has been widely used in
the field of individual identification for its advantages such as non-invasiveness, low cost and operability.

Radio-frequency identification (RFID) is a widely-used technology in the field of individual pig
identification (Maselyne et al., 2014; Hahnel et al.,, 2016). With its shortcomings becoming increasingly
prominent, researchers turned to the machine learning method to conduct contour extraction and behavioural
detection to study the pigs, laying emphasis on the aspects such as contour extraction (Ma et al., 2016; Guo
et al., 2015, Li et al., 2017), climbing and attacking behaviours (Chen et al., 2017), standing and lying posture
(Kim et al., 2017), and behaviour tracking (Peter et al., 2011).

Recently, some scholars have used deep learning technology to conduct image segmentation and
individual target detection to pigs (Psota et al., 2019; Zhang et al., 2018, Ju et al., 2018).

However, as for individual pig identification based on convolution network, only Wang et al. (2018)
effectively fused the feature integration method with features extracted from deep convolutional neural
network such as DPN131 (Chen et al., 2017), InceptionV3 (Szegedy et al., 2016) and Xception (Chollet,
2017) based on transfer learning method, achieving an identification precision rate of 96.41%.

! Hongwen Yan, As. Ph.D. Lect. Eng.; Qingliang Cui*, Prof. Ph.D. Eng.; Zhenyu Liu, Prof. Ph.D. Eng.
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Hansen et al. (2018) combined the feature extraction results of VGG-Face model (Parkhi et al., 2015)
and used Grad-CAM (Ramprasaath et al., 2016) activation-resembling mapping to distinguish the adhered
pigs, achieving an identification precision rate of 96.7%. There is a lack of open data set in the studies of this
direction, and no complete research direction has been formed yet.

Based on these, this paper used the principle of convolutional neural network to build and improve the
AlexNet model, so as to explore the impact of batch size on performance of the model, and have individual
identification of the pigs with pig face as the study point to provide reference for accurate breeding of pigs.

MATERIALS AND METHODS
Sample collection

As shown in Figurel, the experimental materials of this study were collected on a small farm in
Wuijiazhuang, Taigu County, Shanxi Province, China (112°63' E, 37°42' N), and the sampling date was in
March 2018.

Pictures of a total of 10 pigs were collected, including 684 training samples, 77 validation samples and
254 test samples.

Fig. 1 - Pig Samples

To avoid memory overflow, batch training method was taken to compare the AlexNet model and its
improved model on the training set and validation set. The training batch size was set to be 16, 32 and 64
respectively, and the batch size of validation set and that of training set were synchronous. The iteration
round number was set to be 100. After each round of iteration, the model evaluation index values were
calculated on the test set.

Structure of base model

With an accuracy rate of 57.1% and a top-5 identification rate of 80.2%, AlexNet (Krizhevsky et al.,
2012) proposed by Alex Krizhevsky won the first prize in ImageNet competition in 2012. The structure of
AlexNet model is as shown in Figure 2.

The model contained four layers, and each level was composed of different amounts of convolution
layer and pooling layer. A total of 9 weight layers were there, among which 5 convolution layers and 4 fully
connected layers were included.

AlexNet jointed the LRN layer after the 1st and 2nd convolution layer so as to do local normalization
processing to the area near the activated neurons, but follow-up studies indicated that after joining LRN layer,
the effect got reduced rather than increased.

Therefore, the LRN layer was removed in this experiment, the model's convolution and pooling layer
feature map uses an effective filling mode, and the final convolution layer at each level was connected to the
maximum pooling layer, and the each weight layer used ReLU activation function to nonlinearize linear
operations after completion of the corresponding operation.

Since the fully connected layer contained many parameters, dropout mechanism was introduced in the
fully connected layer to prevent model overfitting.
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11x11 Conv +4 Stride + relu

5x5 Conv +1 Stride + relu

3x3 Conv +1 Stride + relu

. max-pooling

. Conv 256 256
3x3 Conv +1 Stride + relu 3x3 Conv +1 Stride + relu

. Conv +bn

Fig. 2 - Structure of AlexNet Model
Note: max-pooling in the figure refers to the maximum pooling operation, conv refers to the conventional convolution operation, conv+bn
refers to jointing normalized operation in batch behind at the end of the conventional convolution operation, and figures above each
module show the number of feature maps after the convolution operation is used. The Inside of each convolution module is represented
in the form of 11x11 conv+4 stride+relu, in which 11x11 means both the width and the height of the convolution kernel are 11, while 4
means the step size of convolution operation, relu means that the linear result after convolution operation is nonlinearized by using relu

activation function. The numbers 4,096 and 10 on the upper right indicate the number of nodes in the fully connected layer.

SAM module, the improved part of the model

Deep web contains rich semantic information and can guide surface web in choice of information, so it
can get more accurate resolution ratio information. SAM module combined with soft attention mechanism can
capture rich information associated to context, also it can give different weight values to different positions on
a feature map to strengthen the effective features. As shown in Figure 3, its specific operation went through
the following three stages.

3x3 Conv +1 Stride +bn+ relu

average-pooling
1x1 Conv +1 Stride +bn+ relu

1x1 Conv +1 Stride +bn+ relu+sigmod

Fig. 3 - Spatial Attention Module (SAM)

Note: @ shows the residual of the original feature, @ shows the product between the original feature and the weighted feature map,
which may recalibrate the original feature, @ shows the original feature after one 3*3 convolution, bn processing as well as relu nonlinear
processing.
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(1) The surface web input went through 1 operation of convolution with a size of 3x3 and a step size of
1, batch normalization and activation function before the output of the middle layer was obtained. The surface
layer input and the middle layer output were superimposed in operation 1 to be the input of step (2);

(2) After the global average pooling operation of output feature map in (1), the values at the same
position of different channels were added and averaged to obtain the feature map with channel dimension of 1
and resolution size that was consistent with input to be the weight map of input feature map. In order to
nonlinearize the global average pooling operation, the operations of two steps of 1x1 convolution, batch
normalization and activation function were introduced. In step 1, the number of convolution kernels took any
value. In the test, the values taken were the same as the number of channels in the input feature map in step
(2), and ReLU was used as the activation function. In step 2, for the 1x1 convolution operation, Sigmoid
activation function was selected to generate different regional characteristics. The number of convolution
kernels must be the same as the number of channels of the input feature map in step (2) so as to facilitate the
multiplication of subsequent feature maps. The final output result was taken as the output weight information
of the middle layer, and the weighted surface layer input information was obtained by multiplying the weight
information with the surface input via operation 2;

(3) Finally, via operation 3, the output of the middle layer and the result of step (2) were superimposed
to get the output of SAM module, which was used as the input of subsequent operations.

Improved AlexNet module

Inspired by the application of attention mechanism in natural language processing and image
segmentation field, SAM was introduced in the AlexNet model in the test to form the Attention-AlexNet model,
so as to further improve the predictive performance of the model, whose structure is as shown in Figure 4.

] 96
h—» 11x11 Conv +4 Stride + relu
96

! 256

5x5 Conv +1 Stride + relu

256

! 384

3x3 Conv +1 Stride + relu
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- conv +bn
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- attention

module

3x3 Conv +1 Stride + relu

Fig. 4 - Structure of Attention-AlexNet Module

384
384

In Attention-AlexNet model, the structure of two levels in the front was the same as that of AlexNet
model. After the front two-level operation, the input image was converted into 256 feature maps of size of
26x26. The Attention-AlexNet model contained 1 maximum pooling, 2 basic convolution operations and 2
SAM modules in the third level, where the second-level output was first made, a maximum pooling operation
whose pooling kernel size was 3 and pooling step size was 2 before 256 feature maps of size of 12x12 were
obtained. Then, 384 conventional convolutions whose convolution kernel size was 3x3 and step size was 1
were jointed, thus the feature map was converted to be 384 feature maps of size of 10x10 to be the first SAM
module input. After SAM processing, the feature map was consistent with the input in size and number. After
the first SAM output, 384 conventional convolutions whose size was 3x3 and step size was 1 were jointed to
get 384 feature maps of size of 8x8.

In order to further strengthen the obviously characteristic area, SAM module was jointed again after the
operation.
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After the fourth layer, the flattening operation was jointed and three fully connected layers on which the
number of neuron nodes was 1024, 1024 and 10 respectively, were jointed behind so as to greatly reduce the
training parameters and improve the training speed.

Tests and result s analysis
Test parameter setting

In this study, python v3.5 language was used to construct the convolution network AlexNet and
Attention-AlexNet models under the Keras framework with a video memory capacity of 6G. The construction
was carried out in the GPU environment where the graphics card chipset was GeForce GTX TITAN, and the
system adopted CentOS7.0.

Categorical_crossentropy in Keras was adopted as cost function; dropout mechanism was introduced
to restrain neuron nodes from participating in the process of back propagation at probability of 0.4;
EarlyStopping mechanism was used to prevent overfitting; Adam optimization model was adopted and the
initial value of learning rate parameter was set to be 0.0001; ModelCheckpoint mechanism was used, thus it
was able to judge whether the precision rate got improved when a training was completed. If improved, the
current parameters shall be saved, otherwise the next round of training shall be carried out. To automatically
modify the learning rate, ReduceLROnPlateau was introduced, and it was set that the learning rate would be
reduced to 0.9 times the current learning rate when the loss function value of the validation set did not reduce
in the 5 rounds of iteration process. The optimal parameters and structure could be obtained at the end of the
training, and the pig face identification test could be carried out by using the training results.

RESULTS AND DISCUSSION

Figure 5 shows the relation curve between precision rate and loss functions of AlexNet model and
Attention-AlexNet model under training set and validation set of different batch sizes, where Figure
(5a)~Figure (5¢) represents the performance of AlexNet model under batch sizes of 16, 32 and 64
respectively, and Figure (5d) ~ Figure (5f) represents the performance of Attention-AlexNet model under
batch sizes of 16, 32 and 64 respectively.
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Fig. 5 - Iteration curve of AlexNet, Attention-AlexNet modules under different batch sizes

Note: ‘acc—loss’ represents the accuracy rate and loss function curve, train acc’ represents the accuracy rate of the model on the training
set, ‘val acc’ represents the accuracy rate of the model on the validation set, train loss’ represents the loss rate of the model on the

training set, and ‘val loss’ represents the loss rate of the model on the validation set, val’ represents validation set and train’ represents
the training set.
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As can be seen in Figure (5a), Figure (5c), for AlexNet model, in early iterations, the precision rate of

training sets was all relatively low at the beginning but well above the validation precision rate. With the
iteration going on, the precision rate of training set quickly reached the convergence condition. In Figure (5a),
the 5th round of iteration tended to be smooth and stable; and in Figure (5b), the 4th round tended to be
stable; in Figure (5c), the convergence rate of AlexNet became faster, and in the third round it had tended to
balance. For the precision rate of validation set, the iteration converged after a certain number of rounds. In
the early stage of the convergence, fluctuations were there, but they tended to be stable on the whole, and the
stationary value finally held the line with the precision rate of training set, which showed that the AlexNet
model applied to the data set of pig face in this test. For loss function, the loss function values of the validation
set were far higher than those of training set at the beginning of the training iteration, and in the iteration
process, drastic fluctuation appeared. The greater the fluctuation was, the more obvious the fluctuation of
precision rate on the corresponding validation set was. With the iteration going on, when the batch sizes were
16, 32 and 64 respectively, convergence took place on the 25th, 35th and 30th rounds.
However, for loss function values in the training set, in the whole iteration process, under different batch sizes,
excessive fluctuation did appear, and the trend had been in the direction of a decrease in its value. It can be
seen from the relationship between precision rate and the value of the loss function that in the iteration rounds
where the precision rate changed significantly, the value of loss function had significant change
correspondingly and the two went in opposite directions.

As can be seen in Figure (5d)~Figure (5f), for Attention-AlexNet model, the precision rate of training set
and the precision rate of validation set were increasing in the whole iteration process, and compared with
AlexNet model, it converged more quickly. In terms of value change of loss function, in three kinds of cases,
its value changed greatly in some parts in the iterative process, though compared with the AlexNet model, its
fluctuation amplitude was relatively small, showing that the Attention-AlexNet model could achieve
convergence condition much faster and it owned a small fluctuation amplitude.

Model efficiency analysis

In the performance evaluation of deep learning models, recall ratio, precision ratio and fl-score
measurement indexes were adopted. In the classification task, the results were usually divided into true
positive cases (TP), false positive cases (FP), true negative cases (TN) and false negative cases (FN). With
the number of samples corresponding to TP, FP, TN and FN given, the precision ratio was defined as:

@

- TP
precision =
TP+FP

Recall ratio was defined as

recall =

2
TP+FN
Recall ratio was also called recall rate. Recall ratio and precision ratio changed in opposite trend.
fl-score can measure the different preferences of these two indexes, and the formula was as follows:
recisionx recall
0 Precislomxrecatt 3)
precision + recall

where: TP represents the number of positive samples that are actually positive samples, [a];
FP represents the number of positive samples that are actually negative samples, [a];
FN represents the number of negative samples that are actually positive samples, [a].
The model was tested on the test set. In order to effectively measure the operating efficiency of
different models, the training and test time was counted, and the results were as shown in Table 1.

f1-score=

Precision Rate, Recall Ratio, f1 Value, Training and Testing Time of Each Model Table 1
Model Precision [%] | Recall [%] | fl-score [%] | Testtime[ms] Training time[ms]
AlexNet(16) 97.19 98.03 98.05 5,123 211,951
AlexNet(32) 95.53 95.28 95.29 4,926 203,674
AlexNet(64) 97.48 97.24 97.28 4,518 198,631
Attention-AlexNet(16) 98.11 98.03 98.05 5,021 255,283
Attention-AlexNet(32) 97.48 97.24 97.29 4,810 194,913
Attention-AlexNet(64) 97.48 97.24 97.27 4,052 217,527
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It can be seen in Table 1 that, in terms of precision rate, recall ratio and f1 value, under the same batch
size, Attention-AlexNet model performed better than or not weaker than AlexNet model, and under the batch
size of 16, the three evaluation indexes reached optimum, which benefited from the introduction of SAM
module in Attention-AlexNet module. This module was able to give different weight values to element values
at different locations in the feature map, so as to filter out the effective features for identification. In terms of
operating efficiency, although the Attention-AlexNet model increased the training time of the model, after the
Attention-AlexNet model is introduced into the SAM module, the model training time increases by 43,332ms,
-8,761ms, and 18,896ms when the batch is 16, 32, and 64. However, the test time has been reduced by
102ms, 116ms, and 466ms under the three batch sizes. We can use the test time of the model to express its
operating efficiency. The test efficiency of the model has been increased by 1.99%, 2.36%, and 10.31%,
achieving good results.

CONCLUSIONS

In this study, the AlexNet model was constructed and improved to form the Attention-AlexNet model.
The pig face identification results were compared between the two models, also the impact of batch size on
the model performance was discussed. The conclusions are as follows:

(1) with the improved Attention-AlexNet model, pig face identification test was carried out, and its
precision rate, recall ratio and f1 value reached 98.11%, 98.03% and 98.05% at most, increasing by 0.92
percentage points, 0.0% and 0.0% respectively than that of the AlexNet model, also its operating efficiency
got increased under different batch sizes, increasing by 10.31% at most, showing that the improved
Attention-AlexNet model can be used to identify the pig face more effectively.

(2) The batch size had a certain influence on the prediction result of the model, but there was no fixed
relationship between the batch size and the performance of the model.
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ABSTRACT

To analyse the influence factors of impact peak force (IPF) and damage depth (DD) on potatoes, the
orthogonal test and single factor test were carried out on two potato varieties. The results showed that the
IPF of Xiabodi was smaller and DD was greater than those of Gaoyuanhong. Potato mass had the greatest
effect on IPF, and that of drop height on DD. The equations between IPF, DD and potato mass, drop height
were obtained. Both IPF and DD impacting with steel were the largest, and the smallest with steel- rubber.
With the increase of impact times, IPF decreased first and then increased, and DD increased gradually.
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INTRODUCTION

Impact damage to potatoes is a common phenomenon during harvesting and post-harvesting
operations (Nikara et al, 2018; Yingwang Gao et al, 2018), and it seriously affects the potato yield and
causes a dual decline of potato appearance and quality that affect the development of the entire potato
industry (Romano et al, 2018; Strehmel et al, 2010). Lots of studies have been performed to analyze the
potato impact damage factors. Upon the research, many scholars have adopted testing as the main research
method, and some scholars have used the finite element analysis method (Caglayan et al, 2018; Celik et al,
2019; Yingwang Gao et al, 2018). In the field of test research, Some researchers have used a pendulum
impact device to study the potato impact response with different tuber temperature, tuber mass, initial height,
and impact material, and described the equation of the damage depth and volume of the bruise spots
(Mathew and Hyde,1997; Shengshi Xie et al, 2018). Other researchers have used the free fall device to
study the speed, force, respiration and bruise volume of potatoes after impacting with different objects under
different conditions (Geyer et al, 2009; Qi Lu,2016; Rady and Soliman, 2015; Zhizhen Liu,2016). Some
researchers have used an instrumented potato to record the extent of impact and predicted the tissue
discoloration in order to find the relationship between potato damage and harvest parameters (Bentini et al,
2006; Canneyt et al, 2004).

Based on these papers, the main research contents are the influence factors of potato impact
damage and the evaluation indexes after potato injury, such as drop height, potato mass, potato
temperature, impact material, potato variety, cultivation conditions, collision pressure, impact acceleration,
potato damage volume, damage area, damage depth, and respiratory rate (Shengshi Xie et al, 2018). In the
research of potato collision tests, the impact force was usually obtained by force sensor (Qi Lu, 2016;
Zhizhen Liu, 2016), or by the signal measured by acceleration sensors (Bentini et al, 2006; Geyer et al,
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2009; Rady and Soliman, 2015). There has been no research on direct force measurements of potato
impacts by hammers’ force.

The study both researching on IPF and DD is rare and the relationship between IPF and DD has not been
reported. No relevant information is available on the evaluating of significant factor to IPF. Therefore, this
article aims to directly test the impact force by a force hammer, find the relationships between IPF and DD,
and analyze the primary and secondary sequences of factors that affect both IPF and DD.

MATERIALS AND METHODS

® Potato impact test system

The potato impact test system is shown in Figure 1. The testing device included a bracket, height
ruler, light rod and fixture. The testing system consists of a data acquisition device (AVANT - MI7016,
Hangzhou Yiheng Technology Co., Hangzhou, China), an impact hammer (5800B5, 1.12 mv/N, DYTRAN
Instruments Co., Ltd., USA) and a computer with a data acquisition software (Dynamic Signal Analysis,
Hangzhou Yiheng Technology Co., Hangzhou, China). During the test, the potato was lifted to a certain
height and released to collide with the hammer tip. The test system could detect the change of force during
the collision process.

Fig.1 - Test equipment
1. Data acquisition device 2. Fixture 3. Light rod 4. Height ruler
5. Bracket 6.Potato 7. Impact hammer and fixing device 8. Computer

The original tip materials of the 5800B5 impact hammer are aluminum (m = 2.1 g), aluminum-hard
plastic (m = 2.7 g) and aluminum-soft plastic (m = 2.7 g). The connection between the tip and the hammer
body is threaded. During a mechanized potato harvest, the potato-soil separator is usually made of steel. To
simulate field harvest conditions during the impact process, the steel tip of the impact hammer was covered
with 3 mm either soft plastic, rubber or leather. The main factor influencing the test results was the mass of
the hammer tip. Fine wire was wound on the hammer tip to make the mass close to that of the original. The
tip masses of steel, steel-soft plastic, steel-rubber and steel-leather hammers were 2.11 g, 2.72 g, 2.69 g and
2.68 g, respectively.

® Accuracy of hammer tips

In order to check the accuracy of the changed hammer, the light rod and fixture shown in Figure 1
were removed, and a standard weight (m = 500 g) was connected to the test bracket with nylon wire and fine
iron wire. An acceleration sensor with dimensions of ®10 mm x 22 mm (1A102E, Jiangsu Donghua Testing
Technology Co. Jiangsu, China) was attached to the weight. When the weight was lifted to a certain height
and released, it collided with the impact hammer. The collision process followed the integral expression of
Newton's second law.
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[ F®dt=m["a()dt )

where:
t1 is the impact start time; t2is the impact end time; F(t) is the impact force; m is the impact mass; a(t) is
the impact acceleration.

From the beginning to the end of the collision, the data acquisition system detected the acceleration

and force signals simultaneously. According to equation (1), the error between the impact hammer and the
acceleration sensor was obtained. The test errors of the steel, steel-soft plastic, steel-rubber and steel-
leather hammer tips were 4.25%, 4.7%, 5.17% and 4.77%, respectively.

® Theoretical analysis of the collision process

According to the kinetic energy theorem, the following relation is satisfied before collision.

1
mgh = 3 mv,’ 2

where:
m is the potato mass; g is the acceleration of gravity; h is the drop height; V1 is the initial impact speed.
The impulse theorem is also satisfied during the collision process.

fz Fdt =mAv=m (v, -V,) A3)

where:
t1 is the loading start time; t2 is the impact contact time; F is the impact force; and V2 is the potato impact
speed in t,.

When V; is zero, the potato compression displacement reaches its maximum, and s is the
corresponding time. Equation (4) is derived from (2) and (3).

:s Fdt =mv, =m4/2gh (4)

A potato can be characterized as a type of nonlinear viscoelastic material. According to the
generalized Hertz theory, during a collision contact, the relationship between impact force and displacement
can be written as follows (Jankowski, 2006; Wenxi Wang et al, 2017).

F = k6" + ¢b (5)
where: F is the impact force; 0 is the compression displacement; &is the compression speed; K is the
stiffness coefficient and C is the damping coefficient.

The value of K and C depends on potato varieties and impact materials. Based on the above
equations, both the IPF and DD of potato are related to the potato mass, drop height, potato varieties and
impact materials.

® Orthogonal tests

In order to clarify the significance of the various factors on the impact force and damage depth of
potato, the orthogonal test was conducted. The IPF and DD were taken as the evaluation index. Meantime,
the potato mass (A), drop height (B), impact material (C), and impact times (D) with four levels were selected
as factors in the experiments. Considering that the potato mass was mainly distributed in the range of 200-
250g during harvest, the level ranges of factor A were determined. The level ranges of factor B were
determined by the impact of potato dropping from different heights with the tip of hammer in the pre-test. The
test factors and levels were shown in Table 1.

Table 1
Factors and levels
Factor
Level
Potato mass A [g] Drop height B [mm] Impact material C Impact times D

1 150 40 steel 1
2 200 60 steel-soft plastic 2
3 250 80 steel-rubber 3
4 300 100 steel-leather 4
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16 groups of orthogonal tests were designed with Lis(4%) program, and the test scheme was shown
in Table 2. In order to analyze the influence of potato varieties on the test results, two potato varieties,
Xiabodi and Gaoyuanhong, were selected for comparative test. The peel of Xiabodi is yellow and it is one of
the main varieties planted in Inner Mongolia Autonomous Region. Gaoyuanhong is red, which is one of the
main varieties planted in Ningxia Hui Autonomous Region.

