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ABSTRACT

The precision seed drills significantly improve the competitiveness of farms, in terms of sowing quality and
yield. This paper refers to the field performance of the tractor-seed drill system and the seed spacing uniformity
with reference to three precision drills with 4, 6 and 8 sowing units, respectively. The tests have been
conducted using graded maize and sugar beet seeds, according to ISO 7256-1:1984 standard, under three
speed conditions (5.0, 6.5 and 8.0 km h). The seed drills showed high values of the quality of feed index (>
90%) even at the higher speed. The multiples index and the miss index were very low.

ABSTRACT

Le seminatrici pneumatiche di precisione migliorano significativamente la competitivita delle aziende agricole,
in termini di qualita della semina e resa del raccolto. Questo lavoro ha verificato le prestazioni in campo
dell'accoppiamento trattore-operatrice e l'uniformitd di deposizione del seme di tre seminatrici dotate,
rispettivamente, di 4, 6 e 8 unita di semina. | test sono stati condotti a tre velocita di semina (5.0 ,6.5 e 8.0 km
h-1) in accordo allo standard ISO 7256-1:1984, utilizzando sementi certificate di mais e bietola. Le seminatrici
testate hanno mostrato elevati valori dell'indice delle deposizioni regolari (> 90%), anche alla velocita piu
elevata. Gli indici delle deposizioni multiple e delle deposizioni mancate sono risultati molto bassi.

INTRODUCTION

In a background of increasing input of high technology solutions in agricultural mechanization, the
diffusion of pneumatic precision seed drills for the sowing of spring-summer crops, significantly contributes to
improve the competitiveness of farms by ameliorating sowing quality and yield (Gondal et al., 2017). The
productivity of crops like maize and sugar beet depends not only on the cultivation method, but also on the
respect of the plant investment per area unit, which is realized through the spaced sowing. For this reason,
the efficiency and the proper use of precision seed drills is a crucial point (Fanigliulo and Pochi, 2011). The
optimal planting density per unit area increases the yield of agricultural products while preventing the overuse
of such inputs as seeds, water, fertilizers, pesticides, and herbicides. Especially for sugar beet, under suitable
plant spacing in vertical and horizontal levels, the roots can grow to the size requested from the sugar industries
and they can fill the row, without reducing the space available to the adjacent roots (Findura et al., 2008).

The aim of the precision seed drill manufacturers and researchers is to improve seed drill design and
the accuracy of seed placement, often electronically controlled (Karimi et al., 2019), according to cultivation
standard requirements. The main objective of precision seeding is ensuring that the seeds are put at the
desired depth and spacing within the row. Soil pulverization (Fanigliulo et al., 2018), seed metering device
(Cujbescu et al., 2021), sowing depth (Karayel and Ozmerzi, 2008) and sowing speed (Vuéajnk et al., 2020),
represent the main factors affecting performance of seed drills. As the sowing speed increases, the sowing
accuracy decreases because of the enhanced seed bounce and rolling effect occurring even with reduced
distance between seed drop tube and the furrow. Also, the seed drop tube condition, new or worn, influence
the seed spacing uniformity (Kocher et al., 2011).

Regularity of seed spacing can also be affected by the vibrations induced by excessive soil surface
roughness, particularly at high sowing speed, and by specifications of the seeding unit (type of seeder opener,
final speed of the seed at the outlet from the seeding disc, acceleration of the seeding unit in vertical direction).
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The distance between plants within a row could be influenced by some factors, such as failure of dropping
seed, multiple seeds dropped at the same time, failure of seeds to emerge, and the variability of seed
placement around the drop point (Kachman and Smith, 1995). In compliance with the ISO 7256-1:1984
standard (ISO, 1984), CREA, developed a test system and a series of devices and instruments aimed at
evaluating the precision seed drills field performance, the qualitative aspects of the sowing and the dust drift
of dressed seed from the machine vacuum fan (Pochi et al., 2015a; Biocca et al., 2015; Biocca et al., 2017),
potentially harming for the health of honeybees and agricultural workers (Pochi et al., 2015b; Biocca et al.,
2019). The CREA test system represents an instrument useful to the manufacturers that can quantify the
performance of their products, the effects of some modifications and the differences with other machines. The
tests provided detailed information about the performances of the machines, allowing their comparison.
Moreover, the system has the function to provide the users with the elements necessary for a correct choice
of the machine, depending on their sowing requirements.

This paper reports the results of tests aimed at the comparison of the field performance of three
precision seed drills, equipped with double furrow-opener disks, respectively with 4, 6, 8 sowing units. These
machinery are widespread in Northern and Central Italy and have different mechanic solutions of the seed
metering device.

MATERIALS AND METHODS

The dynamic-energetic behaviour of the tractor-seed drill system and the quality of sowing were tested.
The tests were carried out using graded maize and sugar beet seeds, evaluating the accuracy of the single
seed metering mechanism, in terms of distance among the seeds along the furrows, at three working speed
values (5.0, 6.5 and 8.0 km h1), representative of normal sowing conditions. In the field tests, three rear semi-
mounted pneumatic precision seed drills (indicated as A, B and C) with a different number of sowing units (4,
6 and 8) were used (Fig. 1). In each seed drill, the deposition of a single seed at a predefined distance was
operated by tractor’s power-take-off. Table 1 shows their technical characteristics and their dimensions.

Fig. 1 - The precision drills used in the tests.
(A) with four sowing units; (B) with six sowing units; (C) with eight sowing units

Table 1
Main technical characteristics of the tested precision seed drills
Technical data Seed drill A Seed drill B Seed drill C
Maize | Sugar beet | Maize [Sugar beet| Maize [Sugar beet

Total width in sowing position (m) 3.0 4.5 6.0
Sowing units (n) 4 6 8
Pneumatic wheel drives (n) 2 2 4
Hopper capacity (dm?) 37 37 32
Seed disks diameter (mm) 240 240 220 240
Number of gathering holes (n) 24 36 24 36 26 36
Hole diameter (mm) 45 25 4.5 25 4.75 2.10
Mass with empty hoppers (kg) 840 796 1415 1349 1600 1499

Each sowing unit consists of a hopper, a single-seed metering mechanism and of the devices devoted
to furrow opening and closing and to sowing depth adjustment. An articulated parallel link hitch connects the
sowing units to the main frame, allowing the vertical movements due to the soil unevenness and keeping the
sowing depth constant. The bottom of the hopper directly communicates with the vertical sowing disk that
shows, on its peripheral part, equidistant holes with diameter slightly smaller than the seeds. A vacuum fan
provides each sowing unit with the required vacuum. Flexible pipes starting directly from the fan have the

10
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function of making uniform the air flow created by the vacuum in all sowing units. The furrow is opened by a
double disk equipped with a soil scraper and a coulter. A clod pusher precedes the disks to remove the biggest
clods from the row. The sowing depth is controlled by two lateral steel wheels with rubber coating and soil
scraper. In seed drills B and C, a small seed-presser wheel after each sowing unit ensures the contact between
soil and seeds, operating the seed compression immediately after its deposition. In these seed drills, the furrow
is closed by a couple of convergent small wheels. The precision seed drills were operated by a 4WD tractor
(Landini Legend 145, Reggio Emilia, Italy) with nominal power of 110 kW and total mass of 6420 kg. The
P.T.O. speed was 540 min-! corresponding to an engine speed of 1.944 min-1. All tests were performed with
diesel fuel in compliance with the EN 590, which was always provided by the same supplier. Consequently, its
quality was assumed to be constant, with a Low Heating Value of 42.7 MJ kg!. Before sowing tests, the
tractor’s engine performance was verified at the dynamometric brake that provided the updated characteristic
curves of the engine (Pochi et al., 2013). After field tests, the tractor was connected again to the dynamometric
brake to reproduce the work conditions: the engine speed was set on the same values adopted at the start of
each test. Then, the engine load was increased in such a way that the resulting engine speed reductions were
equal to the average speeds measured during the field test. This method provided the average values of the
total torque and power required to the engine and the corresponding fuel consumption.

The efficiency of the seed metering mechanism was evaluated in the experimental farm of CREA in
Monterotondo (Rome, ltaly; 42°5'51.26"N; 12°37'3.52"E; 24 m a.s.l.), on flat surface plots (< 1% slope)
classified as silty-clay (clay 543 g kg1, silt 434 g kg1, sand 23 g kg) according to the USDA soil classification
system. The soil was previously ploughed at medium depth and subsequently pulverized by means of a power
harrow equipped with a packer roll (Fanigliulo et al., 2016). Tests were conducted at near optimum soil
moisture for tillage and sowing. Table 2 shows the main characteristics of the test field.

Table 2
Physical-mechanic characteristics of the soil

Moisture contents at the depth range of 0-0.2 m (%) 18.6

Dry bulk density at the depth range of 0-0.2 m (g cm3)| 1.21
Clod-breaking index 0.85

Surface roughness index 2.34

The quality of the seedbed was evaluated through the determination, before the sowing, of the clod-
breaking index (CBI) and of soil surface roughness index (SRI) (Fanigliulo et al., 2021). The cloddiness was
measured digging a 0.5 m side square trench to the working depth. The soil aggregates were removed from
the trench avoiding any manipulation and left to dry for at least 20 min. Then they were divided into six size
classes by means of hand-operated standard sieves and weighed. An index (la), ranging from O for the biggest
class to 1 for the smallest class, was attributed to each class. The cloddiness results as the percent of each
size class mass referred to total mass of the sample.

From the cloddiness, the CBI (l,) is calculated as follows:

lo = T8, "t [mm] &)
My
where:

M-I is the product of the index assigned to a clod size class and the mass (kg) of ground belonging
to the same class; M: is the total mass of the sample (kg).

The SRI was calculated as the standard deviations (o) of the series of data provided by an in-house
designed profile-meter (Fanigliulo et al., 2020): a laser sensor, moving along a horizontal rail, measures its
distance from the soil surface at steps of 10 mm. A personal computer collected and processed the data, by
means of a software program (in Microsoft Visual Basic 6.0) which controls the movement of the laser probe
and the sampling rate per unit of distance. This determination was made after the passage of the power harrow.
The tests on the performance of the tractor-operating machine system have been performed according to
ENAMA test protocol (ENAMA, 2003). To find the correct working parameters (sowing speed and gear box
ratio; P.T.O. and vacuum fan speed; air depression value, etc.) some preliminary tests were carried out. For
each tested regulation, three replications were carried out, determining the following operative parameters:
actual working time, width and depth of sowing; sowing speed; P.T.O. torque, speed and power; force of
traction required by the sowing machines and corresponding power under the measured sowing speed
conditions; tractor’s slip; fuel consumption. Each measurement refers to a 100 m reference working distance,
within the 150 x 20 m experimental fields.
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The data of the mentioned parameters were collected by an integrated system based on two units, a
field unit and a support unit (Fanigliulo et al., 2004). The tractor (equipped with sensors and a personal
computer with a PCI card for real time data acquisition and an LCD monitor) and a photocell system (placed
in each test plot and indicating the start and stop of the test) represent the field unit. The sensors’ signals were
recorded at a scan rate of 10 Hz. The support unit consists of a van equipped as a mobile laboratory which is
parked on the field border during the tests. Its PC communicates with the field unit's PC by means of a radio-
modem system, exchanging data and allowing to monitor the behaviour of critical parameters and the efficiency
of the instruments. The sensors used in the tests consisted of a 500 Nm full scale torque meter mounted on
the tractor P.T.O. shaft, measuring the torque and speed during the work (to calculate the required P.T.O.
power); a digital encoder measuring the number of revolutions of the tractor rear wheels on a reference
distance (to calculate its peripheral velocity and the slip); a 49 kN full scale load cell, fitted in a suitable drawbar
connecting a dynamometric vehicle and the tractor-seed drill system in neutral, pulled at the same sowing
speed (for the measurement of the force of traction). The three precision drills underwent sowing tests using
certified maize and sugar beet seeds. The main characteristics of the seeds are reported in Table 3.

Physical characteristics of maize and sugar beet seeds utilized during the field tests Tables

Characteristics Maize | Sugar beet

Seed emergence (%) 92 80

Seed purity (%) 99 97

Average calibre (mm) GR2 4.1

Cultivation cycle length (Days)| 135 -

Bulk density (g dm®) 801 480

Thousand seed mass (g) 445 28.2

The three machines have been set to carry out the sowing according to the data reported in the Table 4.

