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Abstract: In order to improve the operational performance of the self-developed 4HLB-4 half-feed
four-row peanut combine harvester, single-factor and multifactor field tests were conducted on key
operational parameters affecting the quality of harvesting. The response surface methodology was
used to study the effects of the forward speed, clamping height, peanut picking roller rotational
speed, and cleaning sieve vibrational frequency on the loss rate and impurity rate. A response
surface regression model of the loss rate and impurity rate was constructed. A multi-objective
integrated optimization was carried out for each factor. The results showed that, in terms of the
order of significance, the influence of each factor on the impurity rate was as follows: cleaning sieve
vibrational frequency > clamping height > forward speed > peanut picking roller rotational speed.
The order of significance of the influence of each factor on the loss rate was as follows: peanut picking
roller rotational speed > forward speed > clamping height > cleaning sieve vibrational frequency. The
optimal combination of parameters was a forward speed of 0.85 m/s, clamping height of 190 mm,
peanut picking roller rotational speed of 550 rpm, and cleaning sieve vibrational frequency of 590 cpm.
Under these conditions, the impurity rate of 2.62% and the loss rate of 2.05% were obtained, which
effectively reduced the impurity rate and loss rate and met the quality requirements of Chinese
peanut mechanized harvesting operations. The results of this study can provide a basis for the
improvement and optimization of the 4HLB-4 half-feed four-row peanut combine harvester and the
optimization of its operating parameters.

Keywords: peanut; combine harvesting; response surface methodology; parameter optimization;
experiment

1. Introduction

Harvesting is the main operational aspect of peanut production, with many complex
processes and a high labor intensity. Mechanized harvesting is a key technology used
to improve peanut production efficiency and increase revenue [1]. Semi-feed combined
harvesting is one of the main technologies used to achieve mechanized peanut harvesting,
which is the most integrated peanut mechanized harvesting technology at present. The
United States, Argentina, Brazil, and other countries with a high peanut planting concen-
tration and large-unit planting scale all use large machinery for two-stage harvesting and
no products or applications related to semi-feed combined harvesting technology [2,3]. In
China, in recent years, many domestic scientific research units, universities, and production
enterprises involved in key peanut-harvesting technologies and equipment have engaged
in the research, development, and production of a variety of peanut-harvesting machines in
the main peanut production areas, demonstrating the application and formation of a series
of products. Among them, Professor Shuqi Shang of Qingdao Agricultural University
and the R&D team developed the improved 4HBL-2-type peanut combine harvester [4–6].
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Researcher Zhichao Hu of the Nanjing Institute of Agricultural Mechanization, Ministry
of Agriculture and Rural Affairs, and the R&D team developed the improved 4HLB-2-
type crawler self-propelled semi-feed peanut combine harvester, on the basis of which the
4HLB-4-type semi-feed four-row peanut combine harvester was developed, according to
the demands of industrial development [7–9].

The 4HLB-4 half-feed four-row peanut joint harvester can harvest four rows (two plots)
of peanuts at the same time, along with conveying, soil cleaning, peanut picking and clean-
ing, peanut collection, plant throwing, and other operations, but the machine’s structure is
complex, and its operational performance is greatly affected by the movement parameters
and the operating technology. In recent years, Chinese scholars have conducted research
studies on peanut combine harvesting technology, and scholars from other countries have
conducted little research on peanut combine harvesting technology. Hu et al. developed
a semi-fed peanut two-row combine harvester, a semi-fed peanut four-row combine har-
vester, and a semi-fed peanut picker and conducted a great deal of research on the structural
form, structural parameters, motion parameters, and peanut-picking mechanism of the
semi-feed peanut-picking mechanism [10–13]. Wang et al. optimized the structure and
motion parameters of a curved-roller peanut-picking device [14]. Gao et al. developed a
small-roller semi-fed plot-breeding peanut-picking device, conducted experimental studies
on the structure and parameters [15–17], and carried out the design of, and experimental
research on, the cleaning device [18]. Wang et al. designed a lap-type snapping finger
vibrating screen peanut-cleaning device and carried out experimental optimization of the
key parameters of the screen body [19].