According to the scheme in Table 2, three repeated impact tests were carried out. In each impact
test, each group was repeated 5 times, and the average value of IPF was taken as the final result. After
collision, the potato was left at room temperature for 48 hours, and the average of DD in each group, which
was measured by slice method (Baritelle et al, 2000; Blahovec, 2006), was taken as the test result. To
reduce the influence of curvature difference on the impact force, a flat surface with a small curvature in the
middle part of potato was selected as the impact site. The results of repeated orthogonal tests were shown in
table 3.

Table 2
Scheme of orthogonal experiments
Test number | Potato mass A | Drop height B | Impact material C | Impact times D | Free
1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 1 4 4 4 4
5 2 1 2 3 4
6 2 2 1 4 3
7 2 3 4 1 2
8 2 4 3 2 1
9 3 1 3 4 2
10 3 2 4 3 1
11 3 3 1 2 4
12 3 4 2 1 3
13 4 1 4 2 3
14 4 2 3 1 4
15 4 3 2 4 1
16 4 4 1 3 2
Table 3
Results of orthogonal tests
IPF-Xiabodi IPF-Gaoyuanhong DD-Xiabodi DD-Gaoyuanhong
Test F [N] FIN] S [mm] S [mm]
number
F1 F2 F3 F1 F2 F3 sl s2 s3 sl s2 s3
1 54.08 50.46 59.61 61.31 66.64 64.46 | 3.24 | 3.74 | 3.12 19 | 1.88 | 1.78
2 42.80 44.98 47.17 52.82 53.05 45.18 3 420 | 3.14 1.3 1.7 | 1.66
3 43.17 39.95 35.55 49.66 50.54 50.12 | 3.35 | 3.58 | 3.93 | 286 | 2.76 | 2.7
4 66.67 63.53 64.94 72.35 71.86 66.55 | 544 | 488 | 462 | 44 | 422 | 43
5 49.03 | 47.82 4275 | 66.89 | 57.16 | 69.13 | 2.74 | 256 | 268 | 2.2 | 2.38 | 2.06
6 56.04 | 52.02 76.26 | 79.29 | 8055 73.40| 412 | 438 | 4.88 | 4.22 | 4.18 4
7 48.90 46.31 55.44 58.01 64.06 6291 | 442 | 3.44 | 3.66 18 | 1.52 | 1.22
8 63.68 55.85 57.19 60.06 57.96 62.26 | 5.26 | 5.12 | 558 | 3.44 | 416 | 3.8
9 80.18 | 74.64 7779 | 82.98 | 88.46 838 | 344 | 322 | 338 | 14 | 1.66 | 1.26
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Table 3
(continuation)
Results of orthogonal tests

Test IPF-Xiabodi IPF-Gaoyuanhong DD-Xiabodi DD-Gaoyuanhong
number F [N] F [N] S [mm] S [mm]
F1 F2 F3 F1 F2 F3 sl s2 s3 sl s2 s3

10 79.42 | 72.74 69.83 82.6 7451 | 79.18 | 492 | 5.00 | 4.28 | 3.56 4 3.92
11 74.27 | 72.00 77.92 80.74 | 75.27 | 93.25 54 | 546 | 588 | 41 | 416 | 43
12 73.48 | 68.44 69.89 73.83 | 7713 | 67.34 | 484 | 444 | 432 | 4.06 | 4.2 | 4.08

13 64.66 | 65.89 67.15| 8030 | 75.09| 76.04| 236 | 238 | 224 | 1.28 | 1.18 | 1.4
14 85.88 | 75.91 68.23 | 85.34 | 85.34| 90.07 | 3.22 | 3.16 | 3.6 1.7 | 126 | 1.7
15 94.83 | 98.18 | 107.05 | 106.38 | 114.34 | 101.82 | 58 | 592 | 558 | 5.6 5.5 5.9

16 114.94 | 105.00 | 103.70 | 125.27 | 130.14 | 133.64 | 7.76 | 6.98 | 6.94 | 6.02 | 5.75 | 6.92

® Single factor tests

In order to obtain the mathematical model between potato mass, drop height and IPF, DD, a single
factor test was designed. The evaluation index was IPF and DD. Each group of the test was repeated 10
times and the average value was taken as the test result. Considering the planting and distribution
characteristics of potato in Inner Mongolia Autonomous Region, Xiabodi was selected as the experimental
potato variety. The test schemes and results were shown in Table 4.

Table 4
Test schemes and results
Evaluation index
Test number | Potato mass /g | Drop height/ mm | Impact material

IPF[N] | DD [mm]
1 100 40.53 1.53
2 150 61.76 2.53
3 200 60 steel 71.09 3.1
4 250 86 3.83
5 300 108 4.87
6 20 44.17 0
7 40 62 1.9
8 200 60 steel 71.09 31
9 80 89.25 3.87
10 100 96.97 4.53

RESULTS

® Orthogonal test results

The range analysis results were shown in table 5. The order of influencing factors for IPF of Xiabodi
was found to be: potato mass >impact times > drop height > impact material. For Gaoyuanhong, the order
was as follows: potato mass > impact material >impact times > drop height. The orders for DD of both
Xiabodi and Gaoyuanhong were the same as: drop height > impact material>impact times> potato mass.

It can be seen from the range analysis that the larger the potato mass and drop height of the two
potato varieties, the greater the IPF and DD. Equation (4) showed that the impulse of the collision process
was determined by the potato mass and drop height. The larger the potato mass and drop height was, the
greater the impulse was. Based on the research of some scholars, it can be inferred that under the same
impact material, the trend of potato impact force and the contact time were little affected by the changes of
potato mass and drop height (Bajema and Hyde, 1999; Qi Lu, 2016; Zhizhen Liu, 2016).
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Therefore, the larger the impact impulse was, the larger the IPF was. So, with the increase of potato mass
and drop height, the IPF will increase correspondingly. Geyer M. O. analysed the influence of potato mass
and drop height on the IPF through acceleration sensor (Geyer et al, 2009), which was consistent with the
results in this paper. Xie Shengshi developed a model to predict the potato impact damage depth, which
showed that DD increased with the increase of potato mass and drop height (Shengshi Xie et al, 2018).
Baritelle found that the larger the potato mass was, the larger the DD was (Baritelle et al, 2000). Mathew and
Hyde also found that the DD increased with the drop height (Mathew and Hyde, 2013).

The potato mass was the most significant factor to IPF and drop height was the most significant to
DD. When potato mass and drop height increased, both IPF and DD increased. Therefore, during the
cultivation of potato varieties, the moderate potato mass will be helpful to reduce the impact force during the
harvest. In the process of potato harvesting, reasonable working parameters of the harvesting machine can
reduce the drop height of potato on the separating device and effectively reduce the DD.

According to the range analysis in Table 5, the IPF of two potato varieties decreased in turn when
they collided with steel, steel-soft plastic, steel-leather and steel-rubber.

Table 5
Range analysis of orthogonal experiment results
Evaluation object Range source Potato mass A | Drop height B | Impact material C | Impact times D
K1 612.91 734.04 896.31 756.63
K2 651.28 771.27 786.40 733.55
IPE-Xiabodi K3 890.59 793.56 758.01 803.87
F[N] K4 1051.40 907.31 765.47 912.13
R 109.62 43.32 34.58 44.65
Factor order A>D>B>C
K1 704.54 872.26 1063.97 856.44
K2 791.68 881.33 885.07 812.02
IPF-Gaoyuanhong K3 959.09 907.10 846.59 968.84
F[N] K4 1203.77 998.39 863.46 1021.78
R 124.81 31.53 54.34 52.44
Factor order A>C>D>B
K1 46.24 35.10 61.90 45.20
K2 48.84 47.90 49.22 50.02
DD-Xiabodi K3 54.58 56.42 46.84 54.72
S [mm] K4 55.94 66.18 47.64 55.66
R 2.43 7.77 3.77 2.62
Factor order B>C>D>A
K1 31.46 20.38 49.21 27.10
K2 34.98 33.20 40.64 32.48
DD-Gaoyuanhong K3 40.70 42.42 28.70 45.13
S [mm] K4 44.21 55.35 32.80 46.64
R 3.19 8.74 5.13 4.89
Factor order B>C>D>A

The stiffness of the impact material affected the impact contact time. When the impact impulse was
the same and the impact force had a certain trend, the greater the stiffness of the impact material, the
shorter the impact contact time, and so the larger the IPF. Among the four types of impact materials, the
stiffness of steel was the largest and that of rubber was the smallest. Therefore, the IPF was the largest
impacted with steel and that of steel-rubber was the smallest.
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The results of range analysis showed that impact materials had the same influence rule on IPF and
DD. It can be inferred that the impact force and damage of potato during harvest can be reduced by covering
the surface of potato-soil separator with leather, rubber and other cushions. Geyer M. O. found that in
comparison to bare steel, the maximum force and maximum acceleration due to drops from 25 cm were
almost halved by both cushions (Poron 20250 and PVC foam) (Geyer et al, 2009) Mathew and Hyde
considered that the cushioning materials performed well in reducing impact damage occurring in the
potatoes (Mathew and Hyde, 2013).

With the increase of the impact times, the IPF of the two potato varieties decreased first and then
increased, and the second time IPF was the minimum. It was because in the second collision, the potato
damage caused by the previous impact made the contact time longer and so the IPF reduced. However, with
the increase of impact times, the influence of the previous damage on the contact time of the next impact
decreased, so the IPF increased again. The results also showed that the DD of two potato varieties
increased gradually when the impact times increased. It was caused by the cumulative damage of the same
site after multiple collisions. Researchers found that with each successive impact, the potato bruise size
increased until it stabilized after more than 4 impacts (Bajema and Hyde, 1999; Baritelle and Hyde, 2003). It
can be inferred that when the impact times increase from 1 to 4, the DD will gradually increase, which is
consistent with the results of this study.

® The effect of potato varieties on IPF and DD

The average values of the three repeated test results in each group in Table 3 were taken to draw
the graphs of IPF and DD, as shown in Figure 2 and 3. The trends of IPF and DD of the two potato varieties
were the same. The IPF of Xiabodi was smaller than that of Gaoyuanhong but DD was larger than that of
Gaoyuanhong. The results showed that potato varieties had an effect on both IPF and DD. The average dry
matter content of Xiabodi was 21% (Haiying Qi and Chun Yang, 2006), and that of Gaoyuanhong was 24.5%
(Hongyuan Huang et al, 2010). So, the internal tissue of Xiabodi was softer, which could absorb and buffer
the impact force. And Gaoyuanhong was relatively denser, so it had a better damage resistance effect.

140 - IPF /N

—&— Gaoyuanhong
-+-@-+- Xiabodi

120

100

80 -

60 -

40

20 -

Test Number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Fig. 2 - The graph of IPF for Xiabodi and Gaoyuanhong

8 1 DD /mm
—&— Gaoyuanhong °

---@--- Xiabodi

Test Number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Fig. 3 - The graph of DD for Xiabodi and Gaoyuanhong
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® Single factor test results
> The effect of potato mass(m) on IPF(F) and DD(s)
According to the test results in Table 4, the curves of s-m and F-m were drawn, as shown in Figure 4.
The results showed that the equation between the potato mass and either IPF or DD was linear. With the
increase of potato mass, both IPF and DD increased linearly.

6 - s/mm F/N - 120

- F=0.318m+9.804 | 5
R?=0.983

4 - 80

3 - - 60

¢ Test values of F
B Test values of s | 4

. S=0.015m — Fitting lines i
R?=0.990
0 T T T T T 0
0 50 100 150 200 250 300 350
m/g

Fig. 4 - The curves of s-m and F-m

> The effect of drop height(h) on IPF(F) and DD(s)

The curves of s-h and F-h were shown in Figure 5. The results showed that the equation between the
IPF and drop height was linear, and it was logarithmic between DD and drop height. With the increase of
drop height, both IPF and DD increased gradually.
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h/mm
Fig. 5 - The curves of s-h and F-h

» Therelationship between DD(s) and IPF(F)
The curve of s-F was shown in Figure 6 based on the results in Table 4. The curve of s-F1
corresponds to the results of No.1 to 5 in table 4 and s-F2 corresponds to that of No.6 to10.
6 - s/mm

5=0.798F1+0.778
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Fig. 6 - The curve of s-F
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The figure showed that when potato collided with steel and the drop height was a constant, the
equation between DD and IPF was linear, and both of them increased linearly. If the potato mass was a
constant, the equation was logarithmic, and the larger the IPF was, the greater the DD was.

CONCLUSIONS

In this paper, the effects of potato mass, drop height, impact material, impact times and potato
varieties on the IPF and DD were studied by orthogonal tests and single factor tests. Based on the
orthogonal tests, the order of influencing factors for IPF of Xiabodi was found to be: potato mass >impact
times > drop height > impact material, and that of potato mass > impact material >impact times > drop height
for Gaoyuanhong. The orders of influencing factors for DD of both Xiabodi and Gaoyuanhong were the same
as: drop height > impact material>impact times> potato mass. Both IPF and DD of two potato varieties
increased with the increase of potato mass and drop height, and decreased in turn when they collided with
steel, steel-soft plastic, steel-leather and steel-rubber. With the increase of impact times, IPF decreased first
and then increased, and DD increased gradually. Under the same conditions, the IPF of Xiabodi was smaller
than that of Gaoyuanhong, but DD was greater than that of Gaoyuanhong. The results of single factor tests
showed that the relationship between the IPF and either potato mass or drop height was linear equation. The
DD and potato mass equation was linear, and the DD and drop height equation was logarithmic. When
potato collided with steel and the drop height was a constant, the relationship between DD and IPF was
linear equation. If the potato mass was a constant, the relationship turned to be logarithmic equation.
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ABSTRACT

According to the operation characteristics of high clearance self-propelled sprayer, an independent
vertical shaft air suspension system with auxiliary chamber was designed. On the basis of the damping
characteristic analysis and experiment of the air suspension with auxiliary chamber, the sprayer suspension
control strategy was developed. Aiming at strong non-linearity and hysteresis for air suspension with auxiliary
chamber, and when the sprayer performed road transportation and spraying operation, there was a
contradiction between ride comfort and road friendliness, a hybrid sliding mode control method for sprayer
chassis suspension based on skyhook reference sliding mode and ground-hook reference sliding mode was
proposed. Finally, Matlab/Simulink was used to analyse the effect of the control method in different mixing
coefficients. The simulation results showed that according to the requirements of different working conditions
of the sprayer, by properly selecting the mixing coefficient y value, the hybrid sliding mode control could
simultaneously take into account the sprayer ride comfort and road friendliness, which was important to
improve the sprayer overall performance and operating efficiency.
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AHEEE X

INTRODUCTION

Large scale high clearance self-propelled sprayer plays a very important role in promoting food
security production. However, because of the complex working conditions and unique working characteristics
of the spray machine, special suspension system is needed to meet its requirements of high ground
clearance, large vibration reduction stroke, convenient for four-wheel steering and wheelbase adjustment. In
terms of how to reduce the dynamic load of the sprayer tire, improve the its spraying quality and ride comfort,
the sprayer designers have proposed a variety of beneficial measures. For example, the designed sprayer is
equipped with low-pressure, large-ground-area vacuum meridian cultivator tires, and adopts an independent
chassis air suspension or hydropneumatic suspension with less unsprung mass and good nonlinearity (Wu X
H et al., 2018). John Deere (Carlson B C et al., 2011; Wubben T M et al., 2007), AGCO (Slawson J, 2013;
Steffensen C et al., 2012), HAGIE (Schaffer J A, 2002), AgriFac (Blaauw D, 1999; Ehlen V and Voth R,
2011) and other sprayer companies have applied for patents on air suspension, and their newly produced
sprayers are also equipped with independent air suspension system. However, due to structural and spatial
limitations, the independent air suspension system has not been equipped with damper, and only relies on
the damping of tires and springs to attenuate the vibration (Chen Y et al., 2016; 2020). When the sprayer is
running at a high speed or on the rough road conditions, the suspension vibration reduction effect will be
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greatly affected. Therefore, in order to better adapt to the sprayer complex working conditions, the design of
the new sprayer chassis suspension system is imminent.

In recent years, air suspension with auxiliary chamber, which uses air damping to reduce vibration,
has gradually gained the attention of scholars (Liu H and Lee J C, 2011). Compared with traditional air
suspension, air suspension with auxiliary chamber has the advantages of less heat, low manufacturing and
maintenance cost (Quaglia G et al., 2012), better vibration reduction effect for the most sensitive frequency
segment of human body (4~8Hz) (Todkar R G, 2011), which has been widely used in vibration reduction of
commercial vehicles (Kat C J and Els P S, 2009; Porumamilla H et al., 2008) and rail vehicles (Docquier N et
al.,, 2007). The introduction of auxiliary chamber into the sprayer's independent air suspension system can
solve the problem that the suspension cannot be equipped with a damper due to structural and space
constraints. Research scholars have carried out a lot of simulation and experimental research on the air
suspension with auxiliary chamber structure (Quaglia G and Sorli M, 2001; Vogel J M and Kelkar A G, 2013),
mathematical model (Wang J, 2012), dynamic characteristics (Nieto A J et al., 2008; Toyofuku K et al.,
1999), control methods (Robinson W D et al., 2012; 2013) and so on.

Currently, there are mainly three control forms for air suspension with auxiliary chamber. One is to
adjust the stiffness of the suspension by switching the auxiliary chamber with different volumes. For
example, Li Z X (2015) applied decision control method to control the adjustable volume of the air
suspension with auxiliary chamber. In this way, the suspension needed to be equipped with an adjustable
shock absorber so that the suspension relative damping coefficient could be adjusted when the system
stiffness changed, so as to re-matched the suspension parameters. Another method is to change the
damping ratio of the system by adjusting the opening diameter of the throttle valve. Such as the research of
Porumamilla H. (2007) and Robinson W D et al. (2012). The sliding mode variable structure control and
linear quadratic optimal control were used to control the air spring seat suspension with auxiliary chamber.
This method needed to select a suitable variable throttle valve diameter to make the system air damping
have good switching performance, and to ensure that the suspension stiffness and the natural frequency
changed less during the change of the system damping ratio. Another control method is to adjust the
auxiliary chamber volume and the variable throttle valve diameter. For example, Jerald M V et al. (2013)
designed a device for continuous adjustment of auxiliary chamber volume and variable throttle valve
diameter. Due to the complex structure and the large number of changing parameters of the suspension
system, this control method is rarely studied.

Based on this, according to the special operating characteristics and requirements of the sprayer, an
independent vertical axis air suspension system with auxiliary chamber was designed. On the basis of the
damping characteristic analysis and experiment of the air suspension with auxiliary chamber, the sprayer
suspension control strategy was developed. Aiming at strong non-linearity and hysteresis for air suspension
with auxiliary chamber, and traditional passive suspension could not take into account both road friendliness
and ride comfort, a hybrid sliding mode control method for sprayer chassis suspension based on skyhook
reference sliding mode and ground-hook reference sliding mode was proposed. Finally, Matlab/Simulink was
used to analyse the effect of the control method in different mixing coefficients.

MATERIALS AND METHODS
Suspension structure design and vibration reduction strategy formulation
) Suspension structure design

The sprayer operation condition is complicated, so it not only needs to complete the transportation
operation on the ordinary road, but also needs to complete the plant protection operation in the field. Two
different working conditions have different requirements for suspension vibration reduction. During sprayer
transportation operation, the sprayer speed is high (generally 20—40 km/h), the road conditions are good.
The driver's riding comfort and the sprayer operation stability are the performance indexes that should be
given priority to. Meanwhile, due to the sprayer large mass, the road friendliness should be taken into
account to reduce the impact and damage to the road surface. During sprayer plant protection operation, the
tire’s dynamic load should be minimized to prevent soil compaction and damage. In addition, although the
sprayer speed is low (less than 20 km/h) during plant protection operation, due to the complicated road
conditions in the field and the wide width of the boom, the slight tilt and vibration of the sprayer body will
cause the boom to vibrate, swing and rotate, which greatly reduces Spray effect. Therefore, the sprayer ride
comfort is also an important index to be considered during the its plant protection operation. In accordance
with the special operating characteristics and requirements of the sprayer, based on the existing suspension
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system, an independent vertical axis air suspension system with auxiliary chamber was designed, and its
structural assembly wad shown in Fig.1. In the process of suspension vibration reduction, the vibration
caused by the road surface is first transmitted to wheel 1, and then transmitted to motor protection housing
welding 3, and then reaches to vertical shaft 6. Guided by the internal shaft sleeve of Beam support column
welding 7, the vibration through spring bottom support welding 21, air spring 10, spring top support welding
17, guide post 19, steering arm welding 15, positioning ring 14, and beam 9 in order. Finally, the vibration is
transmitted to the sprayer body. Air spring 10, variable throttle valve 18, compressed air hose 11 and
auxiliary chamber 12 form the suspension damping adjustment device. According to the driving conditions of
the sprayer, by adjusting the opening degree of the variable throttle valve, the suspension damping is
changed, and the impact load transmitted from the ground to the vehicle body is more effectively absorbed to
ensure the ride comfort of the driver.

(a) Overall structure (b) Local large map o

Fig. 1 — The structure of sprayer chassis independent vertical axis air suspension system with auxiliary chamber

1. Wheel; 2. Brake disc; 3. Motor protection housing welding; 4. Hydraulic motor; 5. Brake caliper installation welding; 6. Vertical shaft; 7.
Beam support column welding; 8. Steering cylinder support arm welding; 9. Beam; 10. Air spring; 11. Compressed air hose;
12. Auxiliary chamber; 13. Steering cylinder; 14. Positioning ring; 15. Steering arm welding; 16. Rubber limit block; 17. Spring top
support welding; 18. Variable throttle valve; 19. Guide post; 20. Lubrication mouth; 21. Spring bottom support welding

) Vibration reduction strategy formulation

By abstracting air spring 10, compressed air hose 11, auxiliary chamber 12 and variable throttle
valve 18 in Fig.1, the vibration damping mechanism of the sprayer chassis air suspension is shown in Fig.2.
Where 1 is sprung mass, 2 is air spring, 3 is variable throttle valve, 4 is auxiliary chamber, and G is an air
mass flow rate. Pp1 and P2 are the absolute pressures of the air spring and the auxiliary chamber,
respectively. V1 and V2 are the volumes of the air spring and the auxiliary chamber, respectively. mp is

sprung mass, Xp and W are displacements of the sprung mass and excitation, respectively. When the
suspension vibrates, the air mass is exchanged between the air spring and the auxiliary chamber under the
action of the excitation force. The pressure difference between the two ends of the variable throttle valve
makes the air flowing through the variable throttle valve to produce damping and dissipates vibration energy.

Xb
| ®
r—
G P,
@
V20

Fig. 2 - Schematic diagram of air suspension with auxiliary chamber
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According to the author's previous analysis and experimental results on the damping characteristics
of the sprayer chassis air suspension with auxiliary chamber (Li W et al., 2018), the variation relationship
between the damping coefficient ¢ of the air suspension with auxiliary chamber and the natural frequency wn
and the throttle valve orifice diameter d is obtained as shown in Fig.3.