Table 4
Sowing conditions and seed drills setting
Seed Maize Sugar beet
Seed drill A B C A B C
Mass of seed with full hoppers (kg) 115 173 224 71 107 123
Distance between rows (m) 0.75 0.75
Theoretical seed spacing (mm) 175 190 173 120
Investment (seeds m2) 7.6 7.0 7.7 11.1
Theoretical seed distribution (kg hat) | 33.9 31.2 34.9 3.1
Sowing depth (mm) 40 20
Sowing speed (km h) 6.4-8.1 ‘ 6.6-8.3 ‘ 6.6-8.2 | 4.9-8.0 ‘ 5.1-8.1 ‘ 4.9-8.0

The air depression for maize and sugar beet seeds, measured by a vacuum gauge installed on each
seed drill, was set on the values indicated by the manufacturers on the instruction manuals. As to the evaluation
of the sowing quality, according to the ISO 7256-1:1984 standard, the actual spacing along the row between
adjacent seeds must be determined and related to the theoretical spacing indicated by the manufacturer in the
calibration chart. After the sowing, seeds spacing was measured on random row portions 20 m long, by
measuring the distance between contiguous seeds in the furrow. Referring to the theoretical spacing, the actual
spacing measurement is classified in the mentioned ISO standard as: DS (double sowing), when it is 0 to 0.5
times the theoretical spacing; AS (correct sowing), when it is 0.5 to 1.5 times the theoretical spacing; MS
(missing sowing), when it is higher than 1.5 times the theoretical spacing. Since the actual seed spacing is the
key-parameter in the evaluation of a precision drill, its deviations from the theoretical spacing values underwent
the statistical test ANOVA (analysis of variance). The test was carried out separately for maize and sugar beet
datasets, considering as variability factors: three machines, two speeds, two hoppers for each machine (one
lateral hopper and one central hopper) and their interaction. The test was based on five replicates, each with
ten values of deviation.

12
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The percent frequency of measurements occurring in each class allows to define several quality
indices characterizing the machine, as the multiple index, the quality of feed index, the miss index and the
precision sowing index (CS), ratio between the standard deviation of AS measurements and the theoretical
spacing. These indices measure the degradation of the performances within the target range. Low values of
DS, CS, and MS and high AS values indicate good performance of the machine. According to the standard, at
least 250 depositions on the same row must be considered, repeating the counting on three sowing units (two
lateral and one central sowing unit). Lastly, the uniformity of transversal distribution was evaluated for all the
sowing units of the tested machines. The quantity of seed distributed by each of them, along the reference
distance, was properly collected and weighted, providing the behaviour of the transversal distribution and the
transversal unevenness index. Moreover, the total mass of seeds collected during each replication allowed the
calculation of the actual seed dose (kg hal) and, by referring to the theoretical dose, the efficiency of
distribution (coefficient of irregularity, %). Basing on the above indices relating to the quality of sowing, the

performances can be synthetically judged as “insufficient”, “sufficient

"«

, “good”, and “excellent”.

RESULTS
The data of the dynamic-energetic performances of each tractor-sowing machine system are reported
in Table 5. The results of the measurements aimed at evaluating the quality of sowing are reported in Table 6.

Tabl
Average values of the parameters describing the technical performance of each tractor-seed drill syst:r: °°
Parameters .Seed drill A .Seed drill B . Seed drill C
Maize |Sugar beet| Maize |Sugar beet| Maize Sugar beet
Actual sowing speed (km h1) 64(81(49| 80 (66 |83| 51 [81(66|82] 49 8.0
Actual sowing capacity (ha h'?) 19|24 |15| 24 [ 30|38| 23 | 36|38|49| 3.0 4.8
Operative sowing capacity (ha h't) 1113|109 | 13 [17|20| 25 [ 20|33(37]| 24 35
Fuel consumption per hour (kg h?%) 6416948 | 64 | 75|83 | 66 |74 |11.8|12.6|14.3| 15.8
Surface unit fuel consumption (kg ha') | 3.3 |28 |32 | 26 [25(22| 28 [20|31|26| 49 3.3
Average force of traction (kN) 22124|118| 21 |30|32| 25 |30]|57|6.2|5.2 6.0
Power required for the traction (kW) 3954|124 | 48 (55|74 | 35 |6.7(105|14.1| 7.1 | 134
Specific resistance to traction (kN row?) | 0.5 | 06 |04 | 05 |05|05| 04 [05|0.7 |08 | 0.6 0.8
Average P.T.O. speed (min') 516 | 509 | 402 | 395 | 533|523 | 440 | 420|503 506 | 455 | 435
Average torque at the P.T.O. (daNm) 1712019 | 17 |30| 26| 32 |29|69|73| 6.6 7.7
Average power at the P.T.O. (kW) 091108 07 (17|14 15 (1336|3931 35
Slip (%) 16|23|15| 23 |22 (25| 18 |24 |33 (36| 19 3.3
Power losses for slip (kW) 02(04(01| 03 |[03|04| 02 (0404|0603 0.9
Total power required (kW) 48 | 64|32| 55 |71|88]| 50 |80|146|18.6|/10.5| 17.8
Tractor’s total engine power (kW) 9.8 [14.3| 7.6 | 15.0 [16.3(22.1| 159 {20.1{28.2|35.5|19.3| 34.3
Energy per surface unit (MJ ha?) 18.5(21.5(18.8| 22.7 {20.1|21.5| 25.0 |20.1{25.6(26.0| 23.7 | 25.8
Table 6
Uniformity and accuracy indices resulting from the tests with the precision drills
Technical parameters _Seed drill A _Seed drill B _ Seed drill C

Maize |Sugar beet| Maize |Sugar beet| Maize Sugar beet

Average seed spacing (mm) 182 | 185| 138 | 129 | 205|216 | 146 | 138|196 |179|145| 139
Coefficient of Variation 21.4|26.5(40.2| 249 |14.4|15.6| 36.5 |22.0|16.6|29.1({35.4| 23.6
Average depth of seed placement (mm) | 38.1{41.2|13.8 | 12.9 [40.9(41.8| 14.6 {13.8(41.0(42.1|13.9| 13.2

Transversal unevenness index (%) 21(24|26| 09 (0637 59 (610916 |6.6 6.9

Coefficient of irregularity (%) -09|-65(-39| -24 |-36|-51| -83 |-7.3|-59|-6.4|-85| -81

Multiple index (%) 10| 0 | 25 0 0 0|04 ]| O 0 23|17 1.3
Quality of feed index (%) 96.1|95.2|82.3| 93.8 |98.8(97.9| 84.0 |93.5(95.1|90.4|85.3| 90.6
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Technical parameters Seed drill A Seed drill B Seed drill C
P Maize |Sugar beet| Maize |Sugar beet| Maize Sugar beet
Miss index (%) 29148 |152| 6.2 |12 |21 |156|65(49| 7.3 (130 8.1
Precision sowing index (%) 15.0118.2|19.3| 18.3 |12.1|12.5| 20.0 |17.5|19.2|22.4|19.9| 17.3

*Referring to the theoretical dose

Among the data reported in Table 5, modest values of specific resistance to traction can be noticed,
with corresponding low traction power requests. Tractor’s slip and fuel consumption values are normal for this
typology of machines. The dynamic and energetic parameters clearly increase with speed, for all machines
that, because of the reduced run-out time (turning, manoeuvres, hoppers' refills), showed high sowing capacity.

Maize sowing test
The actual sowing depth was similar to the pre-set value, as some differences can be observed between
theoretical and actual seed spacing (4.1% and 5.9% for seed drill A; 7.9% and 13.6% for B; 13.0% and 3.6%
for C). According to the results of the ANOVA carried out on the deviations of actual seed spacing from
theoretical seed spacing (Table 7), said differences seem mostly caused by the factor “machines” (p = 0.05)
probably due to their different design, type of sowing disks, number of hoppers. The differences relating to the
speed and hopper’s position were not significant. However, those due to the interaction of factors were
significant (p = 0.05).
Table 7

Results of the ANOVA carried out on the deviations of the actual spacing values from the theoretical spacing
values (Table 4) observed after the sowing of maize seed with the three pneumatic precision drills

V?;Le;l;irléty Deviance ?fggggrgf Variance CalcE lated 0 =005 P;Oii:)gllty 5= 0.001
Replicates 15.60 4 3.90 0.27 2.37 3.32 4.62
Seed 87.5 2 43.74 3.08 3.00 4.61 6.91
Speed 7.8 1 7.81 0.55 3.84 6.63 10.83
Hoppers 2.9 1 2.87 0.20 3.84 6.63 10.83
Interaction 270.2 11 24.57 1.73 1.72 2.20 2.68
Error 8384.9 591 14.19 - - - -
Total 8768.9 599 - - - - -

Based on the results of the ANOVA, the minimum significant differences, MSD, between the average
deviations of the three machines, reported in Table 8, indicate that only the difference A-B is significant
(p=0.01) and is mostly responsible of the variability observed in the ANOVA among seed drills. This means
that the seed drill A has a smaller average deviation than B from the theoretical distance between the seeds.
A can be considered better than B, but not better than C, just as C cannot be considered better than B, despite
its smaller mean deviation.

Table 8
Minimum Significant Differences between the means relating to the results of the ANOVA reported in Table 7
Mean spacing Difference between means t values
A B C A-B A-C B-C p =0.05 p =0.01 p = 0.001

0.843 1.763 | 1.157 -0.920 -0.315 0.605 1.645 2.326 3.090
Standard error of the difference between two means 0.377
Minimum Significant Differences (MSD) 0.620 0.876 1.164
Significance A-B A-B n.s.

Increasing the sowing speed, the actual seed distribution decreased from 33.5 to 31.5 kg ha-! for the
machine A, from 32.5 to 31.9 kg ha for the machine B and from 34.8 to 32.6 kg ha! for the machine C, with
a variation of 5.8, 1.7 and 6.2%, respectively. Considering the transversal unevenness index, as it shows very
low values in all conditions, it can always be classified as “excellent”.
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The coefficient of irregularity always resulted “excellent” in all tests but two: for the machines A and C
at 8 km h'l it has been judged “good”. A similar behaviour has been observed for the quality of feed index, the
values of which resulted “excellent” for the machine B, as they were “good” for the machine A. For the machine
C, the values resulted “acceptable” at lower speed and “insufficient” at 8.2 km h-1. The histograms of Figures
2, 3, and 4 show the distribution of frequency of the seed spacing values.
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Fig. 2 - Frequency distribution of the seed maize spacing values for the machine A (theoretical value: 17.5 cm)
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Fig. 3 - Frequency distribution of the seed maize spacing values for the machine B (theoretical value: 19.0 cm)
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Fig. 4 - Frequency distribution of the seed maize spacing values for the machine C (theoretical value: 17.3 cm)

It can be noticed that, in the class corresponding to the theoretical spacing, the variability increased with
the speed and the frequency of the values decreased. The highest frequencies inside the theoretical spacing
classes have been observed for the machine A, under both sowing speed conditions. The histograms of the
machine B also showed a lower number of classes than A and C: considering a + 30 mm interval around the
theoretical spacing, the depositions occurred in it have been, for A, B and C, respectively 80.4%, 81.5% and
65.7% at the lower speed and 72.5%, 68.6% and 57.2% at the higher speed.

Sugar beet sowing test

As observed for maize, also in this case the actual sowing depth was similar to the pre-set value. Some
differences occurred between theoretical seed spacing (Table 4, constant for the three machines) and actual
seed spacing (15.3% and 7.3% for A; 21.9% and 14.9% for B; 20.4% and 15.6% for C).
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The ANOVA carried out on the deviations of actual seed spacing from theoretical seed spacing (Table 9) did
not show any significant differences in the deviations due to the considered variability factors.
Table 9

Results of the ANOVA carried out on the deviations of the actual spacing values from the theoretical spacing
values (Table 4) observed after the sowing of sugar beet seed with the three pneumatic precision drills

Variability Deviance | Degree of | Variance F Probability
factors freedom Calculated | p =0.05 p =0.01 p =0.001
Replicates 158.01 4 39.50 2.03 2.37 3.32 4.62
Seed 27.3 2 13.63 0.70 3.00 4.61 6.91
Speed 12.2 1 12.16 0.63 3.84 6.63 10.83
Hoppers 15.2 1 15.23 0.78 3.84 6.63 10.83
Interaction 229.2 11 20.83 1.07 1.72 2.20 2.68
Error 11493.6 591 19.45 - - - -
Total 11935.4 599 - - - - -

Increasing the sowing speed, the actual seed distribution increases from 3.01 to 3.06 kg ha! for the
machine A, from 2.87 to 2.90 kg ha* for the machine B and from 2.86 to 2.88 kg ha* for the machine C, with
a variation respectively of 1.6, 1.0 and 0.4%. Considering the transversal unevenness index and the coefficient
of irregularity, since they show very low values in all conditions, they can always be classified as excellent for
seed drill A and good for seed drills B and C. A similar behaviour was observed for the quality of feed index
values that resulted acceptable at 8.0 km h for all machines, as it was not sufficient at lower speed. The
histograms of Figures 5, 6, and 7 show the frequency distribution of the seed spacing values.
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The variability decreases with the sowing speed and the frequency of values in the class corresponding
to the theoretical spacing decrease except for the seed drill A. The highest frequencies inside the theoretical
spacing classes were observed for the machine A, under both speed conditions. The histograms of the seed
drill A also showed a lower number of classes than B and C: considering a £+ 24 mm interval around the
theoretical spacing, the depositions occurred in it have been, for A, B and C, respectively 40.5%, 34.2% and
32.5% at the lower speed and 38.1%, 36.3% and 33.3% at the higher speed.