At present, in the field of peanut combine harvesting technology, relevant design
and experimental research has been carried out only for certain related operations, such
as clamping and conveying, peanut picking, and clearing, whereas systematic research
on the overall operational performance and parameters of the half-feed four-row peanut
combine harvester is relatively scarce. To this end, we conducted experimental research on
the 4HLB-4 half-feed peanut combine harvester with the impurity rate and loss rate as the
main control targets and explored the primary and secondary relationships between the
forward speed, clamping height, peanut picking roller rotational speed, and cleaning sieve
vibrational frequency with respect to the operational performance through single-factor
and multifactor tests, using the response surface methodology to determine the harvester’s
optimal combination of operational parameters and to provide a basis for their perfect
design and optimization.

2. Materials and Methods
2.1. Overall Structure and Technological Process

The 4HLB-4 half-feed peanut combine harvester is a half-feed, self-propelled peanut
combine harvester capable of harvesting four rows (two plots) at a time (adjustable plot
harvesting distance: 700–900 mm), and its harvesting process includes digging and plant,
along with conveying, soil cleaning, peanut picking, cleaning, peanut collection, plant
throwing, and other associated operations. The device uses the technology of automatic
plant pulling up with a line depth limit for the plots, along with staggered intersection and
merging transportation, anti-tangle peanut picking, and snapping finger vibrating screen
peanut cleaning. The overall structure is shown in Figures 1 and 2 and mainly includes
a profiling depth-limiting wheel 1, lifter 2, excavation shovel 3, earth-moving rod 4, left
and right clamping and pulling devices 5, combined conveying device 6, clap plate 7,
transition clamping and conveying parts 8, chassis 9, fan 10, cleaning sieve 11, peanut
picking device 12, scraper conveyor belt 13, transverse conveyor belt 14, grass-throwing
conveyor chain 15, peanut-picking conveyor chain 16, elevator 17, and peanut box 18,
among other components. The transmission system’s configuration is shown in Figure 3.
The transmission system adopts split transmission, and both drives have a belt-press
wheel clutch. One drive provides power to the chassis’ operating system, the clamping
and conveying system, and the supporting device through the gearbox, and its speed is
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related to the walking speed of the machine, as well as the gear and stepless speed of the
gearbox. The other drive provides power to the soil-cleaning device, peanut-picking device,
cleaning fan, cleaning vibrating screen, elevator feeding conveyor belt, elevator, and other
operating components, where the power is output directly from the engine, and its speed
increases or decreases with the speed of the engine and is unaffected by the walking speed
of the machine.
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Figure 2. Structural diagram of the 4HLB-4 half-feed four-row peanut combine harvester: 1. Profiling
depth-limiting wheel; 2. lifter; 3. excavation shovel; 4. earth-moving rod; 5. left and right clamping
and pulling devices; 6. combined conveying device; 7. clap plate; 8. transition clamping and
conveying parts; 9. chassis; 10. fan; 11. cleaning sieve; 12. peanut-picking device; 13. scraper
conveyor belt; 14. transverse conveyor belt; 15. grass-throwing conveyor chain; 16. peanut-picking
conveyor chain; 17. elevator; 18. peanut box.
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The technological process is as follows: First, adjust the spacing between the left and
right harvesting tables and set the same distance between the peanut plots. When the
left and right clamping and pulling devices are aligned with the two adjacent plots, their
respective lifter 2 will lift up according to the width of the peanut plants. The excavation
shovel 3 breaks the main roots of the peanut plants and loosens the soil, and then the
plants are pulled up by the left and right clamping and pulling devices 5 and clamped to
their respective channels for upward (backward) transport. The plants are transported
backwards by the earth-moving rod 4 and the soil removal plate 7 to remove the soil from
the roots of the plants. The peanut plants in the channel of the right clamping device
are turned vertically and transported laterally under the action of the curved lever and
the clamping chain and then merged with the peanut plants in the channel of the left
clamping device for upward (backward) transport under the combined conveying device 6.
The plants are then transported backwards by the peanut-picking conveyor chain 16 after
being handed over twice by the front and rear of the transition clamping and conveying
parts 8. The plants are transported to the peanut picking section by the peanut-picking
device 12, the peanuts are brushed off from the plants directly into the cleaning sieve 11
by the front end of the peanut-picking roller, and the rear end of the peanut-picking
device brushes the peanuts that have fallen onto the scraper conveyor belt 13 towards the
front of the cleaning sieve 11. Under the combined action of the cleaning sieve and the
front and rear fans 10, the stems, leaves, soil, film, and other debris are separated and
discharged from the machine. The selected peanuts are sent to the peanut box 18 through
the transverse conveyor belt 14 and the elevator 17, and the peanut plants continue to be
transported backwards and thrown out of the machine by the grass-throwing conveyor
chain 15, completing the harvesting operation.