The simulation results:
Step signal amplltudeAp/mm
—a—20 - The simulation results
—e—50 —m Step signal amplvludeAp/mm
- —A—80 ° —a—20
E, The experimental results: g 70 F —e— 50
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® --0--20 = | The experimental results:
8 e0n= 50 ) 6.5 Step signal amplitudeAp/mm
2 80 ] 0= 20
g “angAtan 2 081 -0+ 50
s E --0-- 80
° T s55F
2 ¥ ~(=0.16 2
B ; Gt
o O’ Z 50k ¥
4 L,. - N T
(S . | H \ . 45 L , TEe L
0 2 354455 6 8 2 Sb: 445 & O .
Throttle valve orifice diameter d/mm Throttle valve orifice diameter d/mm
(a) Variable relationship between { and d (b) Variable relationship between wn and d

Fig. 3 - the variation relationship between {and wn, d

In Fig.3(a), in the area to the left of the maximum value point of relative damping coefficient, although
the relative damping coefficient changes continuously with the throttle valve orifice opening, the change
process is very drastic. Moreover, the spring natural frequency has a step change in this area (see Fig.3(b)),
the system shows a strong nonlinearity. On the contrary, in the area to the right of the maximum value point
of the relative damping coefficient, the relative damping coefficient changes continuously with the throttle
valve orifice opening, and finally reaches the same value (0.16). At this point, the spring natural frequency
basically remains unchanged. Therefore, when damping control is carried out on the air suspension with
auxiliary chamber, the sprayer road conditions can be divided into flat road surface, uneven road surface and
bad road surface. These road conditions can be simulated with step excitation amplitude of 0.02m, 0.05m
and 0.08m respectively. Adjust the throttle valve opening according to different road conditions to ensure that
the suspension damping ratio { changes between 0.39 and 0.16. Therefore, the specific control strategy of
the air suspension with auxiliary chamber is as follows: when the sprayer is running on the flat road, make
the throttle valve orifice opening diameter d switch between 3.5 mm and full open;When the sprayer is
running on uneven road, make the throttle throttle valve orifice opening diameter d switch between 4.5mm
and full open. Switch throttle valve orifice opening diameter d between 5.0 mm and full open when the
sprayer is running on bad road. During the switching process of the throttle valve orifice opening, the
suspension system natural frequency wn remains basically unchanged. This strategy will reduce the impact
of changes in the parameters (such as static stiffness, natural frequency, et al.) of the air suspension system
with auxiliary chamber on the system control effect.

Due to the contradiction between the ride comfort and road friendliness of the sprayer during its
transportation condition and spraying condition, a trade-off must be made between the two performances. By
developing appropriate suspension control strategy, the sprayer can be manually controlled or automatically
controlled between ride comfort and road friendliness according to different driving conditions, so as to take
into account the performance requirements of both. Meanwhile, the air suspension with auxiliary chamber
has strong nonlinear and hysteresis, while the sliding mode control has high robustness to the uncertainty of
model parameters and external disturbances (Zirkohi M M et al., 2014; Assadsangabi B et al., 2009). In order
to ensure that the sprayer has good ride comfort and road friendliness under complex working conditions
(Mulla A et al., 2014). In this paper, based on the basic control strategy of air suspension with auxiliary
chamber, a hybrid control strategy combining skyhook reference sliding mode and ground-hook reference
sliding mode is proposed to control the sprayer chassis air suspension.

Mathematical modeling
) Mathematical model of suspension

The 3D model of the sprayer independent vertical axis air suspension in Fig. 1 could be represented
by the structural model of Fig. 4. The structure model in Fig. 4(a) was simplified as follows: According to the
Taylor series theory, the small deviation linearization method was used to linearize the suspension stiffness

ks. The damping of air spring rubber, the damping caused by suspension element friction and other
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unlabelled damping were expressed by cs. The damping force adjusted by switching the throttle valve orifice
opening between the air spring and the auxiliary chamber was represented by the suspension equivalent

control force Fq. The suspension equivalent model obtained by simplification was shown in Fig. 4(b).

auxiliary Acceleration b
chamber sensor _| mb

— Controller q
Variable — Displagement

throttle valve ucer

Controller

Acceleration
sensor

Simplified
structure
of tyre

(a) Suspension structure (b) Suspension equivalent model
Fig. 4 - 2-DOF quarter-car suspension dynamic model

In Fig. 4: ki — tire stiffness, N/m; Ct — tire damping, N-s/m;
Mp — sprung mass, kg; Mt — unsprung mass, kg;
Xp — sprung mass displacement, m; Xt — unsprung mass displacement, m;
W —road excitation displacement, m.
The vibration differential equation of the suspension system is:
my %, =—K, (X, =%, )—C, (%, =% )— F,
Mm%, =K, (X, =%, )+C, (% =% )+ Fy =k, (X —w)—c, (% —W) (1)
ks = anPloA\a/(Vlo +V2)
In equation (1): a — the rate at which the volume of an air spring changes with height;
V1o — the volume of the air spring at the initial equilibrium position, and V10=V2/3;
V, — auxiliary chamber volume, m3;
Xp — sprung mass acceleration, m/s?;
Xb — sprung mass speed, m/s;
Xt — unsprung mass acceleration, m/s?;
Xt — unsprung mass speed, m/s;
W — road excitation speed, m/s.

° Reference model
The ideal skyhook control mainly aims at ride comfort (Ahmadian M et al., 2004; Poussot-Vassal C et

al., 2006; Priyandoko G et al., 2009). When the dynamic load of tires deteriorates, the vehicle's handling
stability becomes worse, and the large dynamic load of tires will destroy the road surface. The ideal
groundhook control can reduce the dynamic load of tires by sacrificing ride comfort (Valasek M et al., 1997,
Viet L D et al., 2014) and reduce the impact and damage of vehicles on the road surface. The ideal skyhook

control model and groundhook control model are shown in Fig. 5.
LN

(a) The ideal skyhook control model  (b) The ideal groundhook control model

Fig. 5 - The ideal skyhook control model and groundhook control model
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The vibration differential equation of skyhook and groundhook reference control model could be
expressed by equations (2) and (3). When subscript i =S, the equation is skyhook control.
When subscript | = @, the equation is groundhook control.

{mbxsb :_ks(xsb _Xst) (Xsb st) sky)'(sb @
MK =K, (X =X )+ (R =% ) =k (% =W) =, (¥ —W)
m, Xy, = —ks(xgb—xg[)—cs()'(gb—xgt) @)

mtxgt = ks (ng _th)+cs (ng _th )_Ct (th _W)_kt (th _W)_Cgroundxgt

In equation (2) and equation (3) : Xib — Sprung mass acceleration of reference model, m/s;
Xib — sprung mass speed of reference model, m/s;
Xib — sprung mass displacement of reference model, m;
Xit — unsprung mass acceleration of reference model, m/s?;
Xit — unsprung mass speed of reference model, m/s;
Xit — unsprung mass displacement of reference model, m;
Csky — damping coefficient of ideal skyhook control;
Cgroung — damping coefficient of ideal groundhook control.

Csky and Cgroung can be expressed by the relation (4).

{ngax O, if Xsb(. _XSI)ZO
o 2gmln S n If Xsb( )
2pmee, if X (X @
(

ot ) =
C

ground

gb —X )
2écmm O, if th ng X )
In relation (4) : {max — the maximum damping ratio that the suspension system can achieve when
switching the variable throttle valve orifice;
{min — the minimum damping ratio that the suspension system can achieve when switching
the variable throttle valve orifice;

wn — Natural frequency of air suspension system with auxiliary chamber, rad/s.

Design of hybrid sliding mode controller
) Controller design

The air suspension with auxiliary chamber has strong nonlinearity and hysteresis. Sliding mode
control is highly robust to the uncertainty of model parameters and external disturbances. In order to ensure
that the sprayer has good ride comfort and road friendliness under complex working conditions, a hybrid
control algorithm for the sprayer chassis suspension that combined the skyhook reference sliding mode and
groundhook reference sliding mode was proposed, as shown in Fig. 6. A mixing coefficient y was introduced
into the controller to adjust the mixing degree of the two control strategies. The value of y was [0,1]. When
y = 0, the controller was the skyhook reference sliding mode control. When y = 1, the controller was the
groundhook reference sliding mode control. The value of y was between 0 and 1 to synthesize the
characteristics of skyhook reference sliding mode control and groundhook reference sliding mode control.

The hybrid sliding mode real-time control force Fg can be expressed as:
Fa = 7Fame *(1=7) Fogme (5)
Where: Fssme - skyhook reference sliding mode control force, N;
Fgsme - groundhook reference sliding mode control force, N.
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Ideal skyhook
— reference control
model STiding mode
controller based on Fssme
skyhook reference
I
2-DOF quarter-car modg
— suspension 1%
Excitation ¢ dynamic model of Mixing coefficient y
input high clearance regulator
.| self-propelled 1- 4
sprayer Sliding mode
controller based on
Faq groundhook reference F
I Tdeal groundhook model gsme
'— reference control
model
Fig. 6 - Schematic diagram of hybrid sliding mode control
[ ) Error dynamics model

Because the design process of the two references sliding mode control algorithms were similar, this
article took the groundhook reference sliding mode control design as an example. In order to reduce the
steady-state error of the system, the integral error of unsprung mass displacement was introduced.
Unsprung mass displacement integral error, unsprung mass displacement error and unsprung mass velocity
error together formed the groundhook reference sliding mode control model tracking error vector eq. The
error dynamics equation of groundhook reference sliding mode control was

€, = A8, +ByU, +G X + H X, (6)

Where: X=[Xo Xt %b %t], Xg=[Xgb Xgt Xgb %gt], Ug=F4d, €g=[eqg1 €q2 €ga]"=/I (% - Xgt) (Xt - Xqt) (¥t -

xXg0)]", ég=[éq1 éqz éqa] "=[(x: - Xgr) (¥t - Xgt) (e - Xgr)]",

0 1 0 0 000 0 0 0 0 O
A=|0 0 1 , B,=| 0|, G>=[{0 0 0 0 |,H=0 0 0 0f.
0 _ ks + k, _ Cs + Ct + Cground i ﬁ 0 & Cground _ﬁ 0 _& O
m m m, m, m m m, m,

t t t t

Integral sliding mode variable structure control was performed on the error dynamic system, and the
integral sliding mode surface was obtained as:

t .
S=1g IO epdr + 4,8, +€, =I¥¢, (7)

Where: I" was a coefficient matrix, and I" = [Ag2 Ag1 1], Ag1, Ag2> 0.

Using the pole placement method to select the coefficient matrix I, the system could quickly reach
the sliding mode. Assuming the system dynamic error was in the sliding mode plane, we got s = $ = 0. Bring
ég3 into $ = 0, when the system entered the sliding mode, the equivalent control force Fgeq could be gotten as:

Freq = (G + G, + Cyrma — AgaMy )€ + (K + Ky =AMy )€1, = Corpunae — K (X =X ) —Co (% — Xy ) (8)

According to equation (8), the equivalent control was essentially the feedback control of partial states.
Fgeq was closely related to the system state. Due to the strong non-linearity of the air suspension with
auxiliary chamber, in order to satisfy the sliding condition and enhance the robustness of the system, when
the control system reached the sliding mode surface s, a discontinuous term sgn(s) was added on Fgeq. The
actual system control Fgsmc was:

Fyme = Fyeg +(—£500(s))  £>0 9)

In formula (9), ¢ represented the velocity of the system's motion point approaching the switching
plane S=0. Reasonable selection of ¢ value could satisfy the system's good dynamic quality under large
interference conditions.
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) System stability analysis
Selecting Lyapunov function V (S) = s? / 2 and deriving it, inequality (10) could be obtained.

V(s):éiszzsssmlsl (10)

In inequality (10), #>0. According to the stability theory of Lyapunov, if the inequality (11) was true,
the system converged. Assuming the system was stable, we could get equation (11) by introducing
equations (6), (7), and (8) into equation (10).

s$ = I“(Ageg +G, X +H, X, +B,F, )S—I“ngsgn(s)s <-n|s| (11)

9" geq
Since &sgn(s)s= ¢|s|, and the first term of equation (11) was 0 when the system moved in the sliding
mode surface, equation (11) could be rewritten as
—-IBe|sl<-n|s| 12)
namely
£2nm (13)
The inequality (13) showed that the control system was stable. By substituting (13) into (9), Fgsmc
could be obtained as
ngmc = Fgeq +(77mt)sgn(s) (14)
In order to ensure that the variable damping force dissipated energy in real time under sliding mode
control and prevented vibration deterioration, Fgsme¢ was switched by reference to groundhook logic switch
control. In order to reduce the system chattering and improve the control quality, a continuous saturation
function sat (S / w) was used instead of the discontinuous symbol function sgn (s). The real-time variable
damping force Fgsmc Of the groundhook reference sliding mode control was obtained as
_ Fpea —(7m,)sat(s/y) » (Feq —(17m, )sat(s/w/)) (%, =% ) <0 )
0, (Fyeq —(7m,)sat (s/y)) (%, =% ) >0

Where: i - boundary layer thickness, the value was 0.1.

Similarly, the real-time control force Fssme Of the skyhook reference sliding mode was obtained as
shown in equation (16).
= _ Fseq+(775mb)sat(ss/l//s)’ (Fseq+(nsmb)sat(ss/l//s))()'(b_Xt)zo (]_6)
0, (Fueq + (., )sat (s, /v, )) (% — %) <O
In equation (16), Fseq Was skyhook reference sliding mode equivalent control force. Fseq could be
calculated by formula (17).

Fseq :(ﬂ‘szmb _ks)(xb _Xsb)_'_(/tlmb _Csky _Cs)().(b _).(sb)+csky).(b +ks (Xt _Xst)+cs (Xt _).(st) (17)

RESULTS

Matlab/Simulink was applied to establish the control system simulation model. The simulation time
interval was set as 0.005s, the simulation duration was set as 100s. Applied filtering white noise to generate
a typical road excitation signal (Popp K and Schiehlen W, 2010). The sprayer crossed the c-class road
surface at a speed of 40 km/h. The low-frequency cut-off frequency of road signal was 0.1 Hz. The road

roughness coefficient was 256x10-°m3. Other simulation parameters were set as follows: Ms = 3000 kg, Mt =
300 kg, Cs = 2400 N-m/s, ki = 560 KN/m, Ct = 5700 N-m/s, Ag1 = As1 = 3.96, Ag2 = As2 = 36.08, 75 = 3, #7g = 30,
Cmax = 0.39, {min = 0.16, wn = 6 rad/s, a = 0.0564, V2 = 0.0507m3. Sprayer body acceleration and tire

dynamic load root mean square value were selected as the evaluation indexes of ride comfort and road
friendliness respectively. The influence of sliding mode control on suspension performance was analysed by

changing the value of mixing coefficient .

The simulation results were shown in Tab. 1, Fig. 7, Fig. 8 and Fig. 9. In Tab. 1, the passive
suspension referred to the simulation results when the variable throttle valve was in the optimal opening and

remained unchanged, and the suspension damping coefficient (= 0.39.
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Table 1
Comparison with simulation results
Performance indicators (RMS) Sprung mass acceleration (m-s?)  Tire dynamic load (N) Ssky Sground
Passive suspension 1.56444 12430.9 — —
y=0 1.69968 4834.4 —_— 0.0081
y=0.2 1.57673 5995.3 0.1731  0.0313
y=0.4 1.31196 7668.8 0.07109 0.0589
y=0.6 1.14915 9459.8 0.0436  0.09542
y=0.8 0.87060 11990.6 0.0224  0.2146
y=1 0.58458 13060.1 0.0065 e
8 35 =1 o
(] (]
gor NN L =
525 | 5
© 2.0 H R A ) ©
o i A RnEt o)
8 15 P l ! ! L | ,‘ g
o 1.0 I P e
© mww HHFIH ] —
w 05 i [ | (AR B e [72]
% oo i A L 2
o2 ) ‘ d LB i o~
S-vo [ FURE AR RRTIR N TRIOEE (1Y PR TR 11k S5
15 -
20
0
Time/s Time/s
(a) Variation curve of sprung mass acceleration in time domain (b) Local amplification
Fig. 7 - Response curve of sprung mass acceleration in time domain
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Fig. 8 - Response curve of tire dynamic load in time domain

It could be seen from Tab. 1 that when the mixing coefficient y value changed, the root mean square

values of the sliding surface Sground and Ssky were both small. It showed that the control system could track
the ideal skyhook reference model and ideal groundhook reference model well. When y =0, the hybrid sliding
mode control was equivalent to the groundhook reference sliding mode control. At this time, the tire dynamic
load was small and the sprayer had good road friendliness. When y =1, the hybrid sliding mode control was
equivalent to the skyhook reference sliding mode control. At this time, the sprung mass acceleration was
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small and the sprayer had good ride comfort. The y value was larger, the hybrid sliding mode control was
closer to skyhook reference sliding mode control, and the sprayer ride comfort was better. The y value was

smaller, the hybrid sliding mode control was closer to groundhook reference sliding mode control, and the
sprayer road friendliness was better.

When the values of y were 0, 0.5 and 1, the corresponding responses in time and frequency domain
of the sprung mass acceleration and the tire dynamic load were obtained, as shown in Fig. 7, Fig. 8 and Fig.

9. In Fig. 7, when y =0.5, the corresponding peak - peak of sprung mass acceleration increased compared
with y =1, and decreased compared with y =0. The sprayer ride comfort could be improved by increasing y

value. In Fig. 8, when y value was reduced, the tire dynamic load was also reduced and the sprayer road
friendliness was effectively improved.

Power spectral density of tire dynamic load/N*'s

Power spectral density of sprung mass acceleration/m”s™

5 10 15 20 25 30 35 40
Frequency/Hz Frequency/Hz

(a) Sprung mass acceleration frequency domain (b) Tire dynamic load in frequency domain

Fig. 9 - The curve of power spectral density

The Fig. 9 showed that in the vicinity of 1.2 Hz and 9 Hz, the sprung mass acceleration power
spectrum density corresponding to y = 0.5 was smaller than that when y = 0 and bigger than that when y = 1.
The tire dynamic load power spectral density corresponding to y = 0.5 was bigger than that when y = 0, and
smaller than that when y = 1. It showed that the hybrid sliding mode control could combine the advantages of
skyhook sliding mode control and groundhook sliding mode control, and had good comprehensive
performance.

As could be seen from Tab. 1, Fig. 7, Fig. 8 and Fig. 9, although the hybrid sliding mode control
could not achieve the effect of groundhook reference sliding mode control in terms of road friendliness, and
could not achieve the effect of the skyhook reference sliding mode control in terms of ride comfort, but
according to the sprayer different requirements, the mixing coefficient y was reasonably selected, and the
hybrid sliding mode control could take into account both ride comfort and road friendliness.

CONCLUSIONS

(1) According to the special operation characteristics and requirements of sprayer, an independent
vertical shaft air suspension system with auxiliary chamber was designed.

(2) A damping control strategy for the sprayer suspension was presented. According to the different
road surface, the variable throttle valve orifice opening was adjusted, the designed suspension system
damping ratio ¢ changed between 0.39 and 0.16. During the whole valve orifice being adjusted process, the
system natural frequency wn basically remained unchanged.

(3) A hybrid sliding mode control method which combined skyhook reference sliding mode and
groundhook reference sliding mode was proposed to control the sprayer suspension. When the mixing
coefficient y value was changed, the root mean square values of Sgound and Ssky were both small, the

established control system could track the ideal skyhook reference model and groundhook reference model
well.
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ABSTRACT

Ecological transport systems must be provided with efficient vibration damping systems for the comfort
and safety of the user. This paper analyses a shock absorption system that can be used in an individual
three-wheeled transport vehicle. The vehicle has a complex structure, with an equal size of the front and rear
wheels. This uniformity of dimensions between the rear and front wheels makes it easier to travel on rough
terrain and manoeuvre in a folded shape. The tricycle allows aggregation with different agricultural
equipment and can be used in small farms, greenhouses, solariums, meadows, orchards, etc. In this paper
we simulate several models of absorption systems with different construction parameters. The strength of the
system and the efficiency of shock absorption were taken into account. The best result of the simulation test
for absorption systems will be the comparison with the actual physical model used by the electric vehicle.

REZUMAT

Sistemele de transport ecologic trebuiesc prevéazute cu sisteme eficiente de amortizare a vibratiilor
pentru confortul si sigurantd utilizatorului. In lucrarea prezenta se analizeazd un sistem de absorbfie a
socurilor care poate fi utilizat intr-un vehicul individual de transport pe trei roti. Vehiculul are o structurd
complexa, cu o dimensiune egala a rotilor din fata si din spate. Aceasté uniformitate a dimensiunilor dintre
rotile din spate si cele din fatd face mai ugsoard deplasarea pe teren accidentat si manevrarea intr-o forma
pliata. Tricicleta permite agregarea cu diferite echipamente agricole si poate fi folositd in mici ferme, sere,
solarii, pajisti, livezi etc. In aceasts lucrare se realizeazd simularea mai multor modele de sisteme de
absorbtie cu diferifi parametri constructivi. S-a avut in vedere rezistenta sistemului si eficienta absorbtiei de
soc. Cel mai bun rezultat al testului de simulare pentru sistemele de absorbtie va fi comparatia cu modelul
fizic real utilizat de vehiculul electric.

INTRODUCTION

The need for agricultural equipment caused by the growth of the world's population is more than
obvious. Current agricultural equipment has reached its limits of optimization in terms of complexity and
efficiency with current technology. Moreover, improvements in the field of drive technology today, mainly
mechanical or hydraulic drives, are limited. Therefore, the focus in this area will be on electric units in the
future.

Reducing pollutant emissions and dependence on fossil fuels is a global goal. In many countries,
governments promote the use of efficient vehicles such as electric and hybrid vehicles. The development of
electric agricultural equipment has advantages in terms of increased energy efficiency and extended
functionality. Greater efficiency means reducing fuel consumption and subsequently reducing CO,
emissions. The new functionalities improve the quality of work and increase the comfort of the operator. The
major advantages of electrifying agricultural machinery are: electric motors can have an efficiency of about
90% compared to diesel engines powered by diesel, a maximum torque from time 0, lower maintenance
costs, noise reduction, low pollution and a more flexible design.
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Such a vehicle can be the electric tricycle, with low production and maintenance costs, reliability for
transport, its mechanics being relatively simple, having better stability than the motorcycle and possibilities of
adaptation for multiple utilities such as, in this case, operation in small farms, greenhouses, solariums,
meadows, orchards etc. (Suvac A, 2019)

The systems for suspension that integrate in their structure the rubber is encountered in many studies
because this optimizes the control of the shocks and the vibrations. For example, we can mention the study
conducted by Zhao L.L. et al., (2018), where, for improving the performance of a vehicle's seat, was created
a new type of suspension composed of springs made of composite material based on rubber. This
implementation has led to a low-frequency vibration attenuation generated by difficult terrain.

For vehicles used for rail transport are used, more and more often, as secondary suspension system,
pneumatic elastic elements that contain rubber (Spiroiu M.A, 2018). For trucks, the rubber elements are
designed to provide a reduction of the engine vibration and the transmission of the vibrations to passengers.
(Hur S, 2017).