CONCLUSIONS

During the field experiments of sowing of maize and sugar beet, carried out according to ISO 7256-
1:1984 standard, we compared three pneumatic precision seed drills with a different number of sowing units
(4, 6 and 8) and under two sowing speed conditions. The tested seed drills showed good performances in
sowing operations, which are strictly connected to the optimal setting of the seed selector of the metering
system and to the correct choice of disks with the most suitable hole diameter. The sowing speed and the
sowing width represent the main factors affecting precision seed drill performance. As they increase, the
vibrations induced by any soil unevenness could affect the uniformity of seed spacing. As for the sowing
capacity, it was found to be fair due to the good manoeuvrability of the machines and the ease of filling the
hoppers. With full hoppers and at the highest speed, the sowed surfaces were about 3.8, 5.6, 6.3 ha for maize
and 23.2, 36.7, 42.7 ha for sugar beet, respectively for the machines A, B and C. Moreover, the accuracy of
the devices regulating the pressure of burying allowed to maintain constant sowing depth, corresponding to
the pre-set values. The increasing of sowing speed seems to induce opposite results in the two crops: in fact,
the quantity of maize seed distributed per hectare decreased, while the sugar beet seed quantity per hectare
increased. The missing deposition value (MS) was affected in a similar way. This was probably caused by an
irregular seed feeding due to a not optimum time of contact between seeds and disk, also due to the different
size and mass of the tested seeds. No effect was observed on the multiple depositions (DS). Consequently,
the average actual spacing was increased for all machines and particularly for B. The good values of quality-
of-feed index testify the accuracy of the distribution system and its efficiency even at higher speed for seed
drill (beyond 90%). The precision sowing index observed in the tests ranged from 12.1% up to 22.4% in maize
sowing, and from 17.5% up to 20.0% in sugar beet sowing, indicating that the spacing values were uniformly
distributed within the target range. As to the frequency distribution of the spacing values, the machine A
showed the best performance. This can be explained by the presence, in each metering system, of the anti-
filling-up plate aimed at avoiding multiple depositions.
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ABSTRACT

In order to better use the discrete element method (DEM) to study the cutting and throwing process of King
Grass (KG) stalk in mechanical harvesting, the DEM model and contact parameters of KG stalk were studied
in this paper. By using the Multi-sphere method, the DEM model of KG stalk was established in EDEM
software. Through the impact bounce test and slope sliding test, the stalk-steel coefficient of static friction,
stalk-steel coefficient of restitution and stalk-stalk coefficient of restitution were calibrated as 0.372, 0.656 and
0.523, respectively. Based on the stacking test, using the response surface methodology, the optimal values
of stalk-stalk coefficient of static friction, stalk-stalk coefficient of rolling friction, stalk-steel coefficient of rolling
friction were calibrated as 0.393, 0.072 and 0.144, respectively. The throwing test bench of stalk was designed,
and the actual and simulation throwing test were carried out. The relative error of throwing distance in bench
test and simulation test under four throwing speeds was 1.15%, 7.76%, 8.88% and 10.46%, respectively. The
throwing trajectory curve of the simulation test is consistent with that of the actual test, which verifies the
accuracy of the DEM model and contact parameters of KG stalk.
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K RELF I B TG 12T I 2SR PL BRI TE I, KT F T T R T R B 250 B
16 RN T B PES LTI, HFEF Z IR SRR 7 7 EDEM B fFH T T 2 FFH B i i
T R G AT I B A IS 51 7 26, L A1 B 5 IR T 7 50105, 772 25 FF- 9 R i 1R AT
FEZEFF- R i R R BRI ZEFF- Z A R 7 B ek 0.372, 0.656 7 0.523; Z 7, F/Hm
DI 7772, LU EDEM 17 B -5 S B R A [ T iR 25 15 b e 2T Z T R R -5
TR R IR H LR 2 - B9 B V2 5 E R AT B T3 e 5047 %y 0.393 0.072 A7 0.144; 77T B ZZFFL i
(47 F CFD-DEM #5417 A& i, 772/ /&% (400, 500, 600 #/700r-mint) F4F, &
B ISR B iR R B I iR 25 70y 1.15% . 7.76% . 8.88% F7 10.46%, 1B isl4 /) FF Wi 1 2
265 G F I AT 26 55 FiIF T HZEFF BT P T I 2 51 -

INTRODUCTION

King Grass (Pennisetum Americanum x P. purpureum, KG) is mainly planted in south of China and
other tropical and subtropical regions globally (Zhao et al., 2019). KG is a high-yield biological resources and
it is extensively used in ecological environmental protection, bioenergy industry, and animal husbandry (Li et
al.,, 2019). In order to improve the harvest level and economic benefit, it is necessary to develop suitable
mechanical equipment for KG harvest. In recent years, simulation software EDEM based on discrete element
method (DEM) has been widely used in agricultural equipment research. The chopped KG stalk can be
regarded as granular. The application of DEM to study the mechanism of KG stalk and harvester in the process
of cutting and throwing can provide a theoretical basis for machine design and optimization. In the DEM
simulation, it is necessary to establish a DEM model and define the contact parameters of the model, including
coefficient of static friction (CSF), coefficient of rolling friction (CRF) and coefficient of restitution (CR). Many
scholars had carried out extensive research on the DEM model and contact parameters of soil (Tran et al.,

1 Xiaolong, Huan, Ph.D. Stud. Eng.; Decheng Wang, Prof. Ph.D. Eng.; Yong You, Assoc. Prof. Ph.D. Eng.;
Wenpeng Ma, Ph.D. Stud. Eng.; Sibiao Li, M.S. Stud. Eng Lu Zhu, Ph.D. Stud. Eng.
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2020), fertilizer (Bangura et al., 2020), seed (Guzman et al., 2021; Ma et al., 2020) and other materials. In
recent years, the research on the DEM model of stalk has also been reported. Liao et al. (2020) took forage
rape as the research object, determined the main parameters of DEM model through stalk bending failure
simulation test and response surface analysis, such as normal contact stiffness, tangential contact stiffness,
critical normal stress and critical tangential stress. Based on the results of Alfalfa straw physical test, Ma et al.
(2020) determined the parameters of Alfalfa stalk DEM model by using Plackett-Burman test, steepest climbing
test and Box-Behnken test. Zhang et al. (2020) determined the optimal combination of corn straw parameters
by using results of mechanical corn stalk tests, DEM simulations of impact fracture, compression fracture.

Compared with soil, fertilizer, seeds and other materials, the size and mass of KG stalk are different. At
the same time, compared with alfalfa, forage rape and other forages, its stalk diameter is larger, and the DEM
model is more difficult to calibrate. In this research, the KG stalk after cutting was taken as the research object.
The DEM model of KG stalk was established in EDEM software. The contact parameters were calibrated by
bench test and simulation test. The stalk throwing test bench was built to carry out the actual throwing test.
The CFD-DEM coupling method was used to carry out the simulation throwing test. By comparing the results
of actual test and simulation test, the accuracy of DEM model and contact parameters was verified. The
objective of this study is to provide model and parameter support for the application of DEM to study the
interaction mechanism between KG stalk and harvester, and provide a DEM model verification method for
stalk based on throwing test.

MATERIALS AND METHODS
Physical model of KG stalk
In order to make the DEM model of KG stalk more accurate, it is necessary to establish the stalk profile
model of KG through measurement. The stalk of KG was collected from the experimental field of Hebei Xinnong
Machinery Co., Ltd. (E:114.822°, N:38.157°), the average plant height was 1.8m during the harvesting period.
According to the harvesting requirements, 9FDRFX cutter was used to cut KG, and the average cutting length
was 24mm. In order to determine the physical model of KG stalk, 200 stalk segments were randomly selected
to observe the stalk shape and measure the stalk diameter with vernier calliper. It was found that the stalk of
KG was mainly cylindrical, and some of the stalks were broken along the axis to be semi-cylindrical, and the
ratio of cylinder to semi-cylinder was about 4:1. The diameter distribution of cylindrical stalk is shown in Fig. 1.
According to the diameter distribution, the cylindrical stalk is divided into small diameter (14 mm <d <17 mm),
medium diameter (17 mm < d < 20 mm) and large diameter (20 mm < d < 23 mm). The average diameter of
the three is 15.7 mm, 18.3 mm and 21.2 mm, and the approximate ratio of quantity is 2:5:1.
60
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Fig. 1 - Stalk diameter distribution

The DEM model of KG stalk

DEM is a kind of analytical method based on molecular dynamics. During the simulation test, according
to the material characteristics of KG stalk, its surface adhesion force is small. Hertz-Mindlin (no-slip) model is
adopted for the contact model of KG stalk particles (Grima et al., 2011).

The shape of spherical particles is simple, which can be limited by radius and coordinate parameters,
and there is only one contact state between spherical particles, which can shorten the simulation time.
Therefore, the DEM model of materials is usually established in the form of spherical particle accumulation.
When the diameter of spherical particles is smaller, the number of spherical particles required is more, and the
shape of DEM model is closer to the actual shape of stalk, but the corresponding computer calculation
processing time is longer. Considering comprehensively, using the Multi-sphere method (MSM), the small-
diameter stalk, medium diameter stalk and large-diameter stalk were filled with spherical particles with radius
of 4 mm, 4.5 mm and 5 mm respectively. The semi cylindrical stalk structure was filled with spherical particles
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with radius of 2.25 mm and 4.5 mm. Finally, the optimized DEM model of KG stalk was formed, as shown in
Fig. 2.

-— { i i ey
- 4 b 44 w 4 'y
QT R N’ -
a. Small diameter stalk b. Medium diameter stalk c. Large diameter stalk d. Semi-cylinder stalk
(15.7mm) (18.3mm) (21.2mm) (18.3mm)

Fig. 2 - DEM model of KG stalk

Calibration of contact parameters

Due to the difference between the DEM model and the actual shape of stalk, the direct application of
the contact parameters measured in the test to the simulation will cause test error. In order to improve the
accuracy of the DEM simulation test, this section calibrates the DEM model parameters through the
combination of bench test and simulation test.

In the process of harvesting and processing, in addition to the contact and interaction between KG
stalks, stalks and mechanical equipment will also have contact. Q235 steel commonly used in agricultural
machinery was selected as the contact material in this study. The intrinsic parameters of KG stalk and Q235
are shown in Table 1 (Rong, 2014; Ma et al., 2020).

Table 1
Intrinsic parameters
Moisture Poisson's Shear modulus | Density Poisson's Shear modulus | Density
content of KG ratio of KG of KG of KG ratio of Q235 of Q235 of Q235
(%] — [Pa] [kg/m?] — [Pa] [kg/m?]
72+2 0.34 10.45x108 1090 0.28 8.2x10%0 7850

Calibration of Stalk-Steel CSE

CSF is one of the main contact parameters of DEM model, which can be expressed as the ratio of the
maximum static friction force ( f) to the contact positive pressure ( Fn). In this study, the stalk-steel CSF was
measured by inclined plane method. The test device is shown in Fig. 3a. The steel plate was fixed on the
inclined plate, and the inclined plate was placed horizontally at the beginning. In order to prevent the stalk from
rolling and reduce the test error, two sections of stalk were connected in series with pins and placed on the
steel plate smoothly. Slowly lift one side of the inclined plate by pulling rope to gradually increase the inclined
angle. When they begin to slide, stop lifting, and measure the inclined angle with the angle digital display
instrument (Weidu, 4 * 90°, 0.05°, Wenzhou Weidu Electronics Co., Ltd.).

The relation between coefficient of static friction (41) and inclination angle ( a ) is written as Eq. 1,

w =f|F, =tana (1)

In order to improve the accuracy of the test results, considering the influence of the placing state of the
stalks, the stalks were placed on the steel plate in transverse, longitudinal and oblique directions. The average
value was calculated by seven repeated tests. The results showed that the inclination angles were 22.42°,
22.38° and 22.41° when the stalk was placed horizontally, longitudinally and obliquely. It can be seen that the
state of stalk placement had no significant influence on the friction angle. The average friction angle of the
three states was 22.40°, and the static friction factor was calculated as 0.41.

18.7434 deg

(a) Practical test

(b) Simulation test

Fig. 3 - Practical test and simulation test of CSF
1 — Angle digital display instrument; 2 — KG stalk; 3 — Steel plate; 4 — Inclined plate;
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Setting the physical parameters of stalk particles and plate in the EDEM simulation test (Fig. 3b). CRF,
CR and stalk-steel CSF have no effect on the inclination angle of steel plate, so these parameters were set to
0 in order to reduce interference. According to the pre-simulation test, the stalk-steel CSF ranged from 0.25 to
0.55. Seven groups of simulation tests were conducted with step size as 0.05, and each group of tests was
repeated for three times to take the average value. The test design scheme and results are shown in Table 2.
Using Origin 2018 software to fit the data, the fitting curve is shown in Fig. 6, and the fitting equations for the
stalk-steel CSF ( x1) and the steel plate inclination angle ( y1) was established as:

y, = 7.6856x,° +46.36x, +4.0672 )

Table 2
Design scheme and results of simulation test for stalk-steel CR

Stalk-steel CSF X, 0.25 0.30 0.35 0.40 0.45 0.50 0.55
Inclination angle 'y, [°] 1.17 1.05 0.78 0.52 0.47 0.39 0.37

The determination coefficient R? of Eq. 2 was 0.9999, indicating that the fitting equation is highly reliable.
The steel plate inclination angle of 22.40° measured by bench test was substituted into Eq. 2 to obtain x;=0.372.
The simulation test was carried out with CSF of 0.372, and the value of steel plate inclination angle was measured
as 22.373°. The relative error between this result and bench test was 0.12%, which indicates that the calibrated
stalk-steel CSF can be used for EDEM simulation, so the stalk-steel CSF was selected as 0.372.