2.2. Key Operating Components

The 4HLB-4 half-feed peanut combine harvester has a complex structure, many op-
erating components, and many parameters affecting its operational performance. We
selected several key working components: the plant clamping and pulling conveying
device, the peanut-picking device, and the cleaning device, and determined the main
factors affecting the harvesting performance of the whole machine by combining their
working principles.

2.2.1. Plant Clamping and Pulling Conveying Device

The clamping and pulling conveying device mainly performs the clamping and pulling
up of the two plots of peanut plants at the same time before merging and conveying them. Its
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structure is shown in Figure 4. The main parameters of the clamping and pulling conveying
device are the clamping feeding angle, clamping chain inclination angle, clamping height,
and clamping chain speed. According to the design requirements, the clamping feeding angle
is 135◦, and the initial inclination angle of the clamping chain is 30◦. The clamping height H
is the height from the clamping part of the clamping chain to the ground surface during the
harvesting operation, which can be adjusted from 160 to 250 mm during the operation.
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Figure 4. The clamping and pulling conveying device. (a) Sketch of the structure of the clamping and
pulling conveying device: 1. right clamping conveyor; 2. left clamping conveyor; 3. left compression
bar; 4. left merging conveyor; 5. right merging conveyor; 6. adjustable flexible lever; 7. right
compression bar. (b) Side view of the structure of the clamping and pulling conveying device:
1. excavation shovel; 2. left and right clamping and drawing devices; 3. harvesting unit stand;
4. harvesting unit total adjusting cylinder; 5. Chassis.

The speed and direction of the plants clamping point determine the state of the plants
clamping and extraction. In order to ensure the upward positive extraction of the plants
by the clamping chain, the synthetic clamping direction should be approximately vertical.
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Therefore, the clamping chain’s forward clamping speed is equal to the forward speed of
the machine.

v = vm · cos α (1)

where v is the machine forward speed, m/s; vm is the clamping chain clamping speed, m/s;
and α is the initial clamping angle between the clamping chain and the ground, 30◦.

Based on the clamping chain tilt angle, the clamping speed ratio (the ratio of the
clamping conveyor speed to the machine’s forward speed) is 1.15, according to Equation (1).
The machine’s forward speed is set between 0.6 and 1.5 m/s, and the clamping and
conveying speed is set between 0.69 and 1.72 m/s. The clamping height H and forward
speed v (associated with the clamping chain speed) determine the plants’ conveying status
and have direct impacts on the subsequent soil-patting and peanut-picking operations.