In aeronautics, the problem of complex setup can be solved by generating new models based on
gualitative semantic models. The approach of this analysis requires the development of new models and
methods for obtaining information regarding the shape of the modeled object, which captures greater
importance than its structure (Tomilov I., 2015)

In the case of autonomous vehicles, in order to improve the comfort and handling achieved through
the dissipation of the energy induced by terrain, have been designed other types of suspension systems.
The relevant results in scientific literature, for example studies made by (Nielens H., 2004) are focused on
mechanical simulations, as well as on structures that have a better energy absorption. Other studies (Nielens
H., 2001) indicate that we should be cautious before using multiple suspensions regardless of terrain
because the handling becomes more difficult. Also, since these systems ensure a good efficiency of shocks
absorption generated by the terrain irregularities, and, as a consequence, a greater comfort is obtained, they
can generate, an increase in passenger’s effort, especially for cyclists.

Unfortunately, studies show that the passive vibration absorption systems, which use viscoelastic
materials due to their non-linear characteristics with temperature, frequency and mechanical stress, lead to
nonlinear dynamic properties (Neto F.P.L., 2012). Thus, in the design of the reliable vibration isolator system
from the point of view of the mathematical model and of the optimal design, it is necessary to determine the
degree of rigidity and absorption of the viscoelastic material influenced by shape and structure.

MATERIALS AND METHODS

In this paper, three different vibration damping structures and the mechanical vibration damping
intended for use in an individual electric tricycle vehicle (Fig. 1) were analysed. The systems are used
basically at the level of the foot sustaining parts, but they can be used at the direction.

a) b) c)
Fig. 1 - 3D model of the individual electric tricycle vehicle:
a) lateral view; b) isometric view; ¢) system structure
1 -external part, 2 — rubber, and, 3- central part

The three constructive solutions are presented structurally and physically in Fig. 2.
The characteristic elements are:

. exterior part is a rectangular shell with hexagonal solid central part, see Fig. 2a;
. exterior part is a rectangular shell with round shell central part, see Fig. 2b;
. exterior part is a round shell with rectangular shell central part, see Fig. 2c.
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Fig. 2 - Different constructive solutions for vibration damping structures
a) exterior part is a rectangular shell with hexagonal solid central part; b) exterior part is a rectangular shell with round shell central part;
c) exterior part is a round shell with rectangular shell central part

All the solutions for static mechanical load were tested with the sole purpose of validation of the
absorption system design structure. In this first step, the performance of the system isn’t taken into account,
because we were interested only in the functional mechanical load, which means applying a moment of
torsion on the central part. For this purpose, a testing stand was built (Fig. 3).

Three shape details were presented in Fig. 4a, 4b and 4c. Element 1 is fixed on the Table 4 and the
element 2 is a bar with the length of 1m which has a system for measuring the angle 5 (considering the
horizontal line as reference). The calibrated weight 3 is similar with the user’s distributed weight on the legs.
After a set of preliminary tests, a maximum mechanical load corresponding to 30kg was used. For this
purpose, a fastening part was constructed to allow the installation of each exterior elements of the tested
structures. On the central part a lever with 1m length was fastened, and to the free end we attached gauges
with pre-set weights.

Fig. 3 - Experimental testing stand for static mechanical load (physical view)
1) fastening device for the structure to be tested; 2) bar with the length of 1m; 3) calibrated weights;
4) table; 5) system for measuring the angle of the bar (considering the horizontal as reference) and the height

In the first case, the external part is a rectangular and the central part is the solid hexagon (Fig 4a).
Due to the compact structure, neither the external part, nor the central part is deforming and thus the rubber
will have a large deformation under mechanical load considered and has a null elastic characteristic.
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Fig. 4 - Experimental testing stand for static mechanical load
a) exterior part is a rectangular shell: 1) fastening part of the absorption structures;
2) bar used for applying the moment to the inner part; 3) hexagonal solid central part (hidden);
b) exterior part is a rectangular shell: 1) fastening part of the absorption structures; 2) bar used for applying the moment to the inner
part; 3) the outer part of the damping system; 4) round shell central part; 5) rubber;
c) 1) fastening part of the absorption structures; 2) bar used for applying the moment to the inner part; 3) exterior part is a round shell;
4) with rectangular shell central part; 5) between the parts there is rubber

Considering the structure where the exterior part is a rectangular shell with a round shell central part
(Fig. 4b), we didn’t achieve the expected results. We expected the central part to return to the initial position.
But, because the structure does not permit to the central part to have an elastic deformation, this part slides
on the rubber part and the whole structure isn’t returning to the initial position, as can be seen in Fig. 5.

Figure 5 is used only to demonstrate this behaviour, using a white paint on the exterior part and
another on the central part.

b)
Fig. 5 - Experimental testing stand for static mechanical load
a) Before applying loads; b) Testing stand under stress conditions
1) fastening part of the absorption structures; 2) bar used for applying the moment to the inner part;
3) exterior part is a rectangular shell; 4) round shell central part; 5) rubber

In the third case, the structure is made by a round shell as exterior part and rectangular shell as
central part. This structure had the best results in the first mechanical test. This is the reason why a dynamic
theoretical analysis was realized only for this structure. The experimental tests have been confirmed by the
finite elements simulation results. For this test, a 3D model using an automated fine meshing with 12524
nodes and 4623 elements was used. Each type of elements is tetrahedral. The exterior part is fixed and a
mechanical load of 300Nm was applied on the rubber central part. Fig.6 shows how the central part deforms
by adding, as effect, an elastic component to the structure.
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i

b)
Fig. 6 - Finite elements simulation results
a) mechanical strain; b) deformation, ¢) mechanical

Dynamic analyses
Due to the mechanical structure of the vehicle, the shape of the user's weight (dumping part which
can be put under the feet sustaining part as can be seen in Fig. 7 and the oscillation of terrain level, three
types of mechanical load were identified:
- compression of rubber elements;
- bending of the exterior part when the central part is fixed;
- bending of the central part when the exterior part is fixed;
- torsion of the central part when the exterior part is fixed, as in static tests and FEM presented in Figure 6.
The first case analysed is the compression caused by the system itself. The system is much longer
than the dimensions of the section of the frame. The load of the user's body is uniformly distributed by the
feet sustaining part (position 1 and 2, Fig. 7) which has, at the central part, a connection to the direction
system. We will consider this harmonic load because although the mass is unchanged when the terrain is
flat, but it has some roughness, due to the dynamics of the system the load varies because of its vertical
displacement.

Fig. 7 - The components of the absorbing system
1) position of feet; 2) the body support part; 3) rubber;
4) central part (the profile can be: hexagonal, rectangular or round); 5) exterior part

Since the structure has no bearing and no clearance, we can say that we are dealing with a system
with linear cubic rigidity. We can write, in this case, from a mathematical point of view the elastic component
of the system (Rades M., 1985):

fo = k(x + px)? (1)
where f,is the elastic force;
X - vertical deformation of the system;
k — stiffness;
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u - coefficient of negative nonlinearity since the tests showed that the system has a descending slope
S0, it has soft feature of the elastic component.

We consider that, when the vehicle is in motion, the force generated by the weight of the passenger
is harmonic with the magnitude F, and a small pulse w because of a very low frequency of the several Hz
that will result in a harmonic displacement. Since we have separated the types of mechanical load, we can
consider having a system with a degree of freedom consisting of a nonlinear spring because of the central
part deformations and a dissipative part consisting of rubber elements.

The motion equation in the form considering only the transversal vibration of the central part is
(Rades M., 1985):

m}'c'+gw—'k-5c+k(x+yx3) = Fye'®t 2)
In Eq. 2, g is an equivalent structural absorption factor. We're interested only in the first harmonic

and the displacement can be described in function of vector of the movement which has real component (ag)
and imaginary component (a):

y o ; 3
x =de™" = (ag +ia)e™" = ae'@*?  x% =-a’x (3)

The real component (az)and imaginary component (a;)of the system are:

3w o\ k —(gkaz)z
aR=(1+——a2——)—a2=F a” \ Fo
Wn Wn

4)
k 2

a4 =—ga (5)

Considering that the displacement amplitude and the phase 6 angle we can describe the vector of

the movement:
a=\ai + a3, (6)
tg(0) = 75— = —== (7)
n 14”/111 3
t [are?
Where n is the loss factor defined as the ratio between the energy dissipated in a vibration cycle and the
maximum potential energy, accumulated by the system in that cycle (Rades M., 1985).
We rewrite the equations according to the imaginary and the real part, and we obtain:

R 1

(=14 u(a) g [Fom—1 ®
2
» \2 _ Fo 2 3#(21:7(}() a,ZHFk—OaR
(&) =1+3u(3%) - — — 9)
2(5%) 11]1—(1,—0) a?

Equations describing a family of curves above the curve leaning towards the low frequencies:
w? = w? (1 + %uaz) (10)
The pulsation of the system should be different from the natural pulsation of the system which is
wn=\/% . In our case we obtained from the finite element model that its value was 0.07234.

We can define the stability limit as:
2 3 9
(wﬂ) =1+ pa® £ \Euza‘* -g° (11)
w\? _ g 3
(%) =1+59(6) + ) (12)

The following type of load is torsional for the entire structure. In our case the motion equations are
(Cérdei P, 2010):

B+ kol B +ky - B+ cB = M(t) (13)
. ( 1atcharging
where i = { 2 at discharging
with the original conditions
B(to) =0and [(ty) =0 14
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Experimentally, we obtain the values between the moment of torsion and torsion angle and, based
on these values, the chart presented in figure 8 was build. It can be seen, in figure 8, that there is a small
hysteresis, which hasn’t been taken into account, and using only the trend line, the resistant moment M(t)
was identified:

M(t) = 7.345p — 15.387 (15)

200
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0 5 10 15 20 25

Torsion angle [deg]

Fig. 8 - Diagram of the torsion moment vs torsion angle

CONCLUSIONS

In the article were presented three systems that can be used in individual electric vehicles, designed to
absorb the mechanical shock and to reduce vibrations. The experimental tests with static mechanical loads
identified the most efficient structure and it was validated by the finite element analysis. Also, for this
structure were analysed different types of simple dynamic load which will be integrated into a complex
mathematical model that can be used into other similar structures.

In the following research we will consider the bending and we’ll analyse the simplified case in which a
wheel does not move and the other moves under the action of the force generated by the deformations of
the land when the vehicle is in the movement and the third type of mechanical load in the case of which we’ll
consider the effect of the central part.

a) b)

Fig. 9 — 3D tricycle rendering
a) Used for a small trailer traction b) Used for a mower traction
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Fig. 10 — Testing tricycle prototype
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ABSTRACT

It is of great significance to acquire the soil surface roughness accurately for the study of the interaction
between tractors and soil. Based on the laser sensor, this paper proposed the non-contact measuring
instrument of the soil surface roughness with the data acquiring system by using Lab-View software. By using
W-M theory, three commonly used fractal dimension calculation methods are compared and analyzed.. The
result showed that the Root-mean-square method has the highest accuracy and clear physical meaning, which
is ideal method to calculate the soil surface roughness characteristics. When the fractal dimension is between
1.4 and 1.6, the acquired data is analysed by the Root-mean-square method to obtain the fractal features of
the soil surface roughness. The experiment results indicated that the fractal dimension of the ploughed surface
is 1.39, that of disc harrow surface is 1.550, and that of rolled surface is 1.46-1.54. Obviously, the fractal
dimension can accurately distinguish the soil surface roughness with the different treatments. However, the
fractal dimension selected from different scales showed an obvious instability during calculations. The surface
roughness index combined with the two parameters can effectively represent the soil surface roughness, and
the larger the surface roughness index is, the greater the surface roughness is.

BE

BHHR LB TR B FHERAY S LB HEEARFTEEER . BEFHHEIBH, FIFE
Lab Viewg# #REF L, 1Y 7 —FHIEZEMA L BEREHIREZNEN . FIFW-MEELHI B EHLXT 3 FhiEH
IR LR R B T %K T T BT, LBRFH, K IRERFREHIIEEFHIIYERX, EifELEE
EHIR B EERE T %, LA TR 1.4 ~1.6 Z[HRT, T HEN REMKIER T, S8 LEFT
FAREERI A T, IRBIEREN, EHERHNA LY 1.390, ELAFHIEFEHIAEEHKY 1.550, K
FIFEFHEFR BRI A TELEE Y 1.460-1.540, T, ALK T EHX DT UL L ERETREE. A,
HERF AR EREIIA R KA BT EFETH BT HEN. ZEPERKSHEEX TSI FET
RIS O A BRI A LT EHAREE, HREHAREEIEHEA, FHAREEEX,

INTRODUCTION

Soil surface roughness plays an important role on the formation of soil particles, soil surface abrasion,
wind erosion (Shu, 2016; Lin, 2019).Through the soil surface roughness analysis, predictions of soil erosion
and soil moisture and distribution maps of soil moisture content can be drawn (Zeng, 2017). In addition, the
interaction between the soil and the tire and the soil deformation can be simulated according to the surface
roughness (Mark, 2015; Hambleton, 2008). Therefore, the soil roughness is the object the agricultural
engineers and the automotive engineering personnel have studied since long (Per, 2010). This indicates that
research to characteristic of soil surface irregularity has the great significance.

Since the 1980s, fractal theory has been widely used in surface topography feature recognition, which
has good applicability for describing the natural phenomena of scale rate characteristics (Altun, 2016;
Fernandez, 2016). Therefore, regarding the randomness of spatial and temporal variability of agricultural soil,
the use of fractal analysis can better describe the soil surface irregularities and supply the information that the
traditional parameters cannot provide. So far, it has introduced a number of different methods of calculating
fractal dimension, such as the box counting method, variation method, power spectrum method, the Root-
mean-square method and the structure function method, these methods have their own characteristics and
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the applicable scope (Alsaidi, 2015; Tao0,2020). If the fractal dimension calculated and the actual types of
fractal sets are incompatible, big calculation errors will be caused.

In this paper, several commonly used methods to calculate the fractal dimension of the rough surface
are compared and studied to find a suitable characterization method for the fractal characteristics of the soll
surface roughness.

MATERIALS AND METHODS

METHODOLOGY

Fractal, as a novel mathematical concept, is widely applied in processing and analysing natural
phenomena of the complex minutiae characteristic. In the process of fractal attribute of surface roughness, the
first step is to choose the appropriate fractal dimension calculation method. If the calculated fractal dimension
is not compatible with the actual fractal set type, it will cause a large calculation error.

Measuring the spectral index g of a section is a common method to measure the fractal dimension.
Fractal dimension D can be evaluated by plotting the power spectrum P in a logarithmic graph.

P(w)=Bw” (1)
D=(5-p.)/2
where: D-the fractal dimension, [-];
fS-the slope, []

w-the frequency, [Hz];

B-a constant, [-];

Hurst method is a simple and direct method applied to self-affine profile data. This method finds the
maximum difference R (z) in the window z, and displays the difference in a log—log plot as a function of ‘window’
width. R () is calculated as follows.

= —mi 2
R(z) max X(t,7) —min X(t, 7) )

X (T, 7) is the data set. By dividing R (z) by ‘window’ width S (z), the R/S value will be a dimensionless
number, which can be used to compare different phenomena and data sets. The slope H will give the fractal
dimension according to D = 2-H. However, one disadvantage of this method is that transient noise may hide
"real" data, although Hurst method has been proved to be one of the more accurate methods when tested on
simulated isotropic noise-free sections.

The Root-mean-square (RMS) surface roughness describes the variation in surface elevation. It is also
known as the standard deviation of the surface height. The RMS is the most basic form of profile description.
The method of RMS height statistics hrws is as follows:

hRMS = J%zn:[s(x)_;(x)]z ()

X=l

Where: n-the observation times of each sample, [-];
S(x)-the height of the surface, the point X in the surface contour, [m];
S(x)-the average height of the surface contour, [m];
The fractal dimension is obtained from the log-log plot of the RMS /variance values versus the
perimeter length or box size. In this study we divide the profiles or the surfaces into equal-sized lengths or
boxes, and calculate the variance or the square of the RMS, as:

S(h)=,j%<1z[z(xi)—z<h)} > @)

hou=l h ich

— ChZ_DRMS

Where: Ny-the total number of boxes of size h, [-];
mp-the number of points in a box of size h, [-];
z(xi)-the measured value of profile curve that correspond to the x; position, [m];
Z(x)-average elevation value for all points in its box, [m];
c-scale parameter, [-];
Drws-fractal dimension, [-];
Changing equation (4) into the logarithm style, the form of linear equation is as follows:
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logS(h) =logc + (2 — Dgys ) logh (5)

Assuming fractal behaviour, the slope of the log-log plot of the structural function, S(h), against the
distance, h, gives an estimation of the Dgrus.

The RMS/variance method is useful since it combines traditional roughness measurements with fractal
analyses, and emphasizes the fact that RMS/variance values are scale dependent and can only be used as
gualitative measurement.

W-M function
The soil surface roughness has statistical self-affine property, which can be simulated by the ideal fractal
curve W-M which is continuous everywhere but not differentiable everywhere and has self-affine property. Its
expression is as follows (Deng, 2017):
z(x)=GD4§:7°°S(Z)f X 1<p<z, y51)
m ®)
Where: Z(x)-random surface profile height, x-profile position coordinates, [m];
G-amplitude correction, reflecting the amplitude of Z(x), which determines the specific size of Z(x), [-];
D-fractal dimension, [-];

Y™ -profile spatial frequency, to determine the surface roughness spectrum, [-];

In this paper, calculating methods of the fractal dimension of surface roughness were compared using
the standard functions. The fractal dimension of four W-M function curve was tested by using software
programming of Matlab 7.0 (taking D = 1.2,1.4,1.6,1.8; G = 0.01, y = 1.5); the results are shown in Table 1.

Comparison with four methods Table 1
RMS method Power spectrum Variation method Weighted RMS
. method method
Theoretica Fractal Fractal Fractal Fractal
| . . Accurac . . Accurac . . Accurac . - Accurac
. . Dimensio Dimensio Dimensio Dimensio
dimension n y n y n y n y
[-] [%] [] [%] [] [%] [] [%]
1.2 1.317 90.3 0.703 58.6 1.262 94.8 1.086 94.9
1.4 1.457 95.9 1.078 77.0 1.342 95.8 1.455 96.2
1.6 1.592 99.0 1.433 89.6 1.469 91.8 1.597 99.8
1.8 1.619 89.9 1.761 97.8 1.501 83.4 1.794 98.9

Analysis of results

It can be seen from the above computed results, for the simulated profile curve, that power spectrum
method increases its precision unceasingly along with the rise of fractal dimension. When the fractal dimension
is 1.8, the precision is higher than other methods. Variation method has the high precision when the fractal
dimension is small compared to other calculation methods, but the precision drops sharply along with the rise
of fractal dimension; the method is suitable for dimension analysis of less than 1.4 in profile curves. Root-mean-
square method has high computational accuracy in the theory fractal dimension of 1.4 to 1.6.

As physical meaning of the Root-mean-square method is clear, this method has very good function of
characterization to the surface profile curve. Simultaneously, pass through calculation of each kind of soil data,
it can be found that its fractal dimension value is smaller than 1.6, therefore the root-mean-square method was
used to calculate soil surface roughness in this article.

Root-mean-square weighting method

In the computational analysis, it is found that the fractal curve in the scale domain of the measure does
not strictly meet the fractal scaling rates. In different scale domain estimate of the fractal dimension, there are
still some differences, which makes difficult to eliminate subjective defects of fractal dimension.

It is observed from Equation (5) that, (2-D) is the slope of the straight line obtained from the statistical
regression in the double logarithmic graph, so that (2-D) is equal to ¢, which is called the fractal dimension
scale factor. If the time series strictly satisfies the fractal scaling rate, the scaling factor should be constant.
However, in the actual calculation of the fractal dimension of soil surface roughness, if the calculation of time-
domain value is known as the growth measure, and because calculation of the selected growth scale is
different, it will lead to the difference between the corresponding scale factors. Their standard deviation can
be expressed as:
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o =E ( . ) )

The smaller the value of Jc is, the closer the scale coefficient ¢ is, the higher the precision of fractal
dimension is. On the other hand, if the value of Jc is larger, the deviation of fractal dimension scale factor ¢ will
increase, and the accuracy of fractal dimension will be lower. In a certain confidence level, the confidence limit
of scale coefficient of these growth measure is:

g, =+ Ko, ®)
K is the ratio of scale factor, when K is discrete normal distribution and confidence level is 0.995 in the

case, K=2.99. The value of g, is substituted into (5), obtaining:
log S(z)=logc+¢, log = 9)

See Table 1 for the standard fractal dimension value calculated by standard function W-M method. The
results show that the accuracy of this method is obviously higher than that of the original Root-mean-square
method.

RESULTS AND DISCUSSIONS

Surface roughness testing device Design Solutions

The testing device of road surface asperity designed in this paper. This device uses laser distance
measuring sensor to collect the data information about the distance between the uneven ground and sensor.
From a light source L, a light beam is issued onto the surface of measured object O in Fig.1. The light beam
will hit the surface of the measured object at point A. The scattered light reflection is focussed through a lens
at a point 4’ on the detector. If the distance from the gauge probe to the measured surface is changed by X,
the light beam from the light source will hit the source O of the measured object at a new point B. The image
of point B on the detector at point B’ is displaced from the previous point 4’ by X’. The relation between the
distance change X and the translation of X~ by the light spot on the detector is determined by the geometrical
arrangement between the light source and the detector. This relation is not linear. Since the light source, the
lens and the detector are mechanically and solidly attached together, the relation between X and X" is known
and can be used to linearize the measured results.

-l
I Light

source

H

o. AN

Fig. 1 - The measurement principle of the laser profiler

The test system consists of the hardware control and software data processing in Fig.2. The hardware
control system is established on the ball screw slipway with the length of 1.2 m and lead of 5 mm. The rack is
0.6 to 1 m higher above the ground, which is equipped with 42HD1403 two phase four-wire stepping motor
and high-subdivision stepper motor drives 2HD403 with a stepping angle of 1.8°. The laser distance measuring
sensor has a range of measurement of 0.2m to 2m with a resolution rate of 1mm and data interface of RS232
USB. In the process of measuring, the laser sensor is fixed on the sliding block and moves back and forth
along with the screw on the horizontal direction. The data transmission interface is connected with the USB
interface. The controller adopts STC89C52 single-chip as the central processing unit and programming adopts
the integrated development environment of Keil-uVision4. The serial port break method is utilized to receive
the control order from the upper monitor and control the working condition of stepper motor driver module. The
working voltage of stepper motor driver is DC 24V (external power source) and that of the single-chip control
system is direct current 5V (computer serial port power supply).
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A laser profiler was applied to measure agricultural soil roughness. The profiler is capable of acquiring
roughness profiles of up to 1 m long at one time. The spatial resolution of the instrument is 1 mm. The
instrument is thus well suited for capturing accuracy roughness information. The software control system
adopts the virtual instrument software development platform LabVIEW2014 and the modular design method.
The module is independent, and realizes the functions of parameter setting, control instruction sending, data
acquisition and analysis processing, graph drawing and data display. The data processing software interface
and system flow chart are shown in Fig.3 and Fig.4.