Calibration of stalk-steel CR

The stalk-steel CR was determined by impact bounce test, and the test environment is shown in Fig. 4.
KG was released from the initial position, and bounced to the highest point after colliding with the steel plate.
The whole process of collision bounce was recorded by high-speed camera (Vision Research, Inc. Phantom
v 9.1). The collision process is shown in Fig. 5.

Fig. 4 - Impact recovery test
1 - Fill light; 2 — High-speed camera; 3 — Coordinate paper; 4— Steel plate; 5—- Computer

2~ S
Ho
3 |H1
_ ke — _ R o SR
Initial height Impact steel plate Highest jumping point
(a) Bounce test
(=5
fm
Initial height Impact steel plate Highest jumping point

(b) Simulation test

Fig. 5 - Test for CR
1- KG stalk; 2— Coordinate paper; 3— Steel plate
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The maximum jumping height of the straw was measured by using the image processing software Fiji
(ImageJ) with the reference length of coordinate paper dimension. The stalk-steel CR ( e1) can be calculated

according to formula 3,
JJ2gH
91:\/1: A a 3)

Vo \/29H0 - Ho
where:

Vo is the instantaneous contact velocity, vi is the instantaneous separation velocity, Ho is the initial
falling height, Hi is the maximum jumping height and g is the acceleration of gravity.

It was assumed that in the process of collision, the stalk and steel plate have small deformation at the
contact point of collision and the collision time is very short. In order to verify whether the initial release height
has influence on the test results, bench impact bounce tests were carried out with initial heights of 300 mm,
350 mm and 400 mm, respectively. The maximum bounce heights of stalk were 83.8 mm, 99.8 mm and 112.7
mm and the stalk-steel CR were calculated as 0.529, 0.534 and 0.531, respectively. The initial release height
had no significant effect on the CR. The simulation experiment was carried out with Hp as 350 mm. The CSF,
CRF and stalk-stalk CR have no effect on the rebound height. In order to reduce the interference, the above
parameters were set to 0 in EDEM simulation. The results of pre-simulation test showed that the range of stalk-
steel CR was 0.40-0.70. Therefore, the step length was set to 0.05, and 7 groups of simulation tests were
conducted, and each test was repeated for 3 times. The design scheme and results of the test are shown in
Table 3. Using Origin 2018 software to fit the data, the fitting curve is shown in Fig. 7, and the fitting equation
of the CR ( X2) and bounce height ( y2) was established as:

y, =33881x,” —139.66x, +45.337 @)

Table 3
Design scheme and results of simulation test for coefficient of restitution

Stalk-steel CR X, 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Bounce height y, [mm] 44.23 50.36 59.83 70.64 86.15 95.51 114.10

The determination coefficient R? of Eq. 4 was 0.9966, which indicates that the fitting equation has high
reliability. Substituting H;1=99.8 mm measured in the 350 mm bench test into Eq. 10, it can be obtained that x;
was 0.656. Then the CR was set to 0.656 in EDEM, and the simulation tests with release heights of 300, 350
and 400mm were carried out. The rebound heights of simulation tests were 80.85 mm, 97.88 mm and 110.41
mm, and the relative errors with the actual experimental rebound heights were 3.65%, 1.96% and 2.07%. It
showed that the simulation results after calibration are basically consistent with the bench test, so the stalk-
steel coefficient of restitution was selected as 0.656.

Calibration of stalk-stalk coefficient of restitution

Similar to the method of measuring the stalk-steel coefficient of restitution, the steel plate is replaced by
the stalk row which was neatly strung together. The KG stalk was clamped with tweezers and releases from
the initial position. The stalk fell freely and bounced to the highest point after colliding with the stalk row. The
whole process of collision bounce was recorded by high-speed camera. The calculation formula of the stalk-
stalk coefficient of restitution is the same as that of formula 3.

The initial release height of stalk was selected as 300 mm, 350 mm and 400 mm respectively. Each group
was tested for 10 times and the average value was taken. The average height of stalk bounce was 63.4 mm,
76.7 mm and 85.5 mm respectively. The stalk-stalk CR under the three release heights were 0.459, 0.468 and
0.462, respectively. The initial release height of the stalk had no significant effect on the CR, so the simulation
experiment was carried out with H)=350mm. The CRF and the stalk-stalk CSF have no effect on the bouncing
height of stalk. In order to reduce the interference, the above parameters were set to 0 in EDEM simulation.
The stalk-steel CSF was set as 0.372, and the stalk-steel CR was set as 0.656. After the pre-simulation test,
it was determined that the value range of stalk-stalk CR was 0.30 ~ 0.60. The design scheme of simulation
test is shown in Table 4.

Table 4
Design scheme and results of simulation test for CR
Stalk-stalk CR X, 0.30 0.35 0.40 0.45 0.50 0.55 0.60
Bounce height 'y, [mm] 37.69 45.68 55.41 57.17 72.69 82.52 96.75
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Fitting the data in Table 4, the fitting curve is shown in Fig. 8, and the fitting equation of the stalk-stalk
CR (x3) and rebound height ( y3) was established as :

y, = 281.98x,” —62.241x, +32.073 (5)

The determination coefficient R? of Eq. 5 was 0.9887, which indicates that the fitting equation has high
reliability. By substituting the measured value of 76.7 mm in the 350 mm bench test into Eq. 5, it can be
obtained that x3=0.523. Then the stalk-stalk CR was set as 0.523 in EDEM, and the simulation tests with
release heights of 300 mm, 350 mm and 400 mm were carried out. The rebound heights of the simulation tests
were 60.36 mm, 73.51 mm and 79.68 mm, and the relative errors with the actual experiments were 4.80%,
4.16% and 6.81%. It showed that the simulation results after calibration were basically consistent with the
bench test, so the stalk-stalk coefficient of restitution was selected as 0.523.

34 120 ¢ , 110 ,
< =338.81x,%-139.66x,+45.337, =289.98x,%-62.241x,+32.073,
© 325 y,=7.6856x,2=46.36x,+4.0672, 110} Yz & & 100} ¥ . o
S d R?=0.9966 R?=0.9887
230F  R=09999 £ 100} E 9t
< 28] S S
2 = 90+ = 80t
e 26 S S
£ 3 80} 3
T 24+ 2 2 70}
£ T 70} =
% 22+ g 8 60+
5 20¢ g 60y T 50L
8 18r E gl o
2 40+
o 161 401+
ﬁ 1 1 1 1 1 1 1 30 1 1 1 1 1 1 1 J
4025 030 095 040 045 050 055 040 045 050 055 0.60 065 0.70 0.25 030 035 0.40 0.45 0.50 0.55 0.60 0.6
Stalk-steel coefficient of static friction Stalk-steel coefficient of restitution Stalk-stalk coefficient of restitution
Fig. 6 - The fitting curve of Eq.12 | Fig. 7 - The fitting curve of Eq.12 Fig. 8 - The fitting curve of Eq.12

Calibration of contact parameters based on stacking test

It is difficult to measure and calibrate the stalk-stalk CSF, stalk-stalk CRF and the stalk-steel CRF. The
measurement error of traditional bench test is large. Stacking angle is a macro parameter to characterize the
flow and friction characteristics of discrete materials. During the process of stalk falling and stacking on the
surface of steel plate, the value of contact parameter significantly affects the shape of stalk stacking (Ghodk
et al., 2017). In this section, by analysing and comparing the results of bench stacking test and simulation
stacking test, the response surface methodology (RSM) based on central composite design (CCD) was used
to calibrate the above three parameters (Wang et al., 2021).

The stacking test is shown in Fig. 9. The funnel and steel plate were made of Q235, and the distance
between the lower end face of the funnel and the steel plate was 75 mm. The stalk fell freely from the centre
of the funnel and accumulated on the surface of steel plate. After all the stalks fell on the steel plate and stood
still, using the camera to take the front view picture of the stalk pile, the image was binarized, and the contour
curve was extracted by edge detection using MATLAB. The edge points of the contour curve were fitted
linearly.

Fig. 9 - Stacking test of KG stalk
1- Funnel; 2— KG stalk; 3— Steel plate

The arctangent value of the slope of the fitting line was calculated, which was the stacking angle. The
image processing is shown in Fig. 10. The stacking test was repeated 5 times, and the average value was
taken. The measured value of stacking angle of KG stalk was 26.22°.
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Fig. 10 - Image processing of stalk pile

When setting simulation parameters, select the calibrated parameters: 41=0.372. ¢,=0.656. ¢,=0.523.
The DEM models of small diameter stalk, medium diameter stalk, large diameter stalk and semi cylindrical
stalk were added in EDEM. According to the shape distribution of KG stalk after cutting, the generation rate
ratio of four models was set as 6:15:3:7. The stalk-stalk CSF ( X7 ), stalk-stalk CRF ( X>) and stalk-steel CRF
( X5 ) were selected as test factors. And the relative error ( § ) of simulation test stacking angle (6’ ) and bench
test stacking angle (8) was taken as test index. The relative error ( 6 ) was calculated according to Eq. 6,

0"-6)
5= = x100% (6)

The steepest ascent test was used to determine the value range of CCD factors. According to the pre-
test results, the stalk-stalk CSF ( X; ) ranged from 0.3 to 0.6, the stalk-stalk CRF ( X2 ) ranged from 0.01 to 0.19,
and the stalk-steel CRF ( X3) ranged from 0.05 to 0.35. The steepest ascent test was used to determine the 0
level and optimal value interval of factors for CCD.

Verification test

After CCD test, in order to further verify the reliability of the DEM model and contact parameters of KG
stalk, a stalk throwing test bench was designed for throwing test, and the CFD-DEM coupling simulation
throwing test was carried out by using the established DEM model and calibrated contact parameters. Under
different rotating speed of throwing plate (400. 500. 600 and 700 r/min), the trajectory curves of straw
throwing in bench test and simulation test were compared, and the relative error of throwing distance was
calculated. The throwing test bench of KG stalk was shown in Fig. 11. The funnel was connected with the
throwing room, and the stalk in the funnel can enter the throwing room under the action of gravity. A high-speed
rotating throwing plate was installed in the throwing room. The throwing plate was powered by a stepping motor.
The stalks entering the throwing room were thrown out under the action of the throwing plate. At the beginning
of the test, the baffle was inserted into the connection between the funnel and the throwing chamber, and the
cut KG stalks were put into the funnel. The frequency converter was adjusted to make the throwing plate reach
the speed set in the test. After the speed was stable, the baffle was drawn out to make the stalks enter the
throwing room to start the throwing operation. The pictures of the throwing trajectory of the stalks were taken
by using the camera (DJI POCKTE 2).

-

Fig. 11 —Test bed for KG throwing
1- KG stalk; 2— Funnel; 3— Baffle; 4- Throwing chamber; 5—- Stepping motor
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According to the design dimension of throwing test bench, the 3D model was established by UG NX 8.5.
In order to simplify the analysis, the model was imported into ANSYS-SCDM software for preparation. The 3D
model was imported into Fluent software. By using Fluent for simulation calculation, the vector distribution of
fluid velocity in the throwing room was obtained, as shown in Figure 12a. The 3D of the throwing test bench
was imported into EDEM. Particle factory was added in the funnel and the ratio of small diameter stalk, medium
diameter stalk, large diameter stalk and semi cylindrical stalk were set as 6:15:3:7. The rotation speed of the
throwing plate was set according to the test requirements. Then CFD-DEM coupling simulation throwing test
was carried out in EDEM. After the end of the simulation, the simulation throwing trajectory pictures were
obtained in the post-processing. The stalk throwing simulation experiment is shown in Fig. 12b.

Velocity Magnitude
1.308+02

1.17e+02
1.04e+02
9.09e+01
7.80e+01
6.51e+01
5.22e+01

3.93e+01

2.63e+01

1.34e+01

4.896-01 \ i ¢
(mis) h oy

(a) Velocity vector distribution (b) CFD-DEM coupling simulation throwing test

Fig. 12 — KG stalk Simulation test

RESULTS
Result of steepest ascent test

The steepest ascent test scheme and results are shown in table 5. According to the analysis of table 5,
the relative error of simulation test 3 was the smallest. So, test 3 was selected as medium level, test 2 and 4
were selected as low level and high level respectively for CCD test. The low, middle and high levels of each
variable were designated as -1, 0 and 1, respectively, and 1.682 is the axial distance from the centre point.
The stalk-stalk CSF ( X; ), stalk-stalk CRF ( X2 ) and stalk-steel CRF ( X3 ) were taken as test factors, the
optimization ranges were 0.35 ~ 0.45, 0.04 ~ 0.10 and 0.10 ~ 0.20 respectively.