2.2.2. Peanut-Picking Device

Peanut picking is the most important operation in the combine harvesting of peanuts
and is also the core technology of four-row peanut combine harvesting. The structure of
the peanut-picking device is shown in Figure 5a. Four groups of peanut-picking blades
are fixed by bolts along the circumference of the two rollers, installed in a symmetrical
setup, with each picking the peanuts from the other. When the peanut plant is clamped
and transported through the peanut picking section, the multiple groups of peanut-picking
blades on the rollers hit the peanut plants continuously, and when the impact force exceeds
the strength of the connection between the peanuts and the plants, the peanuts are separated
from the plants.
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(a) Structural diagram of the peanut-picking device: 1. clamping conveyor chain; 2. blade; 3. drive
system; 4. roller shaft; 5. soft film; 6. picking roller; 7. anti-tangle device. (b) Force analysis of the
interaction between the peanuts and the peanut-picking blades.

The peanuts are subjected to the striking force of the picking blade at the moment
when the blade strikes the peanuts, as shown in Figure 5b. The peanut-picking blade
collides with the peanuts at a relative velocity vr. The peanuts are subjected to a normal
striking force Tn and a tangential friction force Ff. The normal striking force Tn causes
the peanuts in the collision area to have a normal velocity vn, and the peanuts undergo
local compression deformation. At the same time, under the reaction force of Tn, the local
compression deformation of the peanut-picking blade occurs, and the relative velocity of
the blade decreases.

When the peanuts’ normal velocity increases to the same speed as the peanut-picking
blade, the relative velocity of the two is zero, and the normal striking force increases to
the maximum Tnmax. At this time, the kinetic energy generated by the blade striking the
peanuts is absorbed by the local elastic–plastic deformation of the peanuts, and the blade’s
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normal striking force Tn is equal to the blade’s initial kinetic energy upon impact. The
instantaneous energy conservation equation [20,21] for the striking is as follows:

mevr
2 =

∫ ζ

0
Tndξ= 2λξTnmax (2)

where Tnmax is the maximum value of the normal striking force Tn (N); me is the equivalent
mass of the peanuts and the picking blades (kg); 1/me = 1/m1 + 1/m2, m1, and m2 are the
masses of the peanuts and the picking blades (kg); λ is the energy absorption coefficient
of the peanut collision [2]; and ξ is the relative displacement of the striking force at the
moment of collision (m).

The maximum normal striking force Tnmax at the moment of impact is obtained from
Equation (3) as follows:

Tnmax =
mevr

2

2λξ
(3)

According to Hertz’s collision contact theory [20], the impact stress Pn on the peanuts
during the striking process is as follows:

Pn = 3

√
6TnEe2

π3Re2 (4)

where Ee is the equivalent modulus of elasticity of the peanuts and peanut-picking blades (Pa);
1/Ee =

(
1 − µ1

2)/E1 +
(
1 − µ2

2)/E2, E1, and E2 are the moduli of elasticity of the peanuts
and the peanut-picking blades (Pa); µ1 and µ2 are the Poisson’s ratio of the peanuts and the
peanut-picking blades, respectively; Re is the equivalent relative radius of the curvature of
the peanuts and the peanut-picking blades (m); and 1/Re = 1/R1 + 1/R2, R1, and R2 are the
radii of curvature of the peanuts and peanut-picking blades in the collision region (m).

From Equations (3) and (4), we can find the maximum impact stress Pnmax of the
peanuts during the striking process as follows:

Pnmax = 3

√
3mevr2Ee2

λπ3Re2ξ
(5)