Under the “measurement mode”, first, it is demanding to reset the laser sensor location and click on the
button of “Start Calibration”. Send “3” to the single-chip controller through the software. After receiving the
instruction, the controller will reverse the stepping motor and the sliding block drives the laser sensor to move
left to the “zero”. Click on this button after it reaches “zero” and the software system will send “zero” to the
single-chip controller. The stepping motor will enter the “forward state”, indicating the completion of calibration
and entry into the state of waiting for the instructions.

Click on the button of “start processing”. The software will send “Ox4F” to the laser sensor; after the laser
sensor is started, “Ox43” is sent after 3s so as to place it under the continuous collection mode (at this time,
the laser sensor has already started sending the collected data to the serial port; however, the software system
does not read this data). At last, click on the button of “collecting data”. After setting the save path, the stepping
motor is driven for operation according to the parameter that has been set’ meanwhile, the upper computer
software reads the data collected by laser sensor and exercises the real-time display and storage. When the
measuring point reaches 1024, the software system stops data storage. At the same time, the MCU names a
new measuring file according to the time and stores the data in the file. The single-chip controller is also started
to drive the stepping motor.

Soil Surface Rou easurement System

Graphical display of real-time acquision I OUTPUT
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e
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Fig. 3 - Data processing interface
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Three types of tillage surfaces, that is ploughed, harrowed and rolled surface, are tested, details
concerning this database are showed in Fig.5. Profiles are acquired at O (parallel), 45 and 90 (perpendicular)
degrees with respect to the tillage direction. The measuring length is 5 m.
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Fig. 5 - Profiles of different tillage soil surface

Calculation of fractal dimension
Three kinds of soil surface roughness are analysed with root-mean-square weighting method and the
result is shown in Table 2. The fractal features of the three soil surface asperity of the data are presented in

Fig.6.
RMS height, fractal dimension and surface roughness parameter Table 2
Tillage Ploughed soil Harrowed soil Rolled soil
method 0° 45° 90° 0° 45° 90° 0° 45° 90°
D 1.340 1.391 1.362 1.471 1.534 1.497 1.622 1.552 1.578
RMS 22.395 37.294 40.773 11.941 9.014 10.214 6.689 10.984 8.485
R* 103.55 181.86 231.59 29.13 17.58 22.30 10.42 21.94 15.03

Table 2 shows that fractal dimension can distinguish the different tillage states. There is a good
correspondence between tillage state and fractal dimension. For instance, the ploughed surface exhibit D less
1.40, rolled surfaces exhibit D more than 1.55, whereas the harrowed surfaces have D values between 1.40
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and 1.55. So, fractal dimension can be considered as a reliable parameter to describe local irregular structure
of soil surface. The more non-uniform the surface roughness profile, the higher the fractal dimension.
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Fig. 6 - Fractal features of different soil surface

Fig. 6 shows that measure S(z) and scale z display good linear relation in the bi-logarithmic diagram, a
phenomenon that eloquently demonstrates that the curve of soil surface asperity is of typical fractal features.
The irregularity of the soil surface could be described by the fractal dimension.

At the same time, it can be found that fractal dimension is the slope coefficient of the straight line
between logS(h) and log(h). If two scale lines are parallel, it can be gotten the equal fractal dimension. Surface
with the same profile shapes but with different profile heights have the same fractal dimensions. However,
properties of such surfaces are completely different. In general, only the fractal dimension cannot express the
character of soil surface’s roughness. Therefore, a new parameter is still necessary. In the following, we will
show that combining local fractal structure with classical parameters (RMS height) leads to satisfying

description of soil surfaces. The overall statistics for RMS height as a function of fractal dimension are
summarised in Fig.7.
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Fig. 7 - Effect of vibration frequency on the quality of pelleting

The Fig.7 shows that the linear relationship of RMS height hgums and fractal dimension Dgrws is not very
obvious. For our database, the greater the RMS height is, the smaller the fractal dimension is. In fact,
observation of our test soils show that for small RMS height, local structure is often described by small clods
and then introduces a very high variability in the surface leading to a high fractal dimension.

The Equation(5) indicates that when the size of h is a unit, the dimension parameter logC is the intercept
of the regression line in logS(h) -logh plot. In other words, it is the height deviation of the profile in unit scale,
and it has the same physics sense with the profile mean root square deviation value hgyvs. Therefore, we defined

roughness index as a combinative parameter of fractal dimension D and mean root square deviation hgws, with
the form as following:

1
R” = Noys Drws (10)
When Drus keeps invariable, the increase or decline of hrus reflects the flat grade of the surface.
increases or declines with hgms changes. So, we can apply to identify the complexity roughness surface. For
instance, Table 2 shows that hrms value between the harrowed and rolled surfaces is basically the same. But
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value of the ploughed soil, harrowed soil and rolled soil has a big difference. So, roughness index has high
resolution capability to express the soil surface roughness.

CONCLUSIONS

1) The self-made soil surface asperity tester is utilized to collect the relevant information, which could
provide a rapid and efficient method for the engineers to collect the data information about the soil surface
asperity.

2) For cultivated soils, the fractal dimension is 1.3 to 1.6; calculating its fractal dimension using Root-
mean-square method has high precision; Root-mean-square measure directly reflects the dynamic level of the
surface profile roughness in the different scales, its physical meaning is clear, the fractal attribute is intuitive,
after all, it is an effective way for soil surface fractal.

3) Calculating fractal dimension by modified Root-mean-square method can get right dimensions of
division ratio with the growth measure; any scale of the fractal dimension has little influence on the results, so
it is very stable and accurate to calculate fractal dimension of soil surface using this method.

4) The relationship between RMS height of the traditional statistical parameters and the farming way is
not as obvious as the relationship between the fractal dimension and farming way of soil. Linear relationship
between D and RMS is not very obvious, but as a whole, RMS height decreases as the fractal value increases
gradually.

5) Describing the surface roughness with surface roughness index has higher resolution power than
with RMS; it retains not only the characteristics of multi-scale fractal measurement, but also retains the
advantages of traditional roughness parameters intuitive and simple. The greater the surface roughness index,
the greater the surface roughness, and vice versa.
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ABSTRACT

In order to find the variations of mechanical properties of millet stalk during dynamic cutting, a three-
dimensional model of cutting parts and a double-layer flexible model of millet stalk were established in this
study. The mechanical cutting properties of millet stalk at different cutting speeds and blade oblique angles
were investigated based on ANSYS/LS-DYNA, while the verification tests were carried out based on the self-
made cutting test bench. Simulation results showed that the maximum Von Mises stress was concentrated
on the contact point of the stalk and the moving blade. The maximum Von Mises stress of stalk during
extrusion, cutting, and after cutting were 60.03 MPa, 60.72 MPa, and 39.87 MPa, respectively, and the
cutting energy of stalk epidermal tissue was greater than that of inner tissue. The cutting stress and the unit
area cutting energy decreased first and changed steadily as cutting speed was increased when the cutting
speed was 0.5-1.5 m/s. When the blade oblique angle was 0°-48°, the cutting stress decreased as the blade
oblique angle was increased, while the unit area cutting energy decreased first and then increased.
Verification tests showed that the cutting speed and the blade oblique angle had significant effects on the
cutting mechanical properties (P < 0.05), which was consistent with the simulation test results. Research
results can be used to optimize the cutting parameters of millet stalk.

WE
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INTRODUCTION

Cutting is one of the necessary processes of crop mechanical harvesting. The cutter is one of the key
parts of the harvester, and its performance parameters not only is a prerequisite for smooth progress of the
harvester operation, but has great significance for reducing cutting force and energy (Wang et al., 2017; Liu
et al.,2018). Millet, a graminaceous plant, is mainly grown in the temperate and tropical regions of Eurasia,
and it has gradually become an important crop for adjusting the structure of the planting industry and
improving dietary habit with the improvement of people's living standards (Annor, et al., 2017; Li, et al.,
2018). Nowadays, most researches mainly focus on the mechanical threshing, separating, cleaning and
other mechanical harvesting issues to reduce grain loss (Liang, et al., 2015).
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Imminently, due to the large diameter and high hardness of millet stalk, how to reduce the stalk cutting
force and energy is an urgent problem to be solved under the background of energy conservation.

Our research group performed a quasi-static cutting mechanical test of millet stalk previously (Zhang, et
al., 2018). In order to obtain the cutting mechanical parameters more accurately, it is necessary to consider
the dynamic cutting mechanical characteristics because of the faster cutting speed during mechanical
harvesting. ANSYS/LS-DYNA is an explicit solution software that can solve highly nonlinear structural
dynamic questions, and using it can greatly shorten the cycle of development (Zhang, et al., 2010). The
mechanical model of cutting stalk belongs to a typical high-speed erosion model, and adopting ANSYS/LS-
DYNA can clearly express the interaction between the stalk and the cutter to explore the failure form and the
change laws of mechanical properties of the stalk under different cutting parameters. Most Scholars had
used this software to simulate the cutting experiments of stalks such as Chinese Cabbage, sweet sorghum,
corn and sugarcane, and the stalk failure stress during dynamic cutting was found (Zhang, et al., 2010; Diao,
et al., 2011; Huang, et al., 2011). Many scholars also analysed the regular patterns of cutting mechanical
properties of stalk with different cutting speeds and blade oblique angles (lgathinathane, et al., 2010;
Johnson, et al., 2012; Song, et al. 2015), but there are few studies about the dynamic cutting mechanical
characteristics of millet stalk.

In this study, the material model of millet stalk and mechanical cutting simulation test based on
ANSYS/LS-DYNA were carried out, and the simulation results were compared with the verification test based
on the cutting test bench. The change rules of stress during mechanical cutting and the effect of cutting
parameters on its properties were analysed. These results not only provide a modelling method for millet
stalk, but supply a reference for optimization of cutting parameters of millet stalk.

MATERIALS AND METHODS
Sample preparation
The millet stalk was taken from the test field of millet planting in Taigu County, Shanxi Province, China

(112°55' E, 37°43' N). After the stalks without lodging, diseases and pests were randomly taken back, the
stalks were cut about 15 cm from the root. The moisture content (w.b.%) of the stalks were measured at
67.83% by the standard method (ASABE, 2008). The cross section of millet stalk was similar to hollow
ellipse, and the average length axis D1, short axis D2, and wall thickness T of stalks were about 12.50 mm,
7.75 mm, and 3.17 mm, respectively, as shown in Fig. 1.
Cutting model

In this study, the millet stalk was regarded as an elastomer, and the node load, node displacement,
node speed, and node acceleration can be expressed by the following general dynamic equation in the
process of analysing the elastomer (Liu et al., 2018):

[MIXFHICH X+ KT (X} ={F (T)) (1)

where: [M] is the structural mass matrix; [C] is the structural damping matrix; [A'] is the structural

stiffness matrix; {X} is the node position vector; {X} is the node velocity vector; {X} is the node

accelerated velocity vector; F is the load; T is the time.

Millet stalk is composed of epidermal tissue, basic tissue and vascular bundle (Zhang et al., 2018). The
physical properties of millet stalk were shown in Table 1. Specifically, the wall thickness, density, elasticity
modulus and shear modulus of epidermal tissue and inner tissue (basic tissue and vascular bundle) of stalks
were measured in biomechanical test before this study (Zhang, 2019), and the Poisson's ratio was taken
from the references about agricultural material (Ma et al., 2015). According to the modelling method (Cui et
al., 2010), the stalk was simplified into a hollow elliptic cylinder with equal section, as shown in Fig. 1.

Table 1
The size and mechanical parameters of the cutting model
. Wall thickness | Density Elasticity modulus Shear modulus Poission's

Material .
[mm] [9/cm3] [MPa] [MPa] ratio
Epidermal tissue 0.28 0.77 8.79x103 9.54x103 0.30
Inner tissue 2.89 0.72 4,93x10° 3.71x103 0.30
Moving blade / 7.85 1.98x10° 7.86x10% 0.35
Guard / 7.30 1.51x10° 6.10x10* 0.25
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The standard type Il cutter (including the type Il moving blade and the type IV guard) commonly used in
harvester were selected, and its structural parameters and physical properties were determined according to
the national standard of China (China National standardizing committee, 2009).

The stalk cutting model is shown in Fig.2, and the mechanical parameters of the cutter are also shown in
Table 1.

D

=

Epidermal tissue Inner tissue

Cross section

@/ Moving blade Millet stalk

Millet stalk
Fig. 1 Simplified stalk model Fig. 2 Cutting model

Simulation test

HyperMesh Desktop 14.0 was adopted for pre-processing of the cutting model, including the following
steps:

Cutting model meshing: Tetrahedral solid unit was selected to mesh the cutter and the stalk. The contact
area of the cutter and the stalk and the non-contact area were meshed in turn, and the grid size of the
contact area and the non-contact area were 2 mm and 5 mm, respectively. In this way, there were 2263,
8621, 58032 units for the moving blade, cutter and stalk, respectively.

Material parameter setting: The material parameters were determined according to the Table 1.

Contact condition and constraint condition setting: The contact forms of millet stalk with moving blade
and guards were erosion contact and face contact, respectively, and the dynamic friction and static friction
were 0.12 and 0.24, respectively (Xue, 2018). The moving blade was set to translational freedom in the
cutting direction, and the guard and the bottom stalk were fully constrained.

Initial condition of simulation setting: In order to analyse the influence of cutting speed and blade oblique
on mechanical properties of millet stalk, different cutting speed (0.5-1.5 m/s) and blade oblique angle (0°- 48°)
were set in the simulation test. Meanwhile, the solution time and the simulation interval time were set to
0.04s and 0.0008s, respectively.

The pre-processing file was saved as a .k file, and then loaded into ANSYS / LS-DYNA to solve.

The stalk cutting energy and the reaction force received by the moving blade were recorded during the
simulation cutting process, and the cutting stress and the unit area cutting energy were calculated by
equation (2) and equation (4).

Verification test

The self-made cutting test bench was used to stalk cutting test (Fig.3). The cutting test bench is
powered by a speed-regulating motor, and the slider-crank mechanism drives the moving blade to move in a
straight line to complete the stalk cutting. The cutting force was measured by the force sensor, and the
sensor signals were recorded by the TST5000 data acquisition instrument (Fig.4).

The motor speed can be controlled by the inverter to adjust the average cutting speed of the moving
blade (0-2 m/s). The moving blade is provided with a central hole and an arc-shaped hole surrounding the
central hole, so the angle of the moving blade can be adjusted from 0 ° to 48 ° (Fig.5).
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The stalk cutting force during the verification test was recorded by force sensor, and the cutting stress,
cutting energy and the unit area cutting energy were calculated as follows:

_Fmax-f 2
r= (2)
W=[(F vote)f £ var @)
w, - 1000-W @

A

where: 7 is the cutting stress, [MPa]; A is the area of stalk cross section, [mmZ2]; Fmax is the maximum cutting
force, [N]; f is the No-load resistance of moving blade in the verification test, [N]; F is the cutting force during
the cutting test, [N]; W is the cutting energy, [J]; Wa is the unit area cutting energy, [mJ-mm™2]; v is the
average cutting speed, [m/s]; t is the cutting time, [s].

RESULTS
Stress distribution of millet stalk during cutting

The stress-strain cloud diagram of millet stalk from simulation test is shown in Fig.6. When the cutting
speed was 1 m/s and the blade oblique was 30°, the stalk was squeezed first, and the maximum Von Mises
stress of stalk at the contact point with the moving blade increased rapidly to 60.03 MPa. This is due to the
tougher epidermal tissue of the millet stalk, and the moving blade had a certain impact force, resulting in Von
Mises stress rising rapidly. Then the moving blade cut into the stalk, and the Von Mises stress changed
dynamically, and the maximum Von Mises stress was 60.72 MPa. After cutting, the stalk was cut off and
there was a certain residual stress of stalk, and the maximum Von Mises stress decreased to 39.87 MPa.
Similar rules were found in other simulation tests at different cutting speeds and blade oblique angles.
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Fig. 6 - Stress and strain cloud diagram of the millet stalk during cutting
The variations of the cutting force, the cutting energy of stalk epidermal tissue and the inner tissue were

shown in Fig.7, Fig.8 and Fig.9, respectively. In the cutting process, the cutting force increased intermittently
until the stalk was cut off, the cutting force dropped to O N.
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The cutting energy of the epidermal tissue and inner tissue of stalk increased first and then presented a
stable change trend. When the cutting speed was 1 m/s and the blade oblique angle was 30°, the maximum
cutting force and the whole cutting energy (cutting energy of epidermal tissue and inner tissue) were 153.02
N and 1.07 J, respectively. The cutting energy of epidermal tissue and inner tissue of stalk were 0.86 J and
0.21J, respectively. Obviously, the epidermal tissue is stronger than the inner tissue of stalk, and similar

rules in other simulation tests at different cutting speeds and blade oblique angles.

Effect of cutting speed on mechanical cutting characteristics of millet stalk

Simulation tests were conducted at five average cutting speeds of 0.5, 0.75, 1.0, 1.25 and 1.5 m/s. The
variations of cutting stress and unit area cutting energy of stalk are shown in Fig.10. From Fig.10, we can
find that the cutting stress and unit area cutting energy of stalk showed a trend of first decrease and then

steady change with increasing average cutting speed.
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Fig. 10 - Variation of cutting mechanical properties with cutting speed

The reason was that the cutting process was divided into extrusion process and cutting process. When
the cutting speed was slow, the stalk had a compression deformation under the action of cutter, but the time
to transfer the stalk compression deformation gradually decreased with the increasing cutting speed. As a
result, the amount of compression deformation does not change significantly, that is, the moving blade can
easily cut into the stalk to complete the cutting at a higher speed. These results were consistent with the
cutting tests previously mentioned by Li et al. (2011) and Song et al. (2015).

Verification tests at different cutting speeds were also carried out in this study, and similar rulers were
found in verification tests. When the average cutting speed was 0.5-1 m/s, the cutting stress and the unit
area cutting energy of stalk decreased significantly (P<0.05), but the cutting mechanical characteristics did
not change significantly when the average cutting speed was 1-1.5 m/s (P> 0.05). The cutting stress and unit
area cutting energy were the smallest when the average cutting speed was about 1 m/s. Therefore, the
cutting simulation model established in this study was effective and could be used to reflect the cutting
mechanical properties of millet stalk to a certain extent.

Effect of blade obligue angle on mechanical cutting characteristics of millet stalk

Simulation tests were conducted at five blade oblique angles of 0°, 12°, 24°, 36° and 48°. The variations

of cutting stress and unit area cutting energy of stalk are shown in Fig.11. As can be seen, the cutting stress
decreased with the increasing blade oblique angle, but the unit area cutting energy decreased first and then
increased with the increasing blade oblique angle. These results were also consistent with studies by
Mathanker et al. (2015) and Song et al. (2015). The reason can be attributed to the fact that the stalk was
firstly clamped and fixed by the cutter, and the blade oblique played the role of sliding cutting the stalk. The
actual wedge angle of moving blade is decreased with increasing blade oblique angle when sliding cutting
the stalk (Pang et al., 1982). Thus, the normal force used to cut stalk is reduced, and the cutting stress and
unit area cutting energy decreased. However, the relative distance between the stalk and the moving blade
increased when the blade oblique angle was too large. So, the cutting energy is not only used to cut the stalk,
but also for the friction power consumption between the stalk and the moving blade, leading to an increase in
unit area cutting energy of stalk.
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Fig. 11 - Variation of cutting mechanical properties with blade oblique angle
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Verification tests at different blade oblique angle were also carried out in this study, and similar rulers
were found in verification tests. Multiple comparisons of the mean values showed that the blade oblique
angle had a significant effect on the cutting stress and the unit area cutting energy of stalk (P> 0.05), and the
unit area cutting energy was smallest when the blade oblique angle was about 30°. These results were
different from the previous quasi-static cutting test results (Zhang et al., 2018), which is caused by high-
speed cutting, and the high-speed cutting was much closer to the actual working conditions of harvest.

CONCLUSIONS

The simulation tests and verification tests of dynamic cutting of millet stalk were carried out, and the
following conclusions were obtained:

(1) Dynamic cutting process of millet stalk could be divided into extrusion process and cutting process,
and the maximum Von Mises stress was concentrated on the contact point of the stalk and the moving blade.

(2) The cutting energy of stalk epidermal tissue was greater than that of inner tissue.

(3) The verification test results were consistent with those of the simulation test. The cutting speed and
the blade oblique angle had significant effects on the cutting mechanical properties (P < 0.05). When the
average cutting speed was 0.5-1.5 m/s, the cutting stress and the unit area cutting energy decreased first
and changed steadily with the increasing cutting speed. When the blade obliqgue angle was 0°- 48°, the
cutting stress decreased with increasing blade oblique angle, while the unit area cutting energy decreased
first and then increased.

(4) The average cutting speed and the blade oblique angle suitable for millet stalk dynamic cutting were
about 1 m/s and 30°, respectively.
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ABSTRACT

Apple harvesting in orchards is a challenging task due to its dependence on manual labour. In
addition, the reduction in skilled farmers and increasing employee costs have popularized mechanical
harvesting. As a highly optimal apple picking method, apple harvesting robots integrate machine vision,
image processing, robot kinematics, and multi-sensor fusion. This article reviews the vision system and
mechanical structure of apple harvesters and evaluates the performance of robotic apple harvester
prototypes from 2010 to 2018. Moreover, horticultural adaptability is also discussed in order to facilitate the
expansion of orchard structures suitable for mechanized operations. We find that to solve the difficulties
faced by apple harvesters, the development of mechanized apple harvesting and modern orchard structure
applications must be accelerated. Furthermore, research into anthropomorphic control strategies has the
potential to optimize picking patterns, while improvements in environment reconstruction and semantic
segmentation can improve harvesting efficiency. Finally, the challenges and strategies based on the
development status of robotic apple harvester are also analysed. The review is intended to assist
researchers in structure design, sensor choice and adaptability improvement of agricultural machinery and
horticulture, and to influence the direction of the development of robotic apple harvester.
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INTRODUCTION

Apple is one of the most valuable agriculture products across the globe. According to the United
States Department of Agriculture (USDA), global fresh apple production between 2018-2019 was
approximately 68.7 million tons (USDA, 2019). As the world’s biggest apple producer, according to China
Agricultural Yearbook of 2016, the apple planting area in China covered 2.32 million hectares, accounting for
17.9% of the global total planting area. Furthermore, apple production reached 43.882 million metric tons,
accounting for 24.2% of the total. Since the 20th century, the development of agricultural mechanization
technology has fundamentally changed modern agriculture, allowing for the mechanization of farming to
harvesting in the main food crops (e.g. wheat and corn). However, the harvest of fresh fruit, such as apple,
pear and peach, which is easily prone to bruising and damage, remains as a complicated task for farmers
(Bac et al., 2014).