Table 5
Steepest ascent test scheme and results
Test No. Xi X X3 o'r 0 1%
1 0.30 0.01 0.05 18.63 28.93
2 0.35 0.04 0.10 21.58 17.69
3 0.40 0.07 0.15 23.73 9.50
4 0.45 0.10 0.20 29.52 12.58
5 0.50 0.13 0.25 31.49 20.10
6 0.55 0.16 0.30 33.02 25.95
7 0.60 0.19 0.35 34.91 33.16

Result of CCD test

The coding of CCD test factors is shown in Table 6, and the design scheme and results of simulation
test are shown in Table 7. The study of RSM and the optimization of results were carried out by using the
software Design expert 10.0.7. A quadratic polynomial regression model was assumed for predicting the
response. The regression equation of stacking angle relative error ( 6 ) was obtained as:

8 =-1563.72X,-220.42 X ,-744.36 X -1661.7 X, X, + 637.81X, X, -1034.73X, X , + 202351X*

(7)
+7093.08X,” +1947 51X,” + 345,77
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Table 6
Code table of simulation test factors
Code Xi Xz X3
-1.628 0.35 0.04 0.10
-1 0.37 0.05 0.12
0 0.40 0.07 0.15
1 0.43 0.09 0.18
1.628 0.45 0.10 0.20
Table 7
Test scheme and results
Factor level Index
Test No.
X1 Xz X3 0 1%
1 -1(0.37) -1(0.05) -1(0.12) 7.5
2 1(0.43) -1 -1 11.39
3 -1 1(0.09) -1 8.96
4 1 1 -1 7.67
5 -1 -1 1(0.18) 9.11
6 1 -1 1 13.6
7 -1 1 1 6.72
8 1 1 1 9.34
9 -1.682(0.35) 0(0.07) 0(0.15) 8.03
10 1.682(0.45) 0 0 10.57
11 0(0.40) -1.682(0.04) 0 1.4
12 0 1.682(0.10) 0 9.85
13 0 0 -1.682(0.10) 7.35
14 0 0 1.682(0.20) 10.87
15 0 0 0 4.29
16 0 0 0 3.66
17 0 0 0 2.89
18 0 0 0 4.7
19 0 0 0 3.35
20 0 0 0 4.44
21 0 0 0 2.85
22 0 0 0 4.69
23 0 0 0 3.35

The analysis of variance of Eq.7 is shown in Table 8. The quadratic regression model for stacking angle
relative error were significant (P < 0.05) and the R? were higher than 0.9518. Among these model variables,
X1~ X2v Xi2. X;?and X;32 all had a very significant impact (P < 0.01), X; and X,.X; both had a significant impact
(P<0.05). The effect of X1.X3 and X>X; on stacking angle error ( § ) were not significant. The non-significant
factors were eliminated and the optimized quadratic regression model was obtained as Eq. 8

6 =-1468.05X -375.63X ,-561.67 X ,-1661.7 X, X, + 202351X,*

+7093.08X,° +1947 51X ,” +345.77 ©)

Through using Design Expert 10.0.7, the influence of the interaction between stalk-stalk CSF X1 and

stalk-stalk CRE Xz on the relative error of stacking angle can be obtained, and the response surface graph is

shown in Figure 13a. It can be seen from Figure 13b that the contour line presents ellipse with larger curvature,

and the interaction was significant. When the stalk-stalk CSF is 0.39 ~ 0.41 and the stalk-stalk CRF is 0.06 ~
0.08, the relative error of stacking angle is small.

Table 8
Analysis of variance of regression equation
Source Sum of square df Sum of mean square F-value P-value
model 217.82 9 24.20 28.51 < 0.0001**
X1 14.31 1 14.31 16.86 0.0012**
Xy 9.71 1 9.71 11.44 0.0049**
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X3 6.16 1 6.16 7.25 0.0184*
X1 X, 6.21 1 6.21 7.32 0.0180*
X1X3 2.54 1 2.54 3.00 0.1072
XyX3 2.41 1 2.41 2.84 0.1159
X2 50.83 1 50.83 59.88 < 0.0001**
X,? 80.94 1 80.94 95.35 < 0.0001*
X4 47.08 1 47.08 55.47 < 0.0001**
Residual 11.04 13 0.85
Lack of fit 6.63 5 1.33 2.41 0.1293
Pure Error 4.41 8 0.55
Total 228.85 22

Note: * indicates that this item has significant effect on the result (P<0.05), * * indicates that this item has extremely
significant effect on the result (P<0.01).
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Fig. 13 — Effect of interaction between Xi and Xz on relative error of stacking angle

Using the optimization module of Design expert 10.0.7 software, taking the minimum relative error of
stacking angle as the objective, the regression equation was solved, the response surface is analysed. The
objective and constraint equations were shown as:

min 5(X,, X,, X3)

0.35<X,<0.45 ©)
st40.04< X, <0.10

0.10<X,<0.20

Through data processing, the optimal parameter combination of regression model was obtained as
follows: the stalk-stalk CSF was 0.393, the stalk-stalk CRF was 0.072, the stalk-steel CRF was 0.144. The
calibrated contact parameters were substituted into EDEM software for stacking simulation test. The average
stacking angle was 26.91° and the relative error with bench test was 2.63%. It showed that the optimal
combination of simulated contact parameters was basically consistent with the actual value, which can be used
for subsequent simulation test.

Result of verification test

Python was used to process the images of throwing trajectory in bench test and simulation test, and the
coordinates of throwing trajectory points were extracted. By using Origin 2018 to fit the coordinate data of
trajectory points, the trajectory curves and fitting equations of bench test and simulation test under different
throwing speeds were obtained, as shown in Fig. 14. It can be seen that the throwing trajectory curves of the
two experiments were relatively consistent. The measured and simulated values of throwing distance of stalk
under four throwing speeds (400, 500, 600 and 700 R / min) were shown in table 9 and the relative errors of
throwing distance were 3.46%, 8.26%, 8.82% and 10.46% respectively. The above results show that the

optimized DEM model and contact parameters can be used in the discrete element simulation experiment,
which can provide theoretical support for the follow-up simulation.

28



Vol. 66, No. 1/ 2022

= Throwing trajectory point of bench test
Throwing trajectory point of simulation test

INMATEH - Agricultural Engineering

= Throwing trajectory point of bench test
Throwing trajectory point of simulation test

— Throw?ng traj:ecrory curve of bench test, y, 500 = Throwing trajectory curve of bench test, y,
e 500 = = = Throwing trajectory curve of bench test, y, I » = = = Throwing trajectory curve of bench test, y,
£ S 400
= = L
£ 400 o
(5]
e @
[<5] (&) L
& 300 8300
< oS
& " 2 y4=-0.0011x,+0.0447x+456.3
= y,=-0.0013x,%+0.0333x, +476.1 o Lo Lk s
;; 2000 g i = 2001 ceoaone
.8 ¥,=-0.0014x,7+0.149%,+452.31 S ¥4=-0.0098x,7+0.0635x,+461.82,
= : ’ ’ © 100} Re=0s8528 .
o 100 Re=0.8971 2 .
> .
l. )
0 | | | | | | | 0 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Horizontal displacement /mm Horizontal displacement /mm
(a) 400 r/min (b) 500 r/min
= Throwing trajectory point of bench test = ThrUWing t"l""J:ECtOI'y Po?m of b?nCh tSSt
Throwing trajectory point of simulation test Throwing trajectory point of simulation test
= Throwing trajectory curve of bench test, y, = = = Throwing trajectory curve of bench test, y,
= = = Throwing trajectory curve of bench test, = Throwing trajectory curve of bench test,
ESOO wing traj Y curve Yo ESOO' wing traj ycu Ys
E E
= 400 € 400 -
S [}
£ 5
[}
& 300 (_cg 300 -
a Y5=-0.0003x2+0.0457x+465.54 & y;=-0.0003x2+0.085x+455.32
S 200 R?=0.8705 © 200 - R’=0.8975 -
S Y=-0.0004x?+0.1022x+459.69 § Y5=-0.0003x+0.153x+465.36
e R?=0.9066 = 2g,
o 100 €100} R2=0.8548 -
> > X
0L 1 1 1 1 1 1 oL | | | 1 1 L "l ;.
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 1400

Horizontal displacement /mm
(c) 600 r/min

Horizontal displacement /mm
(d) 700 r/min

Fig. 14 - Fitting curve of stalk throwing trajectory

Table 9
Scheme and results of verification experiment
Speed [r/min]
Parameters 400 500 600 700
Distance Bench test 603.24 664.70 1324.21 1381.75
throwing [mm] Simulation test 624.10 719.63 1207.35 1526.31
Relative error /% 3.46 8.26 8.82 10.46

CONCLUSIONS

Compared with soil, fertilizer, seeds and other forages, the DEM model of KG stalk is more complex and
more difficult to establish and calibrate. In this paper, the parameters of DEM model were calibrated by the
combination of bench test and simulation test. Through the slope sliding test between stalk and steel plate, the
stalk-steel coefficient of static friction was calibrated as 0.372. Through the collision bounce test between stalk
and stalk, stalk and steel plate, the stalk-steel coefficient of restitution and stalk-stalk coefficient of restitution
were calibrated as 0.656 and 0.523. Through the stalk stacking test of KG stalk, the actual stacking angle of
stalk was measured as 26.22°. Based on the steepest ascent test and CCD test, the optimal values of stalk-
stalk coefficient of static friction, stalk-stalk coefficient of rolling friction, stalk-steel coefficient of rolling friction
were calibrated as 0.393, 0.072 and 0.144, respectively. In order to verify the accuracy of the model and
parameters, the test bench of KG stalk throwing was designed, and the actual and simulation throwing test
were carried out. The throwing trajectory curve of the simulation test is consistent with that of the actual test,
which verifies the accuracy of the DEM model and contact parameters of KG stalk.

There were differences between the simulation model parameters and the actual parameters, but there
was no obvious difference in the test results, which also showed the significance of parameter calibration. This
study provides model and parameter support for the application of DEM to study the interaction mechanism
between KG stalk and harvester, and provides a stalk DEM model verification method based on throwing test.
It is worth noting that this study only established the DEM model of KG stalk, and the leaves will also be
affected in the actual harvest. In further research, the DEM model under the mixed state of stalk and leaf
should be established.
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ABSTRACT

In order to quickly and accurately identify the corn ears lost during the corn harvesting process, a corn ear loss
detection method based on the improved Mask-RCNN model was proposed. The lost corn ears in the field
were taken as research objects, the images of the lost corn ears were collected and the fallen ears data set
was established. The size ratio of the Anchor Box of the area recommendation network was changed by
changing the K-means algorithm to reduce the influence of artificial setting intervention. The group convolution
was introduced into the residual unit and the channel dimension was divided into 3 equal parts to reduce the
model parameters in the basic feature extraction network ResNet. A Convolutional Block Attention Module
(CBAM) was introduced to improve the accuracy of the model in the last layer of the ResNet network. Results
showed that the average target recognition accuracy of the method on the test set in this study was 94.3%,
which was better than that of the previous model, and the average time to recognize a single image was 0.320
s. The proposed method could detect the lost corn ears during the harvesting process under the complicated
background, and provide a reference for the corn ear loss detection of the corn harvester.

WHE

AR IR T RN FERFEIR R, T LA TR I [N TR FATE T R TN R 7T I R REEH
TP R E, R — PR T2 Mask—RCNN HIRREIG R 770 45 Mask—RONN SR/ BT GIA F
KB FEI G IR TR H—FRE A 77, 0L K-means B2 203 X EEE iR 2% Anchor Box /YT HEBI LI N
B E T2, 7RI FER 2% ResNet HEF 72 K GI A 5 25 B2 T HF 58 77 7y 3 S5 Kl D 7B 24,
7 ResNet 25 /Z 17 5 — /5 G A G RHIER TJ L (CBAM) LU FE B PR ZE TR F o 5 R : KX 77720 i L
2RIy 94. 3%, 1E T A RTHIFZY,  RAEIGEERIT-FEIFERT F 0. 320 s. Friemizn B4« & 4%
P E KNP IATE N R ELFHI AR, 1] g TR T FETG KA e (2

INTRODUCTION

The North China Plain (NCP) is the main grain production area in China and the mechanized harvesting
of corn in NCP has been dominated by ear harvesting. Due to the shocks and vibrations in the working process
of corn harvesters, it is inevitable for a small number of ears to be omitted. The high corn ear loss rate indicates
that there are some problems with the working quality of the corn harvester and the harvester should be
inspected and adjusted in time to avoid greater economic losses. Therefore, corn ear loss rate is regarded as
an important index to measure the working performance of the corn harvester, and it is of great significance to
determine the ear loss rate of corn harvester in real time.