During the peanut-picking process, when the maximum normal striking force Tnmax
exceeds the peanut–plant connection force, the peanut–plant connection breaks and the
peanuts are separated from the plants. When the maximum impact stress Pnmax exceeds
the elastic limit of the peanuts, the peanuts undergo irreversible plastic deformation. From
Equations (3)–(5), it can be seen that the maximum striking force and maximum striking
stress are positively correlated with the relative velocity of the peanut-picking blades and
the equivalent mass of the bulb and the peanut-picking blades, and they are negatively
correlated with the collision energy absorption coefficient of the peanuts and the relative
displacement of the striking force at the moment of collision. From the above analysis,
it can be seen that the relative speed of the picking blade is the key motion parameter
affecting its impact strength, and the relative speed of the picking blade depends on the
picking roller’s rotational speed r. According to the results of the previous bench test [19],
the picking roller’s rotational speed r was selected to be in the range of 300–600 rpm. The
axis distance of the peanut picking roller is 220 mm, the diameter of the peanut picking
roller is 230 mm, each group of rollers is equipped with 4 pieces of steel plate, the size of
the steel plate is 986 mm × 2 mm (length × thickness).

2.2.3. Cleaning Device

The cleaning device uses a double wind system with a snapping finger sieve structure
to clean the peanuts and remove impurities such as broken branches, peanut stalks, and
soil. The structure is shown in Figure 6. During its operation, the picked peanuts and



Agronomy 2022, 12, 3094 8 of 20

impurities first fall onto the vibrating screen through the eccentric transmission mechanism,
which is driven by a certain amplitude and frequency of reciprocating motion, so that the
cleaning material is evenly distributed and the broken soil, short stalks, roots, deflated
peanuts, and other impurities are removed, while the remaining peanuts and long stalks
are transported backwards through the vibrating screen of the bullet finger sieve to the
conveyor belt, and the long stalks are removed from the machine through the draft-by-draft
device. The leaves, film, and other light debris are blown backwards out of the machine
by the fan. According to the design requirements, the parameters of the cleaning device
are as follows: the diameter of the snapping finger is 3 mm, the distance between the bars
of the snapping finger sieve is 11 mm, the installation angle is 2.8◦, the size of the sieve
body is 1500 mm × 520 mm (length × width), and the amplitude of the snapping finger
sieve is 7 mm. The vibrational frequency of the vibrating sieve is the key index affecting
the cleaning effect. When the cleaning sieve vibrational frequency is too low, the material
on the screen cannot be smoothly transported backwards, resulting in the accumulation
of peanut material, which is not conducive to normal operation. Conversely, when the
cleaning sieve vibrational frequency is too high, the material flow speed is too fast, the
cleaning sieve vibration is too short, and the material cleaning effect is poor. Combined
with the test results, the cleaning sieve vibrational frequency f was set to be in the range of
400–700 cpm (cycles per minute).
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According to the overall operational performance requirements, the parameters that can
be adjusted as needed during the field harvesting operation are the forward speed v, plant
clamping height H, peanut picking roller rotational speed r, and the cleaning sieve vibrational
frequency f. We conduct experimental research and optimization of these four parameters.

2.3. Test Methods and Evaluation Indices
2.3.1. Experimental Conditions

Peanuts grown in the experimental field of the Nanjing Institute of Agricultural
Mechanization, Ministry of Agriculture and Rural Affairs, were selected, and the variety
was Yuhua 9. The soil type at the test site was sandy loam with a soil moisture content of
15%. The main growth characteristics of the peanut plants were as follows: a plot bottom
width of 650 mm, plot surface width of 450 mm, plot height of 200 mm, plot spacing
of 800 mm, row spacing of 250 mm, plant spacing of 216 mm, plant height of 450 mm,
single-hole peanut distribution diameter of 165 mm, single-hole peanut distribution depth
of 98 mm, and 32 peanuts per hole. The planting pattern was as shown in Figure 7.
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2.3.2. Experimental Methodology

The soil moisture content in the test area was essentially the same as that in the test area,
and the length of the test area was no less than 100 m. In the peanut combine harvester’s
operating area, we randomly selected three plots for testing. Each plot had a length of
20 m, the operating width of the peanut harvester, and the forward speed of the machine
was in accordance with the design requirements. In each plot, we randomly selected three
small sampling areas with a length of 2 m and the same width as the machine’s operating
width [22,23].