1 LingXin Bu, Ph.D. Stud. Eng.; ChengKun Chen, M.S. Stud. Eng.; GuangRui Hu, M.S. Stud. Eng.;
Adilet Sugirbay, Ph.D. Stud. Eng.; Jun Chen, Prof. Ph.D. Eng.
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In particular, apple harvesting is highly labour intensive, with manual labour making up 35-40% of the
total orchard production process during harvest (Sanders, 2005), and approximately 25% of labour cost used
during the harvest process (Gallardo and Brady, 2015).

The 21st century has seen a reduction in the agriculture-related workforce, placing a serious challenge
in many countries. Mechanization has the potential to overcome this obstacle faced by the fruit industry
(Fennimore and Doohan, 2008).

Robotic and platform-assisted mechanical apple harvesting technology focuses on semi-automatic
harvesting technology (also known as bulk technology) (Zhang et al., 2016; De Kleine and Karkee, 2015).
For the application of this type of technology, a worker is initially required to drive the machine to the target
location, whereby the machine then generates external excitation in order to detach the apples from the
limbs. This basic principle can be employed for both single tree vibration harvesting (McHugh et al., 1981)
and over-the-row continuous harvesting (Monroe, 1982; Peterson, 1982a). However, harvesting machines
based on the shake-and-catch (Peterson et al.,, 1985), combing principle (Le Flufy, 1983), rod press
(Peterson, 1982b), and air jet (Berlage, 1973) approaches are easily damaged and thus cannot be used for
the harvest of fresh apples. Apple harvesting robots integrate machine vision, image processing, robot
kinematics, and multi-sensor fusion. Relevant research on the identification, picking and placing of the fruit in
order to reduce the damage rate and improve efficiency is still in the laboratory and orchard trial phase.
Platform-assisted harvesting concepts integrate the working platform, conveyor and fruit collecting systems
(Peterson and Miller, 1996). In contrast to manual harvesting, where climbing a ladder is required, workers
are placed on a platform in order to pick apples from trees, depositing them in an automatic fruit delivery
mechanism that subsequently delivers the fruit to fruit-collecting boxes. Although commercial platform-
assisted products are available, they are expensive and require workers of high quality.

Apple harvesting robots have been the focus of research for over three decades. Despite this,
commercial apple harvesting robot systems are unavailable on the market. This is attributed to high
manufacturing costs, low harvesting efficiency and poor horticultural adaptability to environment complexity.
Thus, we aim to review the state of apple harvesters in terms of their vision system and mechanical structure,
as well as the performance of robotic apple harvester prototypes, from 2010 to 2018. Furthermore, we also
investigate the theme of horticultural adaptability, thus facilitating the expansion of orchard structures for
mechanized operations. Finally, we evaluate the current development status of apple harvesting robots, and
predict possible trends and challenges for the future.

VISION SYSTEM

Machine vision systems are widely employed in agricultural robotics applications, including vyield
estimation, path planning and vision-based control. Previous studies have achieved fruit grasping by driving
the robot to the target position (Barth et al., 2016). The visual system simultaneously recognizes the fruit and
acquires depth information. Depth information can be determined directly via time-of-flight (TOF) methods,
including the deployment of laser range finders and 3D-cameras, or indirectly using colour images, such as
monocular and binocular depth. Recent reviews on recognition algorithms present a comprehensive
evaluation of such methods (Wang et al.,, 2017). In the current paper, we focus on the hardware
requirements and their performances of the following four methods.

Laser range finder

A laser range finder is able to perform scene reconstruction through horizontal and vertical scanning.
(Jiménez et al., 2000b) developed a laser-based computer vision system for the picking of spherical fruit by a
harvesting robot. More specifically, the contour, crown, convex and reflectance primitives generated by the
range and reflectance information were applied to determine the 3D position, radius and surface reflectivity
of the fruit. The study was able to achieve a 100% and 74% detection rate of the red and green fruit,
respectively. This system proved to perform well under scenarios with shadows, occlusions, and overlaps.
However, the scanning speed (20s) and processing time (60s) limited its application (Jimenez et al., 1999;
Jiménez et al., 2000a).

Liu et al. (2010) designed a three-dimensional vision sensor based on reflectance spectra variations
across Fuji apple tree components. Laser reflection at the wavelengths of 685 nm and 830 nm were used to
distinguish apples from branches and leaves, with depth information determined from the reflection at 830nm.
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Experimental results indicated a stable output signal of the system, ranging from 150 mm to 750 mm,
and a maximum error of 13 mm.

Furthermore, previous work has integrated machine vision and laser ranging sensors into a fruit
detection system based on an apple picking robot. This real-time system employs CCD camera image
feedback to drive the robotic arm, such that the camera mounted on the end-effector was aligned with the
target fruit in 2D space, and the laser measured the fruit centre. The detection accuracy of this system lies
within 3 mm (Bulanon and Kataoka, 2010).

Monocular camera scheme

Parrish et al. (1977) presented a camera model that mapped plane coordinates to spatial coordinates
via a perspective transformation that calculates location information in natural scenes. More specifically, a
single-camera moving with the end-effector (eye-in-hand) can locate the fruit (Zhao et al., 2011). The
location process is similar to that of laser ranging sensors in that the setting position is based on information
derived from the image, while the distance between the target fruit and the camera is determined via the
camera parameters and geometrical relationships. Triangulation is then used to calculate the additional
distance to the target apple, and is updated in real-time as the camera approaches the target apple (Baeten
et al., 2008).

Binocular vision system

Binocular visual localization calculates the parallax of image pairs that can be potentially matched
together. The distance to objects from the camera is converted using relative camera locations and
orientations, and built-in parameters of the cameras. Therefore, calibration is necessary prior to fruit
recognition.

Li et al. (2016a) used a Bumblebee?2 binocular camera mounted on the manipulator of the system to
detect apples in a single tree canopy. Limited by the vision of the camera, the robotic arm moved in front of
the canopy, stopping to collect images in order to localize all apples. At least six images were required to
cover the region of the canopy to be harvested.

Binocular vision imaging sensors can also be applied in global vision systems. (Si et al., 2015) used
two complementary metal-oxide semiconductor (CMOS) cameras to implement a recognition algorithm, with
distance estimation errors observed to be less than 20 mm in the range of 400-1500 mm. In order to
overcome lighting issues, (Hohimer et al., 2019) fused stereo image pairs at five exposure values collected
via a Bumblebee XB3 industrial stereo vision imaging sensor to form a single image.

Ji et al. (2017a) constructed an experimental platform with an MV-VS220 binocular stereo vision
system in order to locate branches. The platform was based on skeleton feature extraction, and was able to
avoid branch obstacles during apple picking with the harvesting robot manipulator. Errors of just 1.5 mm
were associated with distances of 1000 mm between the object and binocular camera.

Wang et al. (2013) integrated two high-resolution monocular Nikon D300s cameras with wide-angle
lenses into an autonomous orchard vehicle for yield estimation. The global location of apples was calculated
from image sequences taken by the two cameras at either side of the tree row. Each single apple was
matched in the different images, merged and subsequently registered on the global map. However,
navigation system errors and stereo triangulation bias led to inaccurate position information.

3D-camera system

A 3D-camera is a type of time-of-flight detector, whereby the lens collects the reflected light and
images it onto the sensor or focal plane array. Such a camera is able to detect the intensity, distance and 3D
coordinates of the fruit (Gongal et al., 2015). Previous research has implemented a 3D-camera as the single
sensor for a vision system. Features of the target were extracted from 3D point clouds, and were
subsequently used to reconstruct the fruits, such that apples could be separated from branches and leaves.
(Nguyen et al., 2016) used the colour feature to test a Kinect sensor system, resulting in 100% and 80%
detection rates for fully and partially visible apples, respectively. Location errors were reported to be less
than 10 mm, with a 50 ms processing time per apple. (Tao and Zhou, 2017) evaluated five features for the
recognition of apples, branches and leaves, observing that a support-vector machine, optimized by a genetic
algorithm (GA) and trained using Colour-FPFH (combined colour features with Fast Point Feature Histogram),
was associated with a high recognition accuracy and performance.

Wang et al. (2012) tested a vision system consisting of a Kinect sensor positioned on the manipulator
and a camera mounted under the gripper allowing for long-distance observations to locate targets as the
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system approached them. Kinect sensor errors for distances of 240 cm and 150 cm were reported as 4.9 cm
and 2.4 cm, respectively.

Gongal et al. (2016) constructed a sensor system consisting of a PMD CamCube 3D camera, a
Prosilica GigE colour camera and a LED light mounted on an over-the-row platform with a tunnel structure.
Apples were identified in 2D images, while distances and coordinates were determined by intersecting the
2D and 3D images. The system was able to achieve a detection rate of 87.0% for repeated apples.

As a stage summary, there is a characteristic that the vision sensor could move with the manipulator
or be fixed on the platform to provide a global view. As two different ways of visual servo, the “eye-in-hand”
configuration is referred to as the end-point closed-loop, while the additional configuration is referred to as
the end-point open-loop. In particular, open-loop servo control falls into the category of position-based visual
servos (PBVS), whereby the robot pose is calculated by the target position. Hence, the accuracy of this
“looking then moving” system depends on the precision of the robot kinematic model as well as the
calibration of the camera. Moreover, closed loop servo control is a type of image-based visual servo (IBVS),
employing continuous images to estimate current robot pose by comparing the current image to the desired
image. This avoids the requirement of a complex camera calibration process (Zhao et al., 2016). Closed-loop
control is considered to be more accurate than open-loop control, yet the former requires a longer operation
time due to the highly non-linear image features of the camera pose (Corke, 2013). Despite high data
acquisition and processing speeds, as a relatively new product, the vulnerability of the 3D camera to light
and heat limits its adaptability to daytime operation.

MECHANICAL STRUCTURE

Manipulator

A robotic arm is typically employed as the manipulator in robotic apple harvesters. The manipulator
generally consists of several links and joints, including revolute (R) and prismatic (P), which have one degree
of freedom (DOF). In addition, the Denavit—Hartenberg (D-H) parameters can be used to describe the
forward kinematics of the manipulator (Denavit and Hartenberg, 1955). Moreover, the control of the
manipulator is closely related to inverse kinematics, that is, the desired pose of the end effector is solved for
each joint pose, which consequently completes the path planning.

The working reachability of the robot arm is affected by the degrees of freedom. The number of joints
of the underactuated robot arm is generally less than six, thus the pose of the end effector is limited.
Moreover, although a redundant robot arm (excessive number of joints) can theoretically reach the desired
position in any Cartesian coordinate system, due to conditions such as joint limitation and singularity, this is
not always true in real applications (Corke, 2013).

Hence, the forward and inverse kinematics of the manipulator are usually pre-verified via simulations.
Robotic apple harvester simulations performed by the Washington State University determined apple fruit
reachability rates of 69.9%, 77.6% and 81.8% for robotic arms with 5-DOF, 7-DOF and 8-DOF, respectively
(Wang et al., 2018; Hohimer et al., 2019). (Bloch et al., 2018) developed a methodology to optimize robot
systems according to tree shape.

Simulated results indicate the optimal frames of a 3-DOF robotic arm for Central Leader, Tall Spindle,
and Y-trellis apple trees to be RRR, RRR, and RRP, respectively. (Vougioukas et al., 2016) evaluated linear
fruit reachability (LFR) via simulation tools and concluded that more than 90% of fruits were reachable with
the employment of suitable approach angles following three “harvesting passes”. (Nguyen et al., 2013)
applied nine algorithms including RRT, RRTConnect, KPIECE, BKPIECE, LBKPIECE, SBL and EST to a 9-
DOF robotic arm in Gazebo for motion planning. All algorithms were able to perform tasks within 5s due to
the high DOF, with RRTConnect as the most efficient algorithm, independent of running and planning time.

End-effector

The end-effector is a crucial component of the detachment of the fruit from the tree by the robotic
apple harvester. This is usually performed via vacuum gripping or grasping, with the aim of mimicking the
functionality of the human hand. (Napier, 1956) classified the end-effector grasp into the power grasp and
precision grasp based on human grasp taxonomy. The power grasp results in a large contact surface when
the fingers and palm envelop the object, while just the finger and thumb tips are used to hold the object in
the precision grasp (Rodriguez et al., 2013). In general, the power grasp is appropriate for a large load,
whereas the precision grasp is always applied to smaller loads (Feix et al., 2014).
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The shape and size of the target object determine grasping postures and the choice of grasp type
(Lee and Jung, 2014). Power and precision grasp can be adapted to prismatic- and circular-shaped objects,
the general shapes of most fruit and vegetables. For prismatic (i.e. long) shapes, the thumb is used such that
the object is picked up like two virtual fingers, while for circular (i.e. radially symmetric) shapes, all fingers are
used, picking the object like three virtual fingers (Rodriguez et al., 2013). (Cutkosky, 1989) analyzed 16
grasp types used in manufacturing and proposed the spherical power grasp robot hand for sphere objects.
Table 1 reports the gripper characteristics of robotic apple harvesters.

Table 1
Summary of apple harvesting robot gripper characteristics

References G_ra_lsp . Major structure Accessory Transmission
classification system
. Cylinder cup with
(Setiawan et al., Power grasp rubber bladders NA Pneumatics
2004) -
inside
(Bulanon and Precision Two parallel rigid
Kataoka, 2010) grasp fingers NA DC motor
Two angular spoon- electric
(Zhao et al., 2011) Power grasp shaped fingers cutting knife NA
(Gu et al., 2012) Precision Two parallel rigid NA NA
grasp fingers
(Davidson and Mo, POWer aras Three 2-joint fingers NA Tendons and
2014) grasp and a palm reset spring
(Davidson and Mo, C Tendons
. Three 2-joint fingers a stem .
2015); Power grasp and a palm Hoper driven by DC
(Silwal et al., 2017) P gripp motor
Tendons
(Quan et al., 2017) Power grasp Six 3-joint fingers NA driven by
servo motor
(Hohimer et al., Three pneumatic .
2019) Power grasp fingers NA Pneumatics

Cutkosky additionally pointed out that the power grasp is more suited for apple picking (Cutkosky,
1989). Furthermore, the robustness of the gripper increases with the number of fingers. In particular, for
precision grasp, the two finger grippers tend to require accessories during the grasping and picking process,
such as a cutting knife and suction pad. This is attributed to the lack of necessary force to break the joint
between the stem and branch (Kataoka et al., 1998).

Detecting the apple stem and detaching the fruit is an alternative strategy for precision grasping, yet it
requires a complex algorithm and an uncontrolled environment (Bulanon and Kataoka, 2010).

Direct contact force detection is widely used in the controller of grippers with stiff fingers using press
sensors to avoid the occurrence of surface bruises in real-time (Zhao et al., 2011; Ji et al., 2015; Ji et al.,
2017b). A simpler and more effective way to eliminate the effects of fruit size and environmental changes is
to embed elastomeric materials on the surface of the fingers. However, the soft pneumatic gripper is
currently the most compliant end-effecter in fruit protecting, providing adequate grasp force and avoiding
bruise. The flexible gripper with simple structure and easy control should be the focus of further research.

ROBOTIC APPLE HARVESTER PERFORMANCE

Despite the development of the robotic apple harvester MAGALI over three decades ago (D'Eshon et
al., 1987), there are no commercial robotic systems available for apple picking. A substantial amount of
research on individual harvesting system components has been performed due to their relative
independence, yet work on the whole system performance is limited. Table 2 reports robotic apple
harvesters tested during 2010-2018, with the corresponding prototype photos presented in Figure 1. The
areas of concern include the structure configuration and test metrics.
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Machine vision
and
end effector

Catching Robot Motor
(Basket not in view)

Fruit Wall

Electric Gator

Fig. 1 - Six robotic apple harvester prototypes tested during 2010-2018
(a) Apple harvesting robot from (Bulanon and Kataoka, 2010); (b) mobile fruit robot designed by (Zhao et al., 2011), reprinted with
permission from Elsevier; (c) intelligent mobile fruit robot reported by (Gu et al., 2012); (d) apple harvesting robot manipulator with
multiple end-effectors (Li et al., 2016a); (e) robotic apple harvester tested in Washington State University (Silwal et al., 2017), reprinted
with permission from Wiley; and (f) robotic system with soft pneumatic gripper (Hohimer et al., 2019).
Copyright 2019 ASABE. Used with permission.

Table 2
Robotic apple harvester configuration characteristics and performance metrics
Localization C
L. . Picking | Success
Servo . Picking time/ :
References Sensors | Manipulator | End-effector time per rate
method method success .
fruit [s] [%]
rate
Monocul . NA/
Ba?etze(;]ogt Cllgzed- ar CMOS 6-DOF Softrisu%t:on Vacuum | approximatel 8-10 80
" P camera grpp suction y 80%
CCD
2-parallel-
Bulanon and Closed- camera finger Stem
Kataoka, and laser 4-DOF 9 . NA/100% 7.1 90
loop peduncle bending
2010 range
: holder
finder
Gripper
Monocul .
Zhao et al., Closed- shaped like Stem
2011 loop i;nciecrg 5-DOF 2 angular cutting NA 15.4 77
spoons with
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L LOC&."'Zat'On Picking | Success
Servo . Picking time/ i
References Sensors | Manipulator | End-effector time per rate
method method success -
fruit [s] [%6]
rate
a cutting
knife
Gu et al,, Closed- | Binocular Indl_Jstry _ 2-para|_|e|- Frm_t NA/81.73% 95 86.92
2012 loop camera robotic arm | finger gripper | grasping
One main
. collectors
robotic arm with cuttin
. . (3-DOF) with uting
Li et al., Open- Binocular devices Stem
three i NA NA 82.14
2016a loop camera . | connected to cutting
accompanyi .
conveying
ng arms (2- ines
DOF) PP
CCD
Silwal et al., Open- camera 3-finger Fruit
2017 loop and 3D -DOF gripper grasping 1.5/NA 6 84
camera
Hohimer et Open- Binocular 5-DOE Pneumatic 3- Fruit NA 7.319.78 67
al., 2019 loop camera finger gripper | grasping S

*This time accounts for the entire picking process, from apple identification to storage bin.

The picking method determines the mechanical structure hence the design of the robotic harvester is
embodied in the structural characteristics of the system. Previous work employed a laser ranging sensor as a
camera collaborator to measure the distance to the target fruit and to confirm the end-effector’s reaching
working space. This is followed by the tripping and twisting of the stem by the end-effector when the required
distance is reached. Though the system presented high localization and harvesting success rates, the
localization time was not reported, and an ideal environment was also required (Bulanon and Kataoka, 2010).
The robot systems reported by (Zhao et al., 2011) and (Gu et al., 2012) employ an end-point closed-loop
visual servo for navigation in a traditional orchard. Field tests faced obstructions when approaching the
detected fruit and light interference. (Li et al.,, 2016a) presented a regionalization strategy for parallel
harvesting that can extend design ideas. Spatial interference is one of the difficulties in the synchronization
control of multi-manipulator system. The partitioned fruit tree picking strategy could reduce control difficulty
and improve efficiency.

Researchers from Washington State University developed the 7-DOF robotic apple harvester
designed for V-trellis fruiting walls. They were able to maintain the end-effector speed at 0.15 m/s as it
approached the target apple, which it subsequently detected and detached from the branch (Silwal et al.,
2017). (Hohimer et al., 2019) further developed the robotic apple harvester system by designing a new
tendon-driven end-effecter prototype to replace the pneumatic gripper to avoid bruising. The kinematic model
was also applied to reduce backtracking and translation, and an inexpensive vision sensor was employed to
reduce costs. Field tests indicated that clustered apples, calibration and position errors caused by the
harvesting system and the branch pendulum phenomenon were the main reasons leading to picking failure.

(Baeten et al., 2008) evaluated the AFPM robotic harvester with vacuum suctioning, demonstrating
that stem-pull apples accounted for 30% of all picked apples, which proved to reduce storage time
(Janisiewicz and Peterson, 2004). Recently, a new automated vacuum harvester system has been presented
in Agricultural Robotics (Vougioukas, 2018), including a global vision sensor, a delta robot with a vacuum
gripper connected to running piping and a fruit bin positioned on the mobile platform. Other technical details
were not reported by the authors.

HARVESTING METHODS AND HORTICULTURAL ADAPTABILITY

The adaptability of agricultural machinery and horticulture is crucial for the development and
popularization of agricultural machinery. Compared to traditional orchards, factors such as complex fruit tree
structures, fruit clusters, fruit shape and size differences across varieties, as well as sensitivity to mechanical
damage, exert high adaptability requirements for picking machinery (Robinson, 2008).
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At the early development stage of mechanized apple harvesting, (Tennes and Brown, 1985)
determined the shake-and-catch method to be highly suitable for high-yield, structured trees, and also
suggested that the orchard structure should be adapted to the harvester structure. Following on from this,
semi-automatic harvesters for the narrow hedgerow systems, with the Y-trellis, T-trellis, and double-layer T-
trellis structure, were developed (Figure 2). Table 3 compares these harvesters.

Fig. 2 - Five typical mechanized apple harvesting prototypes for different tree shapes
(a) Combine principle harvester for narrow hedgerow systems (Le Flufy, 1982a,b; Le Flufy, 1983), reprinted with permission from
Elsevier; (b) harvester with rod press fruit removal mechanism for T-trellis canopies (Peterson and Kornecki, 1987). Copyright 1987
ASABE. Used with permission; (c) catch-shake harvester for double-T trellis (Domigan et al., 1988), reprinted with permission from
Elsevier; (d) self-propelled NZAEI (New Zealand Agricultural Engineering Institute) machine with shaking units for T-trellis (Lang, 1989),
reprinted with permission from Elsevier; and (e) two-sided scaffold-shaking harvester for trees trained to Y-trellis (Peterson and Wolford,
2003), Copyright 2003 ASABE. Used with permission

Table 3
Comparison of semi-automatic apple harvesters for typical tree structures
Reference Tree shape Harvest method Damage rate*

LeFlufy, 1982a,b; 1983 Narrog/;(:rj]?erow Combine principle (Figure 2a) 23%®@

Peterson and Kornecki, 1987 T-trellis Rod press mechanism 15%®
(Figure 2b)

Domigan et al., 1988 Double "T" trellis Shake an_d catch harvest 3%©
(Figure 2c)

Lang, 1989 T-trellis Canopy shake harvest 15%-31%(
(Figure 2d)

Peterson and Wolford, 2003 Y-trellis Fruiting wa_II shaking harvest 9.9%-33.1%(®
(Figure 2e)

(a) Damaged fruit is defined as any fruit exhibiting broken skin (i.e. a cut or a puncture) or bruising
greater than 1 cm?, assessed at least 3 d after harvesting.

(b) Graded by the 1964 USDA grade standards.

(c) Apple graded into not “fancy and extra fancy” (1987).

(d) New Zealand Standard, issued by the Apple and Pear Board. Apple graded into “Bruised”.

(e) USDA fresh market standards. Apple graded into “Bruised” and “Cuts and Punctures”.