With the development of deep learning, more and more target detection methods have been developed
and applied in agricultural production (Kamilaris et al., 2018). The role of target detection is to identify targeted
targets and non-targeted targets. Compared with traditional algorithms, deep learning algorithms are highly
adaptable, easy to migrate, and do not require feature engineering. As a mainstream model, Mask Region
Convolutional Neural Network (Mask-RCNN) has been widely applied in the field of agriculture. Jesus et al.,
(2020), adopted the Mask-RCNN model to segment 10 different types of microalgae with an average accuracy
of 85%. Yu et al., (2019), used Mask-RCNN with ResNet50 as the basic network to visually locate the
strawberry picking points, and the average detection accuracy was 95.41%. Xiong et al., (2020), used the
Mask-RCNN model to segment soybean leaves under a complex background, and used the migration learning
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method of the VGG network to extract the leaf features to obtain the leaf element classification method, and
the average accuracy of the classification was 89.42%. Li et al., (2019), proposed a pig crawling behavior
recognition algorithm based on Mask R-CNN, introduced a migration learning method to train the ResNet-FPN
network, the segmentation accuracy rate of the pig segmentation network model was 94%, and the accuracy
rate of the crawling behavior recognition algorithm was 94.5%. In spite of this, there were still few reports on
the detection of missing ears in corn harvesting process based on the Mask-RCNN model.

In this paper, the lost corn ears in the working process of corn harvester were taken as the research
object and the images of the lost corn ears were collected. The improved Mask-RCNN was adopted to
recognize the corn ears of different sizes and shapes. A visual detection method was proposed to detect the
lost corn ears in the working process of corn harvesting, which could provide reliable feedback to ensure the
consistent performance of the corn harvester.

MATERIALS AND METHODS

IMAGE ACQUISITION AND PROCESSING
Image acquisition
The images of corn ears were collected in October 2019 twice under the conditions of suitable corn
harvesting and good weather from the experimental field which was located in Nanqiu village, Feicheng City.
The collection tool was an iPhone 6S smartphone with a 12-million-pixel camera which was used to collect
1500 sample images at different angles and shooting distance ranging from 0.3 to 0.5m.
Image preprocessing
The data set was augmented to improve the generalization ability of the training model and prevent the
occurrence of overfitting for the small number of images about the data set. The existing data enhancement
methods could be classified into three different categories: spatial transformation, such as rotation, flip, etc.;
color transformation, such as changing brightness, changing image color, etc.; message deletion, such as
random deletion, hide-and-seek (HAS), etc.
b5 - 3 ¢ - a %
iy

SN s

c. Gaussian noises
Fig. 1 - Data enhancement results

In order to facilitate the computer to process the data set, the collected images were uniformly scaled to
720*406 pixels, and the images were processed by means of rotation, brightness enhancement, Gaussian
noise, and Hide-and-Seek (HAS) data enhancement (Singh et al., 2019). The results of data enhancement
were shown in Fig. 1. Finally, there were 6000 images included in the expanded data set. The data set was
split into training sets (4800 pieces) and verification sets (1200 pieces) based on the ratio of 8:2.

32



Vol. 66, No. 1/2022 INMATEH —Aygricultusal Enginceting

DETECTION METHOD FOR FALLING CORN EARS

Corn ear detection model based on Mask-RCNN

The flowchart of the corn ear detection model based on Mask R-CNN was shown in Fig. 2. The image
data was firstly performed data preprocessing after collection, involving the scaling of images in data set, the
data enhancement processing and the conversion of data sets into MS coco format. Then, the Mask R-CNN
model was used to train the preprocessed data, and the initial weight and the number of training iteration were
set. The corn ear detection was completed by using the images in the test set to test and assess the trained
model after the model training was completed.

Start

|Data acquisition of image|

| Data preprocessing |

¥

| Initialization weight I‘i

i

Training model
| u | Update the weight

Is it greater
than the number
of iterations?

| Save the training model |

Verify the model with
test set images

Fig. 2 - Flow chart of corn ear detection model

As an improvement to the Faster R-CNN model, Mask R-CNN consisted of target location, category and
segmentation mask prediction. The structure and working process of the algorithm were illustrated in Fig. 3. In
the Mask R-CNN model, the input images with length P and width Q was first scaled to an image with length
M and width N, and then the feature maps were extracted by the convolutional neural network embedded in
the backbone network. The feature maps were shared by the region proposal network (RPN) and Mask R-
CNN network, and the candidate frame generated by the feature image and RPN was input to ROI pooling
layer. The corresponding target features in the shared feature mapping were extracted after pooling processing,
and then output to FC layer and FCN layer respectively for target classification and segmentation mask
prediction.

Reshiers0{101

Fuily Comolution Nets

segmentation
mask prediction

target
location

Category

Fig. 3 - Network structure of Mask R-CNN

The convolutional neural network of the backbone network adopted the residual network (ResNet) in this
paper (He al., 2016). In order to expand the main network at multiple scales, the feature pyramid network (FPN)
was introduced (Lin al., 2016), and the top and bottom features of the feature pyramid network structure were
fused through up-sampling to generate feature graphs of different levels (Lin al., 2019).
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TEST SOFTWARE AND HARDWARE

The processing platform was a desktop computer, the processor was Intel Pentium G4560, the main
frequency was 3.5GHz, and the GPU was GeForce GTX 2080. The operating environment was Ubuntu (18.04)
Linux system, the machine learning library was Tensorflow1.5.0, and the parallel computing architecture was
CUDA 9.0.

TEST EVALUATION INDEX
Average precision (AP) was treated as the evaluation index of corn ear recognition, so that the calculation
formula is written as follows.

P—_ "o ,100% (4)
T +F
Tp
P + I:N
AP = [ P(R)dR 6
=, (6)

where:
P —precision rate; R—recall rate;
Tr—the number of positive samples correctly predicted;
Fpr—the number of negative samples predicted as positive;
Fy— the number of positive samples predicted as negative;
AP— average accuracy.

Improved model

Although Mask R-CNN was an advanced example segmentation model, there were still problems in the
application of Mask R-CNN to the detection and segmentation of the fallen corn ears, because the model could
not perform target detection and Mask segmentation well due to the influence of the outdoor environment and
the complex background of images. Therefore, the model needs to be improved to enhance the detection
accuracy and mask segmentation effect.

In order to solve the above problems, the K-means algorithm was used to cluster the targets in the
regional recommendation network, and the reasonable recommendation size was set to reduce the
interference of artificial design recommendation size. The attention mechanism was added in the feature
extraction network to make the convolutional neural network pay Convolutional Block Attention Module (CBAM)
to feature extraction and improve the classification ability. The residual structure was optimized to reduce the
model parameters in the residual element.

(1) Size regression of area recommendation network Anchor Box based on K-means Algorithm

In the Mask R-CNN model, the RPN scanned the image through a sliding window to search the target
area of the Anchor. Anchor was a rectangular box of different sizes and different proportions distributed on the
image, and the Anchor Box was designed in 3 sizes and 3 aspect ratios of 1:2, 1:1, 2:1 in the original model.
Image tests were carried out by using the Coco dataset, which has 80 categories and more than 330,000
images. The data set in this paper was self-made, and the category and target size were different from the
original Coco data set. Therefore, modifying the proportional size of Anchor Box was helpful to improve the
target detection accuracy.

K-means algorithm was a typical unsupervised learning algorithm, which could automatically divide
different clusters. If the Euclidean distance in standard K-means was directly used as a measure, different
clusters would produce different errors, and the larger the cluster, the greater the error. Therefore, the IOU
value was used as the distance measure, and the measurement formula was shown below.

d(box, anchor) =1—10U(box, anchor) (1)

According to the location box of the target region of the data set in this paper, the values of k were
clustered several times in the interval of 2-10 to obtain the change curves of the average 10U and k values, as
shown in Fig. 4. The optimal k value was estimated using the Elbow method (Dhanachandra, 2015), that was,
the optimal k value was the one with the most obvious change in the slope of the curve.
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Fig. 4 - Variation curves of average IOU and k values

Finally, k =4 was selected for cluster analysis, and the clustering results were shown in Fig. 5. Four
clustering centers were obtained (236.96, 80.12), (132.52, 157.78), (113.03, 66.96) and (544.55, 111.34). The
aspect ratio of Anchor was determined to be (0.8, 1.6, 3.0, 4.9), and the size was not changed.
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Fig. 5 - Clustering visualization diagram when k=4

(2) Residual network and attention mechanism

A large number of machine learning experiments showed that different feature extraction networks had
a certain impact on the accuracy and speed of model detection, and the popular feature extraction networks
were the VGG network and the ResNet network (Simonyan, 2016). As the number of network layers increased,
however, the level of accuracy would drop even though a more complex process of feature extraction could
be carried out. Based on the mapping relationship shown by the identity transformation, He et al. (2016)
proposed a residual network structure (ResNet). Fig. 6 showed the residual unit, where X indicated the input
of the neural network, while (X) denoted the expected output. Then, the function could be expressed as F(X)=
H(X)-X, let F(X)=0, and constituted identity mapping H (X)=X, the learning goal of the ResNet network became
the residual of input H(X) and output X. In this way, it was easier to fit residuals and more sensitive to changes
in the mapping output. Thus, the ResNet series were taken as the feature extraction network in this paper for
the model.

Weight layer

F(Y) X
identity

Weight layer

Fig. 6 - Schematic diagram of residual structure

In order to increase the recognition ability of the network and reduce the network parameters (Li et al),
the residual module was optimized and the grouped convolution was introduced into the residual unit. After the
feature map was dimensioned through the 1x1 convolutional layer, the channel dimension was divided into 3
equal parts, and the original 3x3 convolutional layer was replaced with a 3x1 convolution kernel and a 1x3
convolution layer. The optimized residual unit structure was shown in Fig. 7, the input X1, X2, X35 corresponded
to the output Yi, Y2, Y3, and the output of the previous channel was used as the input K2 and K3 of the next
channel. Assuming that the feature map of size nxnxh passed through the 3x3 convolutional layer, the
parameter A was hx3x3xh=9h2, then the optimized parameter B was 3x(h/3 x3x1xh/3+ h/3x1x3xh/3)= 2h2. It
was pointed out that the optimized design greatly reduced the number of parameters of the convolutional layer,
and could make up for the computational expenses of adding the CBAM module.
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Fig. 7 - Structure diagram of residual after optimization

Inspired by the attention mechanism of deep learning, the CBAM module was introduced into ResNet of
the Mask R-CNN feature extraction network to construct the channel attention module and the spatial attention
module. Given an intermediate feature map, the CBAM module would infer the attention weight along the
spatial and channel dimensions successively, and adjust the features flexibly through multiplication with the
original feature map. The performance of the model was significantly improved and the cost incurred by the
model was kept low in the meantime.

The channel attention module relied on maximum pooling and average pooling to compress the feature
map in spatial dimensions, and two different spatial background descriptions could be obtained including Fc
max and Fc avg. Then, it was evaluated and computed element-by-element through a shared network
composed of MLPs to produce the channel attention map M.eR°*™*1. The channel attention mechanism could
be expressed as:

M (F) = o(f "7 ([AvgPool(F); MaxPool(F)1)) = o (f " ([F..y; Fra ) (2)

where, f*7 represented a 7x7 convolution layer.

ResNet had four layers with different parameters. We only added channel attention module and spatial
attention module in the last layer, and then connected with average pooling and full connection layer. The
improved structure was shown in Fig. 8.

Fig. 8 - CBAM insert structure diagram

RESULTS
EXPERIMENTAL DESIGN AND ANSLYSIS
Experiment and analysis of different feature extraction networks

In order to validate the proposed method, the same data set would be used in this paper to conduct
comparative experiments on the speed and accuracy of different feature extraction network models through
the same processing platform. Resnet50 and resnet101 feature extraction networks were used to train and
test the Mask R-CNN model. The recognition accuracy of Mask R-CNN -ResNet50 model was 88.5%, and the
average recognition accuracy of Mask R-CNN -ResNet101 model was 90.0%. Therefore, the Mask-Rcnn-
ResNet101 model was chosen as the object of further research in this paper.
Hyperparameter selection experiment and analysis

Through the above-mentioned experiments, the Mask R-CNN model based on ResNet101 was selected

to further optimize the hyperparameters. Plenty of deep learning experiments showed that batch processing
(minibatch), learning rate and learning decay rate had different impacts on the accuracy of model detection.
Empirical batch processing value was set as 32 and 64, learning rate was set as 0.01 and 0.001, and learning
decay rate was set as 0.001 and 0.0001. The test results were listed in Table 1. As shown in Table 1, a was
batch processing value, b was learning rate and ¢ was learning decay rate.
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Comparison test results of different parameter combinations Table 1
Serial number Parameter Average accuracy / %
1 a= 32, b=0.01, ¢c=0.001 87.6
2 a= 32, b=0.001, c=0.001 88.2
3 a= 32, b=0.01, ¢=0.0001 86.6
4 a= 32, b=0.001, ¢c=0.0001 87.4
5 a= 64, b=0.01, ¢=0.001 88.1
6 a= 64, b=0.001, c=0.001 90.8
7 a= 64, b=0.001, c=0.001 89.6
8 a= 64, b=0.001, c=0.001 88.7

The effects that different combinations of learning rate and learning decay rate on the average accuracy
of the model were tested based on the different batch processing values as 32 and 64. Compared with the
results of the third group and the fifth group in Table 1, the average accuracy of the model test with batch
processing value of 64 was higher than that of the model with batch processing value of 32. Compared with
the first group and the second group, the sixth group and the eighth group, the model with a learning rate of
0.001 and a learning decay rate of 0.001 had a higher accuracy than the model with a learning rate of 0.01
and a learning decay rate of 0.0001. The average accuracy of the sixth group reached 90.8%, which was the
highest among the six groups. Therefore, the model with batch processing value as 64, the learning rate as
0.001 and the learning decay rate as 0.001 was finally adopted.