During the test, the peanut combine harvester’s engine rotated at 2000 rpm, and the
forward speed could be adjusted by a speed lever. The plant clamping height was adjusted
using a hydraulic cylinder to control the height of the harvesting table, while the peanut
picking roller rotational speed and the cleaning sieve vibrational frequency were adjusted
by changing the drive pulley.

2.3.3. Evaluation Indicators

The harvest loss rate and impurity rate are the most important performance indicators
of peanut combine harvesters. We selected a test area with essentially the same soil moisture
content as the measurement area, and the length of the measurement area was no less than
100 m. The peanut impurity rate and loss rate were measured by collecting materials on the
surface of the screen body of the half-feed four-row peanut combine harvester, below the
screen, and from the discharge outlet and the peanut collection box. The above evaluation
indicators were calculated as follows:

(1) Impurity rate

A sample of at least 2000 g was taken from each test plot, and the sample was processed
to calculate the impurity rate according to Equation (6):

Y1 =
m3

m1 + m2 + m3
× 100 (6)

where Y1 is the percentage of impurities (%), m1 is the mass of kernels and peanuts in the
sample with broken and cracked shells (g), m2 is the mass of good peanuts in the sample (g),
and m3 is the mass of impurities in the sample (g).

(2) Loss rate

We set a colored strip of cloth below the sieve and at the exit point of the row, gathered
all of the peanuts on the cloth in the small sampling area, weighed their mass, collected the
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peanuts stuck or adhered to the surface of the sieve in the sampling area, and calculated
the loss rate according to Equation (7):

Y2 =
m4 + m5

m4 + m5 + m6 + m7 + m8 + m9
× 100 (7)

where Y2 is the loss rate (%), m4 is the mass of the peanuts under the sieve and at the
discharge point in the sampling area (g), m5 is the mass of the peanuts adhered to the
sieve’s surface in the sampling area (g), m6 is the mass of the peanuts on the ground in the
sampling area (g), m7 is the mass of the peanuts buried in the soil in the sampling area (g),
m8 is the mass of the unpicked peanuts on the peanut plants in the sampling area (g), and
m9 is the mass of the harvested peanuts in the sampling area (g).

3. Results
3.1. Single-Factor Tests

According to the above analysis and research, the forward speed v, clamping height H,
peanut picking roller rotational speed r, and cleaning sieve vibrational frequency f had
comprehensive impacts on the operational performance of the peanut harvester. To further
optimize the above operational parameters, single-factor tests were conducted on these
four parameters. The values of each factor level are shown in Table 1, while the test results
are shown in Figure 8.

Table 1. Experimental factors and their levels.

Factors
Test Level

Other Parameters
1 2 3 4

v (m·s−1) 0.6 0.9 1.2 1.5 H = 190, r = 500, f = 600
H (mm) 160 190 220 250 v = 0.9, r = 500, f = 600
r (rpm) 350 450 550 650 v = 0.9, H = 190, f = 600
f (cpm) 400 500 600 700 v = 0.9, H = 190, r = 500

According to the single-factor test results, the cleaning sieve vibrational frequency, the
clamping height, and the forward speed had relatively stronger influences on the impurity
rate, while the speed of the peanut picking roller had less influence on the impurity rate.
With the increase in the vibrational frequency of the cleaning sieve, the impurity rate
showed an obvious trend of reduction, because the increase in the vibrational frequency
improved the separation of the peanuts and miscellaneous materials, making the impurities
easier to sieve down. The increase in the clamping height made it easier to remove the
stems and leakage from the peanut roller brush in the peanut picking section but increased
the difficulty of removing the broken branches. When the forward speed was too high,
the rate of impurities was obviously increased, because the high speed made the direction
control more difficult, with negative effects on the plots, the plant clamping was misaligned,
scattered, and disorderly, resulting in more broken branches. Additionally, the harvesting
volume increased significantly, as did the thickness of the peanut and miscellaneous
materials on the sieve’s surface, which was difficult to fully break up, and the impurities
were not easy to sieve down.