The emergence of apple harvesting robots also placed new demands on the orchard structure, as the
obstruction by branches and leaves results in difficulties in fruit recognition and localization. Thus, scholars
have attempted to eliminate the influence of fruit occlusion by improving the visual system hardware and
upgrading algorithms, subsequently enhancing recognition and positioning accuracy (Silwal et al., 2014;
Wang et al., 2016; Niu et al., 2017).
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However, thus far, the occlusion of branches has not been entirely eliminated. (Robinson et al., 2013)
reported seven simple, narrow, accessible, and productive (SNAP) canopies suitable for assisted-platform
operations and high tree densities (900-2200 trees/acre), projected to attain very high yields (1500 bu/acre),
as shown in Figure 3.

The apple picking robot developed by (Silwal et al., 2017) has been demonstrated as a feasible
system for the V-trellis fruiting wall. Here, the branches are fixed on the trellis wire, allowing for the fruit to be
distributed along the same wire, significantly avoiding the occlusion by branches and leaves, and
consequently, improving the recognition efficiency and accuracy. This indicates that the modern orchard
structure should evolve with the development of different harvesting methods.

Due to limited land resource availability and the need to simplify technology and save labour, most
new orchards in China are densely planted dwarfed orchards. This increases the yield per unit and also
improves fruit quality. In order to increase the bearing capacity of the fruit trees, spindle-shaped trees with
fewer branches are widely promoted. However, the early cultivation and management costs of the fruit tree
wall have restricted its development. Therefore, changes in fruiting wall or V-trellis require further
f their economic applicability.

=

Fig.3
(a) Tall spindle; (b) V-trellis; (c) super spindle; (d) solaxe; (e) fruiting wall; and (f) bi-axis
(Robinson et al., 2013)

DISCUSSION

Analysis and summary

The robotic apple harvester system had developed rapidly over the recent years. Much of the
research in robotic apple harvesting presented in the previous sections is still in the course of development
and can thus not be fully reviewed. The performance gains of apple robotic harvesters resulted in two factors:
“simplifying the task” and “enhancing the robot”.

Modern cultivation systems have been able to reduce the computational scale of fruit recognition and
also avoid obstacles during the recognition and grasping process compared to traditional orchards.
Therefore, position-based look-and-move becomes the main method of visual servo in apple picking. The
eye-to-hand model improves harvesting efficiency and allows for the accurate estimation of the localization
time, yet high-performance cameras are required. Moreover, eye-in-hand robots boast autonomous
navigation and fruit detection capabilities to deal with complex environments. The localization of fruit within
an independent tree using the image-based vision servo (IBVS) control method requires multiple successive
iterations, while scanning surrounding canopies is necessary when searching for potential targets. This may
explain the missing data in the “Localization time” column in Table 2. In addition to the temporal factor, the
failure to detect target apples due to branch obstacles in the canopy also impacts the performance
evaluation of the harvesting robots.
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The simplification of the apple harvesting task calls for a robot-friendly orchard environment, while
enhancements in robot performance depend on technological improvements and the update of hardware.
Vision sensors developed from RGB cameras and laser range finders, and 3D cameras enhance sensor
output and improve performances. Furthermore, commercial sensors involved in the previously mentioned
robotic harvesters have undergone substantial updates, for example Bumblebee 2 to Bumblebee XB3.
Numerous sensor technologies provide more choices for the design and development of robots, and
highlight the potential of multi-sensor fusion.

Challenges and strategies

High robot manufacturing and maintenance costs, insufficient speeds and the complexity of
agricultural environments have limited the promotion of harvesting robots. Traditional orchards have been
unable to adapt to the requirements of the modern fruit industry because of mechanical adaptability. Tall
fruiting walls with simple narrow canopies at an optimum planting density is the trend for future orchards.
Despite the proved advantages of such an orchard design, the economic gain from yield improvements may
take at least three years to materialize following orchards remould. If the evolution of orchards is to be
popularized, issues relating to initial investment and loss compensation should be prioritized.

Early apple harvesters applied the “optimum technique” (Nguyen et al., 2012; Tong et al., 2014) or
“standard method” (Davidson et al., 2016), whereby the orientation and stem of the fruit are initially detected,
followed by cutting of the stem. Since the gripper was only required to limit the movement of the fruit, a small
force was necessary to support. Ensuring minimum damage was prioritized, which consequently increased
picking time due to too many necessary moving steps. Compared to the apple harvesting robot reported by
(Zhao et al., 2011), (Silwal et al., 2017) attempted to detach apples by grasping them directly via a three-
finger end-effecter, demonstrating the potential to reduce picking time. In terms of direct grasping, the
harvesting effect is largely determined by the motion characteristics of the manipulator picking patterns of the
robotic apple harvester. Several anthropomorphic methods have been explored to develop control strategies.
(Davidson et al., 2016) used a sensing glove to evaluate four picking techniques and determined that the
optimum picking method (i.e. with the lowest stem loss rate) depended on the apple variety. (Li et al., 2016b)
evaluated four three-finger examples to measure the detachment angle, movements, and patterns of stem
bending using sensing glove, and presented that pull with a bending moment could reduce the required
grasping pressure for fruit detachment. These results appeared to have been applied to the control of their
robotic apple harvesters, and yet they are associated with unexpected circumstances resulting in picking
failure (e.g. pendulum apples with long branches) (Hohimer et al., 2019). Additional research in
anthropomorphic methods can help to overcome these common picking failures.

As shown in figure 1, all prototypes are the serial structure apple harvesting robot, whereby a working
cycle is completed after reaching a working position. In this case, the visual system recognizes and obtains
the 3D coordinates of the fruit, determines the picking order according to the relative position of the fruit from
the end effector and completes the inverse of the Kinematics solution of the mechanical arm. Following this,
the actuator completes the fruit picking and confirms whether the picking has been successful. Finally, it
moves to the next working position, continuing the cycle. However, the vision system enters the idle state
following the completion of the fruit position feedback, providing for room for potential efficiency
improvements. Fruit detection and separation in orchards requires multi-sensor fusion. Environment
reconstruction is a rapidly-developing technology based on machine vision, and is used widely in horticulture
phenotyping and yield evaluation. This technology can be potentially applied to fruit harvesting. Double-side
views of orchard rows were matched using global features and semantic information in order to reconstruct
3D row models and the spatial distribution of the fruit (Yao et al., 2010; Dong et al., 2020). A possible
solution of efficiency improvement is to divide the serial robot into two separate components: a visual
recognition robot and a picking robot. The visual recognition robot detects the position of the fruit and
determines their location on a fruit map. Fruit maps make the visual system redundant in the harvesting robot
system, while only eye-in-hand cameras are required to compensate for position errors. According to the fruit
map, the path planning of the picking robot is performed and the robot is driven to complete the picking
action. This is expected to achieve continuous positional movement and fruit grabbing. However, it is worth
noting that the accuracy of the fruit positioning, the positioning error of the visual robot and environmental
changes may lead to the "blind" picking robot missing the target. Thus, a "hand eye" can be included in order
to correct this error. An exceptional equipment performance usually means high prices; thus, farmers have to
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decide between performance and cost. For researchers, if function implementation and promotion are the
main goals, then the application of cheap equipment to achieve acceptable performance levels for farmers
should be the next step for consideration.

CONCLUSIONS

We have presented a comprehensive review of the robot harvesting techniques published during
2010-2018. Based on our analysis of these strategies, we determine the development of harvesting robots to
be a function of the modern orchard structure, anthropomorphic research, and environmental reconstruction.
In particular, the development of constructed orchards should be popularized as this orchard system can be
easily adapted to the mechanization requirements of robotic harvesters. In addition, further anthropomorphic
foundation testing should be performed on direct grasping to optimize the control strategy of the robot during
the harvesting process. Lastly, we propose that the application of environmental reconstruction during
harvesting can promote the efficiency of robotic harvesters. Robotic fruit harvesting has proven to be a highly
challenging task due to environmental complexities, sensor reliability, and robot stability. In order to improve
the accuracy and efficiency of harvest mechanization applications in fruit, the orchard structure and
environment, harvesting robot, and horticultural technology must all be optimized accordingly.

Overall, the review is intended to assist researchers in structure design, sensor choice and
adaptability improvement of agricultural machinery and horticulture, and to influence the direction of the
development of robotic apple harvester. As the proposed solution of efficiency improvement, the eye-hand
separated harvesting system requires multi-sensor fusion. The accuracy of fruit map depends on semantic
mapping for orchard environments, which is still difficult due to technical limitations and the complexity of the
orchard. Therefore, semantic segmentation and environmental reconstruction are important directions for
agricultural robots to enhance their environmental awareness and precise operation.
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ABSTRACT

The article analyses the universalization of the seed material by its physical and mechanical
properties by means of pre-sowing treatment, resulting in the formation of an artificial shell. As a result of
the generalization, a technological scheme of obtaining an encapsulated seed and a design of a seed
coating machine was proposed. A simulation model of the sowing accuracy process from the internal
friction coefficient of seeds at different root mean square deviations of seed sizes is proposed. The
regression equation for the influence of the dynamic mode of operation of the developed experimental
sample of seed coating machine is established. According to the experimental studies’ results, the static
and dynamic friction coefficients of the encapsulated vegetable seeds on the steel and plastic working
surfaces of seed coating machine were established. Under the production conditions, experimental tests
were conducted to compare the seedlings of untreated, coated, branded and encapsulated seeds of
vegetables by the quality of prepared seed material and sowing time.

PE3IOME

B cmammi eukoHaHO aHarni3 yHigepcarizauii rnocieHo2o Mamepiany 3a i3uKko-mexaHiYHHUMU
eracmugocmsamMu WsixoM nepedrnocieHo20 06pobrieHHs 8 pe3yrnbmami 4020 ymeopembCsl WMmy4YHa
obosrioHka. B pesynbmami y3aeanbHeHHsI 3arpOroHO8aHO MEXHOMO2iYHY CXeMy OmpuMaHHS
Karcynb08aH0o20 HaciHHSI ma KOHCMpPYKUito Opaxxupamopa. 3anpornoHo8aHo imimauitiHy mModersb rnpouyecy
moyHocmi cigbu 8id koegbiyieHma eHympilwHb020 Mepms HaCiHHSI Npu Pi3HUX cepedHboKksadpamu4yHUX
8i0XUnNeHHsIX po3mipie HaciHHSl. BcmaHoerneHo pigHsiIHHS peepecii 3 ennugy OUHaMiYHO20 pexxumy pobomu
po3pobrieHO20 eKcriepuMeHmaribHo20 3pa3ka Opaxupamopa. 3a pe3ynbmamamu eKcriepuMeHmarsnbHUX
oocnidxeHb 8cmaHo8neHo cmamuyHul i duHamiyHUl KoecbiyieHmu mepmsi Karicyrbo8aHO20 HacCiHHS
0804e8UX Kynbmyp Mo cmarsesux i nnacmmacosux poboyux rnosepxHsx opaxupamopa. Y eupobHu4ux
ymosax rpogedeHO eKcriepuMeHmarsbHi 8unpobyeaHHsi 3 [OpPIieHsIHHS cxodie HeobpobrieHoezo,
OpaxupogaHo2o (hipMO8020 ma KariCy/lb08aHO20 HACIiHHSI 0804YE8UX Kylbmyp 3a SKICMiO
nid2omoeneHo20 HaciHHE8020 Mamepiarsy i H4acy nociey.

INTRODUCTION

The process of coated seeds is a perspective, but compared with inlaid less common way of coating
seeds (Arsenoaia V.N. et al, 2019). Coated seeds are characterized by the fact that the shape and size of
the seeds changes significantly (Dihingia P.C. et al, 2017). The weight of the seeds can be increased 10 -
25 times (mini pill) or 15 - 100 times (standard pill) (Gaganpreet K. et al, 2011). Coating helps unify the
seeds in shape and size (Kroulik M. et al, 2016), which allows for even and accurate sowing (Pruteanu A.
et al, 2020) and also reduces seed costs and the costs of thinning the seedlings (VIddut D.I. et al, 2018).

Studies have shown that the yield of standard root crops is increased by 40% by sowing with coated
beet seeds (Hevko B.M. et al, 2018).

! Rogovskii I.L., Prof. Ph.D. Eng.; Titova L.L., Assoc. Prof. Ph.D. Eng.; Trokhaniak V.l., Assoc. Prof. Ph.D. Eng.; Marinina L.I.,
Ph.D. Eng.; Lavrinenko, O.T., Assoc. Prof. Ph.D. Eng.; Bannyi O.0O., Assoc. Prof. Ph.D. Eng.
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Therefore, modern seedling growing technologies in many countries are based on the use of coated
seeds (Pedrini S. et al, 2017). In this case, the yield of cucumbers, lettuce and tomatoes can increase by
15% (Tolvaly-Rosca F. et al, 2017). According to research (Stroescu Gh. et al, 2018), coated vegetable
seeds reduce the rate of seeds by 3 - 4 times and increase the yield by 25%.

The organic and mineral mixture for coating as filler includes 50 - 90% expanded perlite particle size
of 0.01 - 0.25 mm with a bulk density of 70 - 150 kg/m3 (Amirkhani M. et al, 2019). The prepared
components of the mixture are mixed with water in a ratio of 10:1 to obtain a homogeneous mass with
moulding humidity (Halber A. et al, 2018).

The mixture is then provided into a seed coating machine with seeds and pumped with seeds mixed
with the mixture (Rogovskii I. et al, 2019). In the process of pumping in the seed coating machine, a light
bulk dragee with a kernel-seed is formed (Belc N. et al, 2016). The mixture is provided using an auger. The
process of pumping takes 15 - 20 minutes; 1 - 2 minutes before the end of the process in the seed coating
machine is provided bentonite clay to obtain a smooth outer shell of the dragee (Hevko R.B. et al, 2017).
Ready dragee is sent for drying (Rogovskii I.L. et al, 2019).

The author of the method of "clay balls” - Masanabu Fukuoka (1913-2008), a Japanese farmer,
creator of "natural farming” was looking for a way to sow rice without filling the fields, without digging and
without fertilizing the soil (Tutunaru L.F. et al, 2014). Fukuoka came to think of making a clay shell for
seeds. Subsequently, Fukuoka organized a large campaign to green the desert soils and personally tested
the method of "clay balls" in Africa, Southeast Asia, Australia, America and others. In Greece, the
"greening" case continues with Panos Manikis, Fukuoka's student. The essence of the method of "clay
balls". Seeds of perennial and annual plants are mixed with clay and water. From the resulting mixture, by
hand or concrete mixer, make small balls. They are dried in the sun, harvested, manually or airborne
scattered over a desert area. The cost of this method is around EUR 250 per hectare (including the cost of
seeds, clay and food for volunteers). Fig. 1 presents a scheme for obtaining vegetable seeds encapsulated
in clay.

Preparation of filler (clay) ] [ Seed ]

—— ——

[ Processing in a matrix with puncheons ]

!

[ Capsules of cylindrical shape ]

v

[ Processing in seed coating machine ]

v

[ Capsules of spherical shape ]

v
Drying

v

Calibration

v

Packing

Fig. 1 - Technological scheme of obtaining encapsulated seeds

The development of modern designs of machines for pre-sowing seed treatment with the application
of artificial shell on it is a result of improvement of the most common machines for the implementation of
this technological operation — seed coating machines. Despite the benefits of seed coating machines, there
are many unresolved issues (Rogovskii I.L. et al, 2019).

The main of these issues is the influence of the design and mode parameters of the seed coating

machine on the formation of artificial shell on seed surface in the case of small-seeded vegetable crops.

As a result of the analysis of research and design works, it can be concluded that the creation of
theoretical foundations and the development of a machine for the pre-sowing treatment of vegetable crop
seeds with the formation of artificial shell on their surface, is current.
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The purpose of the study is to increase the efficiency of the artificial shell formation process on the
seed surface by reasoning the technological process, parameters and operation modes of the seed coating
machine.

MATERIALS AND METHODS

Theoretical studies were conducted using mechanical-mathematical modeling and are based on the
provisions of theoretical mechanics, methods of mathematical analysis, methods of multivariate experiment
planning and statistical processing of experimental data using Statistica 7.

To obtain cylindrical capsules containing seeds, a device (matrix with puncheon) was developed. To
obtain spherical capsules, it is necessary to carry out the treatment of cylindrical capsules in the working
unit of the experimental installation (Fig. 2 a).

a) b) c)
Fig. 2 - General views of the experimental installation (a, b) and production model of the seed coating machine (c)
a: 1 - drawer; 2 - hydrostation; 3 - electric engine; 4 - hydraulic motor; 5 - control unit; 6 - manometer; 7 - adjustable throttle;
8 - device for controlling the speed of rotation; 9 - a box block; b: 1 - bedplate; 2 - drum; 3 - board; 4 - bracket; 5 - hinge;
6 - mechanism for adjusting the angle of the drum

The main tasks of developing the installation:

- providing the possibility of varying the speed of the seed coating machine drum;

- providing the ability to measure the speed of the drum;

- providing the possibility of changing the angle of inclination of the drum;

- ensuring the efficiency of the process of artificial shell formation on the seed surface due to the
additional working elements of the installation.

To intensify the process of forming the shell in the drum 2 (Fig. 2 b), a slope board 3 is placed, which
with the help of the bracket 4 is secured to the bedplate 1 and is intended to increase the surface for
forming an artificial shell on the seeds. The position of the slope board is adjustable by the hinge 5
(Fig. 2 b), which allows you to change the angles relatively to the axis of rotation and relatively to the
bottom of the drum of the seed coating machine. To investigate the influence of the drum angle of
inclination on the formation of encapsulated seeds in the design of the experimental setup, there is a
mechanism 6 to change the position of the seed coating machine drum.

To determine the static and dynamic coefficients of friction, the measuring device was developed,
and the methodology provided for the use of video equipment and the computer program Movie Maker.

The movement of the encapsulated seeds in the seed coating machine drum is a waterfall mode.
The working areas on which the artificial shell is formed are AB and EA (Fig. 3). Thus, to increase the
performance of seed coating machine, it is necessary to increase the diameter of the drum, and as a
consequence, it will increase its size and cost. We suggest installing an additional working element in the
seed coating machine drum - a slope board. Section CD (Fig. 3) is an additional working surface for
forming capsules of spherical shape.

When the drum is tilted, the conditions w? R/g and the conditions of detachment of the capsules
change slightly (Dugaesescu I. et al, 2019).

Since the drum of seed coating is angled, and in analytical studies we found that the efficiency of
seed coating machine is affected by the angle of the drum, we considered the movement of the capsules in
an inclined drum (Fig. 4).
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A
b)
Fig. 3 - The scheme of the seed coating machine and the various positions of the capsules:
1 - drum; 2 - board; 3 - lifting capsule

Fig. 4. - The calculated scheme of the forces of seed coating machine at an angle
to the horizon and the flight path of the capsule
Equation of the separation condition of the capsule from the drum’s inner wall:
Pcsinﬂ—mg—Ecorcos;/zo, 1)
mw?Rsin-sin f—mg — F,,, -cosy =0, )

where Fcor — Coriolis force, H; B — the installation angle of the slope board, deg.; y — the angle between the
Coriolis force and the gravity, deg.

mg + F,,, COSy mg +ma,, COSy {+a,, COSy

sina, = 3
' me?Rsing mw?Rsin A w?Rsin A @)
Then the angle at which the capsule rises is:
. + @, COS
a, :arcsmw (@)

w?Rsin g
where acor — Coriolis acceleration, m/s2.

At the point of separation, the free flight begins in the plane of the forces acting: gravity, inertia, and
friction (Fan G.J. et al, 2017). Because part of the initial data is almost very difficult and, even, it is not
possible to determine mathematically - we choose the way to solve the problem by the method of
multivariate experiment.

In view of the above, we will theoretically consider the motion of the capsule in the horizontal drum of
the seed coating machine (Fig. 3 a).

Consider the motion of a single capsule in sections (Fig. 3):

I) AB - the area on which the capsules with seeds from the resting state move on the inner surface of
the drum; 1) BC - the area on which the encapsulated seed breaks away from the drum wall and falls on a
slope board along the parabolic trajectory; Ill) CD - movement of capsules on an inclined plane - a slope
board; IV) DE - the area on which the encapsulated seed breaks away from the slope board and falls on
the drum wall; V) EA - the movement of the capsules on the inner wall of the drum.
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The external forces applied to the material point - units of the capsule are: gravity mg, friction
force F. As can be seen from Fig. 3 a, the drum 1 rotates clockwise and captures the capsules that hit the
lower part of the drum. Before the drum rotation, only the gravitational force G acted on the capsules
vertically downwards. For each capsule, the force of gravity G directed downwards, the friction force F, and
the centrifugal inertia force P are directed from the centre of rotation O to act upon the rotation of the
drum. Upon further rotation of the drum, the new position of the capsule will be at point B after rotation of
the radius OAp and its transition to the position OB. Such a change in the position of the capsule may
detach it from the surface of the drum. This separation will occur by the equality of the geometric sum of

the forces E+6+E with zero.

In position B, the capsule will be in relative rest, if the sum of these forces’ projections on the
horizontal and vertical is zero, then we have:

mRcosa, —Fsing; =0
5
—mg + F cosey + MRw? sing;, =0 ®)

where g — the acceleration of free fall, m/s?; a; — the angle A;OB (Fig. 3).

After making a number of transformations we get:

R’ cos® a, = gsin o, + Re’ sin o - (6)
Then:
2
RO” _ in a,- 7
g

Denote w? R/g the relation by k and call it an indicator of the dynamic mode of the seed coating
machine.

After separation of the capsule from the inner surface of the drum, the capsule flies free on a slope
board to point M (Fig. 3 b). To derive the flight equations of the capsule on a slope board, we make the
coordinate system xBy starting at point B. Let the capsule fall along the parabolic curve. The capsule is
subjected to a force G, equal mg; air resistance is not taken into account. Let's make the differential
equations of capsule motion for this case:

y = wRcosa, - gt ®)
y=aRtcosa, —gt?/2 . 9)
Excluding t, we obtain the equation of the capsule flight trajectory:
2
y = Xctga, o (10)

20°R?sin’ o, .
The capsule speed, taking into account the indicator of the dynamic mode of operation of the seed
coating machine is equal to:
v, =vsin o, =R K , (11)

vV, =Vvecosa, = aR-V1-k*. (12)

Then the equation of the flight path of the capsule in the coordinate system xOy, taking into account
the indicator of the dynamic mode of operation of the seed coating machine will be:

_R@+kW1-k* x*(Rcose, +x)° (13)
)T 2 R
Immediately after the fall, the capsule moves on the slope board CD to the right, starting from point
M (Fig. 3). In this case, there is an overcoming of resistance due to rolling friction, but provided that this
rolling occurs on an inclined plane at an angle g (Fig. 3).
Determine the equation of motion on the slope board CD (Fig. 3):

Y. =Rsina+R=R1+k), (14)
Yo =RQA+K). (15)

The following condition needs to be done for constant movement on a slope board:
p=f, (16)

where f — the coefficient of friction of the capsules.
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Then, the equation of motion on the slope will look like:
y=Y,—(Rcose, +x)- f . (a7)
After making the conversion, we obtain the equation of motion of the capsule on the slope board,
taking into account the indicator of the dynamic mode of operation of the seed coating machine:

y=R(@+k)— f(RV1-k® +x). (18)
The speed of movement of the capsule on the slope board (Fig. 5) is determined by:
v = gt(cos g — f sin g)+Rak cos f++2g9(h,., —VY,)-Sin S, (19)

where hmax — the maximum capsule rise during parabola drop, m; ym — the coordinate of the capsule at the

point M (Fig. 3) falling on the slope.