Comparative test and analysis of the improved model

In order to further demonstrate the effectiveness of this algorithm, a comparison experiment was conducted
between the Mask R-CNN model with batch processing value as 64, learning rate as 0.001, learning decay rate as
0.001 based on ResNet101 and the Mask R-CNN model with enhanced data set, improved Anchor Box ratio,
residual optimization module and the CBAM. Table 2 shows that the improved Mask R-CNN model without
enhanced datasets was 2.4% higher than before, and our model was 3.5% higher than before. In comparison with
SharpMask and Scoring R-CNN, SharpMask had the lowest recognition accuracy and Mask Scoring R-CNN had
higher recognition accuracy than Mask Scoring R-CNN, but 1.6 % lower than this method. However, with the
increase of the average detection time when the convolutional Block Attention Module (CBAM) model was added,
it can still meet the practical application requirements.

Comparison test results of improved model Table 2
Model Data enhancement Average accuracy /% Average detection time /s
Mask R-CNN No 90.8 0.282
SharpMask Yes 87.6 0.262
Mask Scoring R-CNN Yes 92.7 0.292
Improved model No 93.2 0.317
Improved model Yes 94.3 0.320

Thermal diagram analysis

The Gradient-weighted Class Activation Mapping (Grad-CAM) (Selvaraju, 2018) was performed to
visualize the results of model classification in this paper, and the effect of Convolutional Block Attention Module
(CBAM) on the model classification process was demonstrated. The global average of the gradient was used
by Gard-Cam to calculate the weight, so that the local feature map was generated in the last layer of the
convolutional neural network, and the important feature region of the target prediction was highlighted through
the point-by-point multiplication of the thermal map and the back propagation.

The basic network of ResNet101 in the Mask R-CNN model and the improved method in this paper were
selected to visualize the classification results. As shown in Figure 9, the red part indicated the high credibility
of the feature area. Upon comparison, it was found out that the heat map of ResNet101 with the CBAM paid
more attention to the feature area. When there are two objects in an image, the thermal map of the attention
mechanism module with convolution focused on two objects, while the original thermal map only focused on
one object, indicating that it was helpful for the classification and extraction of feature regions, making the
feature extraction network more accurate and improving the accuracy of the overall model.
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Original picture Resnet101 Resnet101 Improved model Improved model

Fig. 9 - Gard-CAM thermal diagram

a. Mask R-CNN

b.  Mask Scoring R-CNN

c. SharpMask

d. Improved model
Fig. 10 - Comparison of corn ear recognition results
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The recognition result of the fallen corn ear was shown in Fig. 10. It can be seen that the SharpMask
method had an incomplete segmentation of the corn ear. The accuracy of the Mask R-CNN method was above
0.9, and the Mask contour of a single ear was clearly identified and accurate. However, the contour of partial
Mask segmentation deviated from the actual target, and the Mask segmentation error occurred when there
was ear peel next to the ear. The segmentation contour of Mask Scoring R-CNN was relatively accurate, but
it was slightly inferior to the accuracy of the improved method in this paper. It could be seen that the improved
model had a more complete mask segmentation wheel for incomplete ears and occluded ears. There was no
mask segmentation error when there were ear peels nearby, and good results had been achieved in recognition
and segmentation. Therefore, the improved method in this paper could be used to identify and segment the
corn ears dropped by the harvester.

CONCLUSIONS

A method based on the improved Mask R-CNN model to detect the corn ears lost by the corn harvester
was proposed in our study. Data processing for the recognition and segmentation of the ears lost by the corn
harvester were enhanced, the Anchor Box size ratio of the RPN sliding window was improved, and the grouping
convolution was introduced into the residual unit in this method. Moreover, the original 3x3 convolution layer
was replaced by a 3x1 convolution kernel and a 1x3 convolution layer and the CBAM was added to the last
layer of the feature extraction network ResNet101, which improved the detection and segmentation accuracy
of the model.

Different advanced model tests were performed on the images of the lost corn ears in the test set. Results
showed that the average recognition accuracy of the improved method in our study on the test set was 94.3%,
which was 4.3% higher than that of the original model. In addition, the method was better than average
accuracy of 87.6% by SharpMask and average accuracy of 92.7% by Mask Scoring R-CNN. The method not
only had good recognition accuracy and contour segmentation for a single corn ear, but also could identify the
interference and overlapping corn ears under the complicated background. It was predicted that the time
required for each image was 0.320 s, which met the identification requirements of fallen corn ears.

The reliable recognition of corn ears could be ensured to assist the intelligent detection of the ears lost
by corn combine harvester by the dropped corn ear detection method based on the improved Mask R-CNN
model.

ACKNOWLEDGEMENT

This work was sponsored by the 13th Five-Year National Key Research and Development Program
(2018YFD0300606) and the Shandong Provincial Key Science and Technology Innovation Engineering Project
(2018CXGC0217) and the Shandong Provincial Natural Science Foundation (ZR2017BEE032).

REFERENCES

[1] Dhanachandra N., Manglem K., & Chanu Y. J. (2015). Image segmentation using K-means clustering
algorithm and subtractive clustering algorithm. Procedia Computer Science, Vol.54, pp.764-771,
Manipur/India.

[2] He K., Gkioxari G., Piotr Dollar, & Girshick R. (2017). Mask R-CNN. Proceedings of the IEEE
International Conference on Computer Vision (ICCV), pp. 2961-2969, Venice / Italy.

[8] Huang Z., Huang L., Gong Y., Huang C., & Wang X. (2019). Mask Scoring R-CNN. 2019 |IEEE/CVF
Conference on Computer Vision and Pattern Recognition (CVPR). IEEE, Long Beach / USA.

[4] Jesus R.S., Gloria B., Oscar D., Noelia V., & Gabriel C. (2020). Semantic versus instance segmentation
in microscopic algae detection. Engineering Applications of Atrtificial Intelligence, Vol.87, pp.1-15,
Ciudad Real / Spain.

[5] Kamilaris A., Prenafeta-Boldu F. X. (2018). Deep learning in agriculture: a survey. Computers and
Electronics in Agriculture, Vol.147, pp. 70-90, Catalonia / Spain.

[6] Lin T. Y., Dollar P, Girshick R., He K., Hariharan B., Belongie S. (2017, July). Feature pyramid networks
for object detection. In Proceedings of the IEEE conference on computer vision and pattern recognition
(CVPR), Honolulu.

[71 LiD.,, Zhang K., Li X., Chen Y., Li Z., & Pu D. (2019). Mounting behavior recognition for pigs based on
Mask R-CNN. Transactions of the Chinese Society for Agricultural Machinery, \ol.50, Issue (Supp),
pp.261-266+275, Beijing/China.

39



Vol. 66, No. 1/2022 INMATEH —Aygricultusal Enginceting

[8] Ren S., He K., Girshick R., & Sun J. (2017). Faster R-CNN: towards real-time object detection with
region proposal networks. IEEE Transactions on Pattern Analysis & Machine Intelligence, Vol.39, Issue
6, pp.1137-1149, Anhui / China.

[9] SunH.,LiS,LiM.,LiuH., Qiao L., & Zhang Y. (2020). Research progress of image sensing and deep
learning in agriculture. Transactions of the Chinese Society for Agricultural Machinery, Vol.51, Issue 5,
pp.1-17, Beijing / China.

[10] Singh K. K., Yu H., Sarmasi A., Pradeep G., & Lee Y. (2018). Hide-and-Seek: A data augmentation
technique for weakly-supervised localization and beyond. ArXiv, 1811.02545, Davis / USA.

[11] Simonyan K., & Zisserman A. (2014). Very deep convolutional networks for large-scale image
recognition. ArXiv, 1409.1556. https://doi.org/10.48550/arXiv.1409.1556. Cornel University / USA.

[12] Selvaraju R. R., Cogswell M., Das A., Vedantam R., & Batra D. (2020). Grad-cam: visual explanations
from deep networks via gradient-based localization. International Journal of Computer Vision. \ol.128,
issue 2, pp. 336-359, Atlanta / USA.

[13] Trullo, R., Petitjean, C., Ruan, S., Dubray, B., Nie, D., & Shen, D. (2017). Segmentation of organs at risk
in thoracic CT images using a SharpMask architecture and conditional random fields. IEEE International
Symposium on Biomedical Imaging, Vol.2017, pp.1003-1006. Melbourne / Australia.

[14] WangC., Guo X., Wu S., Xiao B., & Du J. (2014). Three dimensional reconstruction of maize ear based
on computer vision. Transactions of the Chinese Society for Agricultural Machinery, Vol.45, Issue 9,
pp.274-279, Beijing/China.

[15] WangH., SunY., Zhang T., Zhang G., & Li Y. (2010). Appearance quality grading for fresh corn ear using
computer vision. Transactions of the Chinese Society for Agricultural Machinery, Vol.41, issue 8, pp.156-
159, Changchun / China.

[16] Woo S., Park J., Lee J. Y., & Kweon, |. S (2018, September). CBAM: convolutional block attention
module, ECCV, Vol.11211, pp. 3-19, Munich / Germany.

[17] Xiong J., Dai S., OuJ., Lin X, Huang Q., & Yang Z. (2020). Leaf deficiency symptoms detection method
of soybean based on Deep learning. Transactions of the Chinese Society for Agricultural Machinery,
Vol.51, Issue1, pp.195-202, Guangzhou / China.

[18] YuY., Zhang K., Yang L., & Zhang D. (2019). Fruit detection for strawberry harvesting robot in non-
structural environment based on Mask R-CNN. Computers and Electronics in Agriculture, Vol.163, Issue
(2019), pp.1-9, Beijing/China.

40



Vol. 66, No. 1 / 2022 INMATEH - Agricultural Engineering

NUMERICAL SIMULATION OF SEED DISTRIBUTION OF
A PNEUMATIC SEED METER
/
SIMULAREA NUMERICA A PROCESULUI DE LUCRU AL
UNUI DISTRIBUITOR PNEUMATIC

Dan CUJBESCU, luliana GAGEANU ¥, Catalin PERSU, Gabriel GHEORGHE
INMA Bucharest / Romania
E-mail: iulia.gageanu@gmail.com
DOI: https://doi.org/10.35633/inmateh-66-04

Keywords: sowing, seed meter, seed, simulation

ABSTRACT

Studies and research carried out on seed meters of precision planters whose operating principle is based on
the depression / suction of the air created during the work by the exhauster (vacuum generator) in the
vacuum chamber have the role of helping to improve their performance. With the advancement of sowing
technology, the emphasis on the ability of seed meters to accurately and consistently distribute seeds in the
soil increases. The singularization of the seeds by means of the seed meters and their distance along the
channels opened by the coulter is essential to ensure the achievement of the maximum yield of the crop
sown on a certain area of land. The paper presents the numerical simulation of the working process for a
pneumatic seed meter by means of a mathematical model, analysing the movement of the seeds according
to the angle of detachment, the height of detachment of the seed, as well as the speed of the seed in its
trajectory towards the channel opened by the coulter.

REZUMAT

Studiile si cercetarile efectuate pe distribuitoarele semanatorilor de precizie al caror principiu de functionare
are la baza depresiunea/aspiratia aerului creata in timpul lucrului de catre exhaustor in camera vacuumatica
au rolul de a ajuta la imbunatatirea performantelor acestora. Odatd cu avansarea tehnologiei de semanat,
accentul pus pe capacitatea aparatelor de distributie a semintelor de a distribui cu precizie si in mod
consecvent semintele in sol, creste. Singularizarea semintelor prin intermediul aparatelor de distributie si
distantarea acestora de-a lungul santurilor deschise de brazdare este esentiald pentru a asigura oblinerea
productiei maxime a culturii seménate pe o anumita suprafaté de teren. In lucrare este prezentats simularea
numericd a procesului de lucru pentru un distribuitor pneumatic prin intermediul unui model matematic,
analizandu-se deplasarea semintelor in functie de unghiul de desprindere, inéltimea de desprindere a
semintei, precum si de viteza semintei in traiectoria sa spre santul deschis de brazdar.