In terms of the loss rate performance indices, the peanut picking roller rotational
speed, the clamping height, and the forward speed had significant impacts on the loss
rate. If the speed of the peanut picking roller rotational speed was too low, the number
of peanuts picked during the machine’s operation was insufficient, the peanuts were not
picked cleanly, and the loss rate was high. The higher the speed of the peanut picking
roller, the cleaner the peanut are picked, the smaller the peanut picking loss, so the loss
rate is obviously reduced. When both the forward speed and the clamping height were
increased, the impurity rate was significantly increased, because the high speed caused
increased leakage from the clamped peanut plants, increasing the loss rate, while the
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excessive clamping height caused the peanut-picking system to miss parts of the peanut
picking area, resulting in increased peanut unpicked losses. The cleaning sieve vibrational
frequency has little effect on the loss rate.
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3.2. Multifactor Tests
3.2.1. Experimental Protocol and Results

Based on the single-factor tests, a four-factor, three-level response surface test was
conducted on the forward speed, clamping height, peanut picking roller rotational speed,
and cleaning sieve vibrational frequency based on the Box–Behnken central combination
design theory [24–28], with the impurity rate Y1 and loss rate Y2 as the response values.
The four-factor, three-level quadratic regression orthogonal experimental design scheme
was used to test and analyze the significance of the four main parameters affecting the
impurity and loss rates and to obtain the response surface model of the significant test
factors and evaluation indices. The test factors and level designs are shown in Table 2.

Table 2. Factors and levels of the response surface test.

Factors Code
Test Level

−1 0 1

v (m·s−1) X1 0.7 1.0 1.3
H (mm) X2 160 200 240
r (rpm) X3 400 500 600
f (cpm) X4 500 600 700
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According to the four-factor, three-level analysis based on the Box–Behnken central
combination design, the test protocol comprised 29 test points, including 24 analysis factors
and five zero estimation errors, and the test protocol and response values are shown
in Table 3.

Table 3. Experimental design and response values.

No.

Levels Response Values

Forward Speed
X1

Clamping Height
X2

Peanut Picking Roller
Rotational Speed

X3

Cleaning Sieve
Vibrational Frequency

X4

Impurity Rate Y1
(%)

Loss Rate Y2
(%)

1 −1 −1 0 0 2.96 2.11
2 −1 1 0 0 3.33 2.62
3 −1 0 1 0 3.08 1.81
4 0 1 1 0 4.12 2.43
5 0 0 0 0 2.54 1.97
6 0 1 −1 0 3.14 3.42
7 −1 0 0 1 2.81 2.54
8 0 0 −1 −1 3.78 3.18
9 0 −1 −1 0 3.15 2.84

10 1 0 0 −1 3.87 3.05
11 0 0 0 0 2.61 2.08
12 0 1 0 −1 4.46 2.72
13 0 −1 0 −1 3.64 2.67
14 1 0 −1 0 3.18 3.24
15 −1 0 0 −1 3.42 2.51
16 0 0 0 0 2.23 2.24
17 1 0 1 0 3.47 2.52
18 −1 0 −1 0 3.25 2.65
19 0 0 1 −1 3.93 2.37
20 0 0 −1 1 2.72 3.14
21 0 0 1 1 2.89 2.49
22 0 −1 1 0 3.05 2.44
23 1 0 0 1 3.02 2.78
24 0 0 0 0 2.78 2.15
25 1 1 0 0 3.96 3.03
26 0 −1 0 1 2.6 2.76
27 0 0 0 0 2.95 2.22
28 0 1 0 1 3.52 2.63
29 1 −1 0 0 2.97 2.91

3.2.2. Analysis of Results

(1) Establishment and significance test of the regression model of the impurity rate Y1

According to the experimental design and test results shown in Table 3, the Design-
Expert.V8.0.6.1 data analysis software was used to establish a quadratic polynomial regres-
sion model of the impurity rate for the four independent variables of the forward speed,
clamping height, peanut picking roller rotational speed, and cleaning sieve vibrational
frequency, as shown in Equation (8). The significance test of the regression model is shown
in Table 4.