5
—- =10 deg, k=0.75 ‘
4 77 -m B=20 deg, k=0.85
| | = B=30 deg, k=0.95

of the capsule on the
slope board, m/s
N

0 T T T T T T T

0.02 0.04 006 008 01 012 0.14 0.16 0.18
Time, s

Fig. 5 - The speed of the capsule movement on a slope board

The speed of movement

RESULTS

Requirements for dimensional characteristics and coefficients of friction of the seed material, that
ensure the high quality of sowing. The main thing is based on simulation modeling for a mesh-disk seeding
machine. As a result of simulation, a graph was obtained (Fig. 6), the analysis of which shows that the
accuracy of sowing is practically ensured under the condition of obtaining seeds, the coefficient of friction
equal to 0.5 and the standard deviation of the sizes of capsules o + 0.1...0.2 mm. Thus, we formulated
requirements for encapsulated seeds for accurate sowing of the mesh-disk seeding apparatus: the
coefficient of friction shouldn’t be more than 0.6, and the coefficient of variation of capsule sizes shouldn’t
be more than 5...8 %.

According to the experimental research programme, a second-order Box-Behnken plan was drawn
up for the implementation of the experiments (Table 1). During the experimental studies, the effect of the
dynamic mode of the seed coating machine k, the angle a of the drum slope to the horizon, and the angle 8
of the slope board installation 8 on the output of 6 - 6.5 mm spherical capsules were studied.

90
< 80
°l ——c0
5 70 S S
3 _a c 0.1
E 60 ~—= —4—0 0.2
g s0 . W03

"

=y T 0.4
c 40
s 60.5
8 30

20

0.5 0.7 0.9 1.1 1.3

Coefficient of internal friction
Fig. 6 - Dependence of sowing accuracy on the coefficient of internal friction of seeds

at various standard deviations of seed sizes

Table 1
Levels of variation by factors
Factors and their designation
. . Angle of
Levels and interval of The coded . Tilt angle of the seed . .
s Dynamic mode . : installation of the
variation value - coating machine «q,

indicator, k (x1) deg. (x2) slope board B, deg.

9. X2 (x3)

Upper level +1 0.95 27 30

Basic level 0 0.85 18 20

Lower level -1 0.75 9 10

Variation interval 0.10 9 10

At the end of the experiments, the obtained data were processed on PC using application packages
Statistica 7. The result is a regression equation:
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Y =94.21+0.34x; +0.59x, — 0.69x%; + 0.86%X, + 2.2%; X3 + 0.75X, X5 —1.99%7 +0.06x5 —0.92x3 . (20)

The response surfaces of the dependence of the output of capsules with a 6 - 6.5 mm diameter on
the controlled parameters are presented in Fig. 7.

=94
<93
<91
[ ]<89
B <87
Il <85

>93

<92.75
<91.75
<90.75
<89.75

]

Fig. 7 - The dependence of the output of seed capsules with a diameter of 6-6.5 mm:
(a) - on k - dynamic mode and a - the angle of inclination of the drum; (b) on k - the dynamic mode of operation and 3 - the angle of
installation of the slope board; (c) on a - the angle of inclination of the drum and (8 - the angle of installation of the slope board

The statistical analysis made it possible to make a regression equation, which normally describes the
process of forming a capsular seed with 95% probability. The analysis of theoretical data with experimental
data is presented in Fig. 8.

Y, %
95.5

95
945
04
935
93
925
92
915

91

0.75; 9; 10 0.85; 18; 20 0.95; 27; 30
| ] O3 4 5 b

k; adeg; B, deg

Fig. 8 - Comparison of experimental data with theoretical ones (dependence of the dynamic indicator of the
seed coating machine k, the angle of drum installation, the angle of the slope board installation from Y, %:

1 - the dependence of the angle of installation of the drum a on Y, % (k=0.85; $=200); 2 - experimental data of the dependence of the
dynamic operation indicator of the seed coating machine on Y,%; 3 - theoretical data of the slope board angle of installation on Y, %
(k=0.85; a=180); 4 - experimental data of the dependence of the slope board angle of installation on Y,%,; 5 - theoretical data of the

dependence of the dynamic indicator of the seed coating machine k on Y, % (a=180; $=200);
6 - experimental data of the dependence of the operation dynamic indicator of the seed coating machine k on Y,%

In the process of seed encapsulation, cylindrical capsules of the same volume are used for the
purpose of obtaining capsules of the spherical shape of the same size, but during the processing of
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cylindrical capsules in the drum of the seed coating machine, they can be erased against the walls of the
drum or rolled as a result of connection with clay residues. This leads to the distribution of capsules by size

(Fig. 9).

25 23 2
20 18
) 16
15 _
15
N
10
5
1.8 2
0.3 0.8 0.7 0.4
5.7 5.8 5.9 6 6.2 6.3 6.4 6.5 6.6 6.7 7

Diameter, mm
Fig. 9 - The distribution of the capsular seeds depending on the diameter

The absolute mass of seeds in the artificial shell, depending on the diameter is 36 - 42 times greater
than the weight of ordinary seeds (Fig. 10), so the seeds in the capsule provide the exact distribution of the

sowing mechanism in the row, as the probability of seed drift by wind is reduced.
215

_—*
210 y =3.7143x + 184.43 /
R?=0.9919 -
‘

/

185 ! T T T T
5.7 5.9 6 6.2 6.5 6.7 7
Diameter, mm

Fig. 10 - Dependence of the mass of the encapsulated seeds on the diameter

Static and dynamic coefficients of friction on steel and plastic (Fig. 11-12) were determined during the
study of seeds in artificial shell (Figs. 11-12). The graph shows that the static coefficient of friction of the
encapsulated seeds decreased in comparison with the untreated seeds of vegetable crops 2 - 3.8 times
(depending on the culture). The comparative graph shows that the dynamic coefficient of friction of seeds in
the artificial shell has decreased 4.5 - 8 times (depending on the culture) compared to ordinary seeds.
Thus, the reduction of friction coefficients to one value makes it possible to universalize the working units of
the planter.
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[ statistical coefficient of friction of ordinary seeds on steel B statistical coefficient of friction of ordinary seed on plastic

[ statistical coefficient of friction of encapsulated seeds on steel B statistical coefficient of friction of encapsulated seeds on plastic
Fig. 11 - Static coefficients of friction of conventional and encapsulated vegetable seeds

The experimental research programme provided for the determination of the dynamics of the
appearance of the seed capsules. As a result of researches, the dynamics of seedling emergence was
determined: carrots, peppers, tomatoes of untreated seeds, coated company seeds and capsular seeds,
and comparative graphs of the percentage of seedlings of plants (carrots) from the time of sowing were
obtained (Fig. 13). Studies have shown that seedlings in clay capsules appeared faster than unprocessed
seeds, carrots, tomatoes by 20%, and peppers by 32%. This is due primarily to the fact that the clay shell
has hygroscopic properties, the ability to absorb soil moisture and provide reliable aeration, and as a result,
to provide better seed germination.
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Fig. 12 - Dynamic coefficients of friction of conventional and encapsulated vegetable seeds
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Fig. 13 - Dynamics of carrot seedlings
a — behaviour of spring shank response to the external impacts; b — autocorrelation function;
¢ — density of distribution; d — spectral analysis.

CONCLUSIONS

1. As a result of the simulation application, the requirements for encapsulated seeds were formulated
for accurate sowing by the mesh-disk seeding apparatus: the coefficient of friction should be no more than
0.6, and the coefficient of variation of capsule sizes no more than 5...8 %.

2. The optimum parameters of the experimental setup are substantiated: dynamic mode of the seed
coating machine k=0.85, angle of installation of the seed coating machine drum - 190 degrees to the
horizontal and angle of installation of the slope board - 140 degrees to the horizontal.

3. Physical-mechanical properties of the encapsulated seeds were investigated. The static coefficient
of friction in comparison with untreated seeds decreased 2 - 3.8 times (depending on the culture) and is
0.32, the dynamic coefficient of friction decreased 4.5 - 8 times (depending on the culture) and is 0.12.

4. As a result of studies of encapsulated seeds quality, the seedling emergence dynamics of
encapsulated seeds of tomatoes and carrots was 20% higher than of untreated seeds and pepper by 32%.
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ABSTRACT

The results of theoretical and experimental study of the process of root crops carrying by a conveyer-
separator of a three-row trailed root crop harvester whose rubber belt with rods is equipped with scrapers
and has a sign-variable direction of transportation to minimize the machine length have been described in
the article. Some analytical dependencies describing the impact of design and kinematic parameters of the
conveyer-separator on the root crops motion pattern have been given and analysed. The results of the
research including the key factors identification affecting the process of root crops transportation on the
curvilinear path between the conveyer-separator members are presented in the experimental part. The
theoretical and experimental studies have been compared and the boundaries of the most efficient design
and kinematic parameters choice of the conveyer-separator under discussion have been suggested.

PE3IOME

Y cmammi HageleHi pe3ynbmamu meopemuyHux | ekcriepuMeHmarsnbHuUx 00cCnioxeHb rnpouecy
rnepemMiweHHs1 KopeHernnodie mpaHcrnopmepomM-cenapamopoM mpupsoOHOIi MpudinHoOi KopeHe3bupasibHOI
MawuHu, [rpymkoee rofomHo sKo2o obnadHaHe CcKpebkamu | Mae 3HaKO3MIHHUU  HarpsMoK
mpaHcrnopmysaHHs1 07151 3MeHWeHHs1 1083008XHix 2abapumie MawuHu. HagedeHo aHanimuyHi 3anexHocmi
8r1/iu8y KOHCMPYKMUBHUX | KIHeMamuy4HUX napamempie mpaHcriopmepa-cerapamopa Ha xapakmep pyxy
KopeHeniodie ma nposedeHull ix aHarni3. B ekcriepumeHmarbHil 4acmuHi rnpedcmasneHo pesynbmamu
oocnidkeHb 3 BU3HaYeHHSM OOMIHyroYUX ¢hakmopie Ha rfpoyec rnepesedeHHs1 KopeHernnodie Ha
KpugosiHiGHIG OinaHui M naHkamu mpaHcropmepa-cenapamopa. 30ilCHeHO MOPIBHSIHHSI MeopPemuyHUX i
eKkcriepumeHmarbHux O0CriOXeHb ma 3arporioHo8aHO MexXi eubopy pauioHanbHUX KOHCMPYKMUBHO-
KiHeMamuy4HUX napamMempie mpaHcriopmepa-cernapamopa

INTRODUCTION

To solve the problem of root crops quality cleaning and simultaneous keeping to the allowable level of
their damage at harvesting under difficult soil-climatic conditions it would be quite reasonable to use the
principle of root crops cleaning along their entire route from digging to unloading. Here, the intensity of tools
impact on the thrashed heap has to decrease towards its transportation by the tools as during separation the
possibility of immediate interaction of working surfaces with root crops is increasing. First of all, the problem
is connected with the modernization of rod and scraper conveyers as they should have some additional
functions on simultaneous root crops transportation and after-cleaning.

It allows to provide the maximum possible soil separation from the root crops and to minimize its
transportation to the raw material processing points.

The theoretical study of a material particle motion and flow motion including the determination of tools
parameters and operation modes impact on the process of their displacement in different environments has
been described in the papers (Baranovsky V.M., Potapenko M.V., 2017; Baranovsky V.M., et.al., 2017, 2018;
Bratucu Gh., Paunescu D.D., 2015; Bulgakov V., et.al., 2017; Hevko R.B., et.al., 2018; Lyashuk O.L., et.al.,
2018, 2019; Pylypaka S.F., et.al., 2019; Rogovskii I.L., et.al., 2019; Tsarenko O.M., et al. 2003).
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The increase of transport-technological tools performance characteristics can be achieved due to the
simultaneous carrying out of different operations, namely transportation and mixing of different components
that has been paid attention to in the papers (Hevko R.B., et al., 2017, 2018). Such approach describing the
simultaneous transportation and cleaning of root crops has been implemented in the developed conveyer-
separator and the results of its study are presented in the article under consideration.

The study of parameters impact of different types of root crop harvesters tools on the process of crops
harvesting and storage prior to their processing has been highlighted in the papers (Dumitru I., et.al., 2017,
Becker M., et.al., 2016; Dumych.V., Salo, Ya., 2017; Liebe S., Varrelmann M., 2014). The results of
theoretical and experimental study of similar types of conveyers-separators have been presented in the
papers (Pavelchak O.B., et al., 2000; Synii S.V., et al., 2018; Tkachenko I.G., et al., 2000; Tunik I.G., et al.,
1998). The materials in the article under discussion are the follow-up study of previous research described in
the papers (Hevko R.B., et.al., 2016, 2018, 2019).

The purpose of the article under discussion is to find the most efficient design and kinematic
parameters of a root crop scraper conveyer-separator during their curvilinear motion prior to the unloading
into the harvester hopper so that to provide the maximum cleaning of the root crops from soil and plant
remains with their minimal damage.

MATERIALS AND METHODS
To achieve the purpose in view a design-technological scheme of a root crop two-wheeler harvester
with increased separating effect has been developed whose desigh model is presented in fig. 1

Fig. 1 — Design-technological scheme of a three-row trailed root crop harvester

It contains a disk digger 1, from which the dug-out thrashed heap of root crops is supplied to the main
cleaning unit 2 (auger or beater), where basic separation of the root crops from the soil takes place. After that
the root crops are transported to the two-section conveyer 3, where the remains are thrown away by its
unloading link (Hevko R.B. et.al, 2019). In the transfer area of the two-section conveyer 3, the root crops are
selected and transported to the unloading section by the scrapers 5 of the rubber belt with rods 4. The change
of root crops transportation direction and their after-cleaning takes place in the curved section where the elastic
sides of the rubber belt with rods are interacting with side disks 6, connected to each other by a hollow shaft 7.
Longitudinal rods 8 with a clearance A relative to the external surface of the hollow are placed under the groups
of scrapers shaft towards the root crops transportation to the bunker 9. Root crops are carried by the scrapers
on the longitudinal rods and simultaneously their after-cleaning off tare takes place.

To determine the most efficient design and kinematic parameters of the unloading conveyer-separator of a
root crop harvester the design model is presented in fig. 2 a. A picture of the conveyer-separator is on fig.2 b.

The conveyer-separator operation is going on in the following way. At first, in the area / the root crops
are being transported towards the curved section Il and are in contact both with the rubber belt with rods 4
and with scrapers 5. In the curved section due to the action of centrifugal forces the root crops are retained
against the rubber belt with rods surface but the soil and plant remains whose mass is much smaller than the
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root crops mass are in the area approaching the hollow shaft surface. After that, the root crops are moving to
the unloading area on the rectilinear path Ill. In this way, due to the gravitation force the root crops are being
displaced on the scrapers surface towards the longitudinal grate but the soil and plant remains are thrown
away through the clearance A, on the harvested field. Then the root crops are being transported by the
scrapers on the longitudinal grate 8 that also contributes to their better cleaning from the sticky soil.

The aim of theoretical calculation is to determine the most efficient value of the clearance A to provide

the maximum separation of the root crops thrashed heap from soil and plant remains.
Let's consider the forces acting on a root crop in the curved section Il. The root crop is circulating in a

random point M between points A and B.

Figure 1a includes the following symbols: mg — gravitation force; F; — force of friction of the scraper-root
crop couple; F¢ — centrifugal force acting on the root crop in the curved section area; N1 — normal force acting
on the root crop from the web side; N> — normal force acting on the root crop from the groups of scrapers side;
f — friction coefficient between a root crop and a scraper; o — rubber belt with rods inclination angle with horizon
in section /; B — inclination angle of the unloading section of the rubber belt with rods with horizon; I — radius of
the hollow shaft; R — radius of side discs; | — scrapers height; V — linear velocity of the web; ® — angular
velocity of the hollow shaft; Rrc — equivalent radius of a root crop; Dy — distance from the centre of the hollow
shaft rotation to the point of root crop interaction with the longitudinal grate; 6 — clearance value between the
scraper and external surface of the hollow shaft; y — variable angle of a root crop displacement in the curved
section area. Centrifugal force in the curved section area: F; = mmz(R —Reo).

Fig. 2—Design model to determine the design and kinematic parameters of an unloading transporting-
separating tool of a root crop harvester (a) a picture of the conveyer-separator (b)

The equilibrium equations in projections on the axes X and Y are written as:

mV 2
R2

(R-R,)cosy=0;

2 (1)
(R=R,)siny=0.

N, cosy+ N,siny—N,f cosy—

—N;siny+ N, cosy+ szsiny—mg+m|_¥

The condition when a root crop is retained against the rubber belt with rods: N; > 0.
Under the boundary condition (minimal velocity of the web when a root crop isn’t displaced on the
scrapers surface (N1 = 0) the equations (1) will be written as:
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mV 2
R2 (R - ch )COSy;
, )
mV .
=2 (R—Ry)siny.
After transformations of the system of equations (2) we obtain:
mV 2

N, (siny — f cosy) R2 (R=Ry Jeosy

N,(siny— f cosy)=

N,(cosy + f siny)—mg =

H 2
N, (cosy + fsiny) mg_mF:/Z (R-R.)siny
(siny - f cosy)R?*g —(siny — f cosyV %(R—R, Jsiny =V?(R—R, Jeos y(cosy + f siny)
2 —_
%:g(siny— f cosy). 3)

From the equation (3) we find the minimal velocity Vmin, where a root crop is pressed against the web
surface

Vmian\/g(Sin'y—fCOSy). @
(R - ch)
In this case, the condition must be satisfied
(siny— f cosy) > 0. (5)
When a root crop enters the unloading section area /// it starts sliding along the scraper surface on the
longitudinal grate. Therefore, the further calculations will involve the determination of the time period when
the root crop covers the distance so that its bottom edge has a coordinate |.
During this period of time the web should travel over the distance bigger than the value Dg, which
means:
S=r+A+R. (6)

Projections of forces on the axes X and Y, acting on the root crop in the third section of transportation
are written as:

N, cosp—F,,sinp=mX;

) .. (7)
N,sinf+F,, cosf—mg=mY,
and projections of forces on the natural axes X' and Y' are written in the following way:
mgcosB—N, f =mi;

N, =mgsinf.
Upon integrating the equation (8) we find the time when the lower end of the root crop head receives

the coordinate |
g(cosB— fsinB)

If cosp — f sinf} < 0, a root crop does not displace, i.e. cosp < f sinf; ctgf < f; tgp > 1/f;
[ > arctg(1/f) are the conditions of root crop motionlessness.
The height of scrapers group | is found from the equation: | = R — r — §, where & = 10...20 mm.

While a root crop is traveling along the scrapers group towards the coordinate Y' one should take into
consideration the most unfavourable case when the central axis of the root crop is parallel to the rubber belt
with rods surface. In this case, its displacement is taking place with a coefficient of rolling friction which is
lower than a coefficient of sliding friction and results in time t decrease.
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Thus, taking into account the above-mentioned pattern of the root crop location, the condition when S = Vt
and dependencies (6) and (9), the equation to find the clearance value A in longitudinal grate is written as

A=V\/2(R'r'6'2_R'°)—Rm—r. (10)
g(cosp— fsinp)

Before the analytical dependence (10) analysis the minimal velocity of the rubber belt with rods Vi, was
found when the root crop was pressed to the web surface (formula 4). Afterwards, taking into account the certain
value Vpin, the maximum possible value of the longitudinal grate location relative to the hollow shaft A has been
calculated.

In the analysis of dependencies (4) and (10) the boundaries of variable parameters’ values were as
follows: R = 0.25...0.35 m; Ry¢ = 0.02...0.06 m; r = 0.08...0.12 m; B = 30...50°; where B = (90° — y). The

values: f = 0.3; 8 = 15 mm; B = 30...50° have been assumed as constant ones.

While studying the impact of one of the parameters on the values Vpin and A the other ones remained
constant, and their absolute values were as follows: R = 0.3 m; Ry¢ = 0.05 m; r = 0.1 m; = 40°.

Figure 3 represents the curves describing dependencies of parameters R, R and 3 impact on the
minimal velocity of the web Vpin (@) and parameters V, R, I and B impact on the value of the clearance A (b).

NG L AN L
1.4 Rre \/&( 0.130 K \\ V
TN N

R
1.3 AN 0.085 /
1.2 0.040
0250 0275 0300 0325 Rm 1.5 1.6 1.7 1.8 V. mfs
. . . . . 0250 0275 0300 0325 Rm
0.02 0.03 0.04 0.05 Ree,m , . . . .
0.08 0.09 0.10 0.11  rm
30 35 40 45 P, deg 30 35 40 45 B, deg
a) b)

Fig. 3= Curves describing dependencies of parameters R, R, and p impact on the minimal velocity
of the web Vi, (@) and parameters V, R, r and p impact on the value of the clearance A (b)

The analysis of the curves has proved that angle B (Figure 3a) has the biggest influence on the value
Vmin. The maximum value Vpmin=1.59 m/s corresponds to the angle B =30°, whereas minimal
Vmin = 1.21 m/s — B = 50°. It can be explained by the increased value of the angle Y, whose maximum value
is determined from the condition y = (90°- [3).

The second one according to the impact on the value Vi, is the radius of side disks R, whose range of

value change 0.25...0.35 m causes the increase of Vi, from 1.325 to 1.514 m/s respectively.
A root crop radius is an uncontrolled factor so, while choosing the most efficient design-kinematic
parameters of a conveyer-separator one must take into account the most unfavourable options, namely

providing the transportation of standard root crops with minimal radius of a root crop head Rc = 0.02 m. As
we can see from the curves the parameter under discussion has a minimal impact on the value Vi, and
when its value changes from 0.02 to 0.06 m the increase of Vi, equals only 0.11 m/s. Thus, while studying

the impact of design-kinematic parameters on the value A we’ll accept an average value Ry; = 0.05 m, which
corresponds to satisfactory harvest of sugar beet root crops.
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Figure 3 (b) presents the curves of parameters V, R, I and 3 impact on the clearance value A.

While studying one of the parameters the others were given their average values. That is why all
curves are crossed in one central point. It makes possible to evaluate both the absolute value change of the
required parameter within the certain range and to determine its influence degree on the value A as well, due
to the comparison with the impact degree of other parameters. Having analysed the obtained dependencies
it was found that the value A is most of all influenced by the radius of side disks R whose increase from 0.25
to 0.35 m enables to increase the clearance value A from 0.04 to 0.223 m. Next, according to the impact
degree on the value A is the radius of hollow shaft I, whose range of value increase 0.08...0.12 m causes the
decrease of value A from 0.2 to 0.09 m. The third one, according to the impact degree on the value A, is the
inclination angle of the unloading section of the rubber belt with rods with horizon 3, whose range of value
increase 30...50° causes the increase of value A from 0.115 to 0.198 m.

The minimal impact on the value A is made by the conveyer web veloc