INTRODUCTION

Precision sowing is a phenomenon in which two processes must be carried out, the objective being
the precise placement of seeds in a row at the distance required by the agrotechnical norms. The first
process consists in aspirating the seeds in the orifices of the distributor disc, without them doubling or
missing from the orifices in the disc, the second process consisting in releasing the seeds from the orifices of
the distribution disc and incorporating them into the soil (Han et al., 2020; Staggenborg et al., 2004; Yazgi et
al, 2010).

Engineering calculation is the scientific tool used for the design, development and verification of
technical systems. Mathematical modelling was developed through the means of experimental research
performed on real models or laboratory models, the aim being to verify the analytical calculation, as well as
to confirm the hypotheses and calculation models used (Marin C., 2009). The engineering language
represented by mathematical modelling aims to describe the different aspects of the real world, their
interaction and dynamics. It can be said, therefore, that mathematical modelling and scientific calculus are
gradually and steadily expanding into various fields, becoming a unique tool for qualitative and quantitative
analysis (Biris et al., 2018; Gupta et al., 2020; Quarteroni and Valli, 1999).
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In the analysis of the sowing process, improving the performance of seed meters is a constant
concern for researchers in mechanical engineering and beyond. (Kornienko et al., 2016, Zubrilina et al.,
2019). By uniformly spacing the sown seeds, the roots of future plants can reach uniform sizes that will fill
the spaces on the sown rows without the risk of being pushed outside of the row of adjacent roots (Li et al.,
2013, Marin et al., 2014). Precision planters are designed to place the seeds evenly, on the row, if properly
operated and adjusted. The quality of the sowing work conducted using precision equipment is constantly
analysed during the operation, in order to be able to quickly remove any deficiencies, because after sowing it
is no longer possible to intervene (Miller et al., 2012; Soyoye, 2020).

The lateral distribution of seeds is registered perpendicular to the working direction of the precision
planter, this being influenced by the mass of the seeds reaching each coulter of the row unit. In contrast, the
basis for the longitudinal distribution of seeds is constituted by the distances between seeds in a row.
Therefore, it will be recorded in the working direction of the precision planter (Heege, 1985).

In general, the lateral distribution does not constitute a problem, its coefficient of variation being less
than 4%. Exceptions may occur for planters with pneumatic seed meters, when sowing on a sloping ground,
the sowing norm for row units at the bottom of the slope being higher than for those at the top of the slope.
This effect depends not only on the slope, but also on the speed of the air, as well as the size of the seeds.
The effect of the slope on sowing accuracy decreases when air speed increases and when the seeds are
smaller (Heege, 1975).

Precision sowing seeds are generally dredged to facilitate handling, singularization, precise placement
and incorporation of beneficial chemicals, being larger, more rounded, finer, heavier and more uniform than
unedged ones (Kaufman, 1991, Sauder and Schaefer, 2016).

Usually, several sets of distribution discs are used in precision planters, each with orifices adapted to
the size of the seed to be planted. There are several factors that contribute to maintaining the distance
between seeds sown on a row. In the design process, it is assumed that the distance between the seeds will
probably be uniform, but the uniformity may differ depending on the degree of tillage, the sowing
characteristics, but the most important are the physical properties of the seeds (Srivastava, 1993).

The spacing of the seeds in the channel is controlled by varying the rotational speed of the distribution
disc. Most often, the drive of the seed distribution discs is done by means of a common drive shaft. The drive
shaft transmits the movement of each row unit of the planter, being driven by a single electric motor or a
wheel in contact with the ground. In this configuration, the sowing norm can be adjusted for all rows of the
row units by adjusting the rotational speed of the common drive shaft. In general, an optimal sowing rate for
a certain area is selected before the sowing work is conducted and maintained at that rate, regardless of the
soil conditions.

In the paper, a mathematical model was developed for the distribution process of a pneumatic seed
meter for weeding plants, provided with a vertical distribution disc with orifices, and then the simulation of the
distribution process was performed according to the detachment angle which was varied between 0-90°,
taking into account three values of the seed height of detachment (0.10-0.20 m), and the speed of the seed
in its trajectory towards the channel opened by the coulter had values between 0.5-4.44 m/s.

MATERIAL AND METHODS

The working process of the pneumatic seed meter is as follows: the vertical distribution disc (with
orifices) is driven by means of a chain transmission from a drive wheel of the seed drill, the depression in the
working chamber of the seed meter being achieved through the suction pipe (vacuum socket). The row unit
is supported on the ground on the compaction wheel and on the coulter.

Each orifice on the distribution disc drives a seed, as a result of the depression that is created near the
orifice. The evacuation of the seeds from the seed meter is done under the action of their own weight, when
the orifices of the distribution disc (to which the seeds have adhered) are no longer in the area where the
depression is created.

The development of the mathematical model for the distribution process of the pneumatic seed meter
for weeding plants has a key role for a deeper understanding of the phenomena at the basis of this process.

Considering a sequence of the seed distribution phenomenon (Fig. 1), the seed detached from the
orifice of the distribution disc, after passing the depression chamber, in its trajectory towards the channel
opened by the coulter, has a horizontal movement Ay relative to the point of detachment, analysis based on

the XOY reference system.
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Fig. 1 - Schematic diagram of the distribution kinematics
Vh — the horizontal component of seed speed in its trajectory toward the open channel; Vy — the vertical component of seed speed in

its trajectory toward the open channel; Vi — seed speed in its trajectory towards the open channel before colliding with the soil;

0 — the angle of seed detachment relative to the vertical; W — angular speed of the distribution disc

The components of the seed’s speed in its trajectory towards the channel opened by the coulter will be:

vV, =V,-sin@
Vv, =V, -cosf
. R
V, =V-i, ._dd
R

where:
iv — gear ratio, [-];
Rad — distribution disc pinion radius, [mm];

Rrs — the radius of the pinion of the seed drill support wheel, [mm].

The equations of movement of the seed having the speed v; will be:

A, =V, -t -sing
t2
h=v, -t -cosfd+g '?

where:

1)
)

3

4
®)

ti — time for the seed to fall into the channel opened by the coulter, [s];

g - gravitational acceleration, [m/s2].

From formula (4) results:
A
Vv, -sing

X
I

From formulae (4) and (5) results:

A)(
g

A2
= —+ X
tgé

2.v7sin’ 6
Formula (7) becomes:
%-Ai +i-AX -h=0
2-v;sin"@ tgo
Solving formula (8) we obtain:

1 1

1 29h

+ oy
tgf  \[tg’0 v?Z-sin’@
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v?-sin’ 6
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The negative solution is adopted so that the horizontal movement of the seed is in the opposite
direction to the movement of the tractor-seed drill aggregate, so that the relative speed of the horizontal
component of the seed relative to the ground tends towards zero.

Therefore:
1 1 2-g-h
T Azt o7 o
_ 9o \tg°@ v/ -sin"0 (10)
i g
vZ-sin’

It is observed that Ay is a function dependent on the angle of detachment, the seed detachment height,
as well as the seed speed in its trajectory towards the channel opened by the coulter.

RESULTS

The solving of the mathematical model is done by giving successive values to the influencing factors
responsible for its operation.

The mathematical model presented in relation (10) in the form of a computer processable program
was used for the analysis of multiple versions of entry data sets.

The numerical simulation for the evolution of the value of movement depending on the influence
factors 6, v; and h is achieved using Excel program.

Table 1 presents the evolution of seed movement depending on the angle of detachment, replacing

in equation (10) the height of seed detachment h=0.1 m and the speed of the seed in its trajectory towards
the channel opened by the coulter vi=0.55 — 4.44 m/s.

Seed movement Ax depending on the angle of detachment 6 for h=0.1 m and v; =0.55 — 4.44 m/s Tevled
Movement Ax [m]
Angle | Angle h | vi=0.55 | vi=1.11 | vi=1.66 | Vvi=2.22 | Vi=2.77 | Vi=3.33 | Vi=3.88 | vi=4.44
019 O[rad] | [m] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s]
0 0 0 0 0 0 0 0 0 0
10 0.174 0.009 0.013 0.015 0.016 0.016 0.016 0.017 0.017
20 0.349 0.018 0.027 0.031 0.033 0.034 0.034 0.035 0.035
30 0.523 0.028 0.041 0.048 0.051 0.053 0.054 0.055 0.055
40 0.698 o 0.037 0.057 0.067 0.073 0.076 0.078 0.079 0.080
50 0.872 S 0.047 0.074 0.090 0.099 0.104 0.108 0.111 0.112
60 1.047 0.056 0.093 0.117 0.132 0.143 0.150 0.155 0.158
70 1.221 0.065 0.114 0.150 0.177 0.197 0.212 0.224 0.232
80 1.396 0.072 0.136 0.190 0.238 0.278 0.313 0.343 0.369
90 1.570 0.079 0.158 0.238 0.317 0.396 0.476 0.555 0.634

Figure 2 shows the dependency of seed movement on the horizontal depending on the angle of
detachment and the seed’s speed in its trajectory towards the channel opened by the coulter for h=0.1 m.
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Fig. 2 - Dependence of the horizontal movement of the seed depending on the angle of detachment and
on the speed of the seed in its trajectory towards the open channel for h=0.1 m
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Table 2 presents the evolution of seed movement depending on the angle of detachment for the
height of seed detachment h=0.15 m and the speed of the seed in its trajectory towards the channel opened
by the coulter vi=0.55 — 4.44 m/s.

Table 2
Seed movement Ax depending on the angle of detachment 6 for h=0.15 m and v=0.55 — 4.44 m/s

Movement Ax [m]

Angle | Angle h | vi=0.55 | vi=1.11 | vi=1.66 | Vvi=2.22 | vi=2.77 | Vi=3.33 | vi=3.88 | vi=4.44
0[9 O[rad] | [m] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s]
0 0 0 0 0 0 0 0 0 0
10 0.174 0.012 0.018 0.021 0.023 0.024 0.024 0.025 0.026
20 0.349 0.024 0.037 0.043 0.047 0.049 0.051 0.051 0.052
30 0.523 0.036 0.056 0.067 0.074 0.077 0.080 0.081 0.082
40 0.698 0 0.048 0.077 0.094 0.104 0.110 0.114 0.116 0.118
50 0.872 © 0.060 0.099 0.123 0.139 0.149 0.156 0.161 0.165
60 1.047 0.071 0.122 0.158 0.183 0.200 0.213 0.222 0.229
70 1.221 0.081 0.146 0.197 0.237 0.269 0.293 0.313 0.328
80 1.396 0.090 0.171 0.242 0.306 0.362 0.412 0.456 0.495
90 1.570 0.097 0.194 0.291 0.388 0.486 0.583 0.680 0.777

Figure 3 shows the dependency of seed movement on the horizontal depending on the angle of
detachment and the seed’s speed in its trajectory towards the channel opened by the coulter for h=0.15 m.
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Fig. 3 - Dependence of the horizontal movement of the seed depending on the angle of detachment and on the
speed of the seed in its trajectory towards the open channel for h=0.15 m

Table 3 presents the evolution of seed movement depending on the angle of detachment for the
height of seed detachment h=0.2 m and the speed of the seed in its trajectory towards the channel opened
by the coulter vi=0.55 — 4.44 m/s.
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Table 3
Seed movement Ax depending on the angle of detachment 6 for h=0.2 m and vi=0.55 — 4.44 m/s
Movement Ax [m]
Angle | Angle h Vvi=0.55 | vi=1.11 | vt=1.66 | Vvt=2.22 | vt=2.77 | vi=3.33 | vi=3.88 | vi=4.44
0[9 O[rad] | [m] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s]
0 0 0 0 0 0 0 0 0 0
10 0.174 0.014 0.022 0.027 0.030 0.031 0.032 0.033 0.033
20 0.349 0.029 0.046 0.055 0.061 0.064 0.066 0.068 0.069
30 0.523 0.044 0.070 0.085 0.094 0.100 0.104 0.106 0.108
40 0.698 ~ 0.058 0.095 0.117 0.132 0.141 0.148 0.152 0.155
50 0.872 S 0.071 0.120 0.153 0.175 0.191 0.201 0.209 0.215
60 1.047 0.084 0.147 0.193 0.227 0.252 0.271 0.285 0.296
70 1.221 0.095 0.174 0.238 0.289 0.331 0.365 0.393 0.415
80 1.396 0.105 0.200 0.286 0.364 0.434 0.497 0.553 0.604
90 1.570 0.112 0.224 0.336 0.448 0.561 0.673 0.785 0.897

Figure 4 shows the dependency of seed movement on the horizontal depending on the angle of
detachment and the seed’s speed in its trajectory towards the channel opened by the coulter for h=0.2 m.

Fig. 4 - Dependence of the horizontal movement of the seed depending on the angle of detachment and on the
speed of the seed in its trajectory towards the open channel for h=0.2 m

The numerical simulation program of the distribution process offers the possibility to study it with the
help of the mathematical model using the method of modification produced by each disturbing factor, as
well as by the method of modifications produced by all disturbing factors.

CONCLUSIONS

From a mathematical point of view, certain constructive requirements must be met to obtain a
calculated production on a given area of land, thus, there should be a certain distance between the row units
of the planter and between the seeds sown on each row (rows of seeds) the distance should be constant to
achieve the norms/densities specific to each crop.
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