Y1 = 2.62 + 0.14X1 + 0.35X2 + 0.11X30.46X4 + 0.15X1X2 + 0.11X1X3 − 0.06X1X4 + 0.27X2X3
−0.025X2X4 + 0.005X3X4 + 0.26X2

1 + 0.45X2
2 + 0.31X2

3 + 0.42X2
4

(8)

According to the analysis presented in Table 4, the response surface model’s p-value of
<0.01 for the impurity rate demonstrates that the fit of this model is extremely significant.
The lack-of-fit term of the Y1 model has a p-value > 0.05, and no lack-of-fit factor exists,
indicating that the regression model can be used to analyze the results instead of the real
points of the test. Figure 9a shows the analysis plot of the model-predicted values and
the actual test values, showing that the predicted values were very close to the actual test
values, indicating that the regression model is reliable. The coefficient of determination
of the Y1 model was R2 = 93.04%, indicating that the model had only 6.96% variation
and that the regression model showed a very good fit with the sample points. Figure 9b
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shows the residual analysis of the regression model. The vertical coordinates are the
normally distributed probability of the residuals, while the horizontal coordinates are the
standardized residual values. The residuals were mostly distributed in a straight line,
indicating that the error of the regression model with respect to the impurity rate was
normally distributed and that the regression model satisfied the requirements of the least-
squares regression analysis method. Therefore, this model can be used to analyze and
predict the impurity rate.

Table 4. Experimental design and response values.

Source
Impurity Rate Y1/% Loss Rate Y2/%

Sum of Squares Df F-Value p-Value Sum of Squares Df F-Value p-Value

Model 7.202 14 13.36 <0.0001 ** 4.221 14 16.49 <0.0001 **
X1 0.219 1 5.68 0.0319 * 0.902 1 49.33 <0.0001 **
X2 1.442 1 37.45 <0.0001 ** 0.105 1 5.72 0.0314 *
X3 0.145 1 3.77 0.0725 1.621 1 88.63 <0.0001 **
X4 2.558 1 66.43 <0.0001 ** 0.002 1 0.12 0.7378

X1X2 0.096 1 2.50 0.1365 0.038 1 2.08 0.1713
X1X3 0.053 1 1.37 0.2607 0.004 1 0.20 0.6640
X1X4 0.014 1 0.37 0.5506 0.023 1 1.23 0.2860
X2X3 0.292 1 7.57 0.0156 * 0.087 1 4.76 0.0467 *
X2X4 0.002 1 0.06 0.8026 0.008 1 0.44 0.5165
X3X4 0.000 1 0.00 0.9601 0.006 1 0.35 0.5635
X1

2 0.430 1 11.16 0.0049 ** 0.267 1 14.58 0.0019 **
X2

2 1.342 1 34.85 <0.0001 ** 0.599 1 32.78 <0.0001 **
X3

2 0.633 1 16.43 0.0012 ** 0.575 1 31.45 <0.0001 **
X4

2 1.171 1 30.41 <0.0001 ** 0.734 1 40.17 <0.0001 **
Residual 0.539 14 0.256 14

Lack of Fit 0.246 10 0.34 0.9264 0.207 10 1.70 0.3205
Pure Error 0.293 4 0.049 4

Total 7.741 28 4.477 28

Note: p < 0.01 (highly significant, **); p < 0.05 (significant, *).
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As shown in Table 4, the p-values of the clamping height speed and the peanut picking
roller rotational speed were <0.01, and the p-values of the quadratic terms for the clamping
height, cleaning sieve vibrational frequency, peanut picking roller rotational speed, and
forward speed were all <0.01, indicating that the influences of the above factors on the
impurity rate were extremely significant. The p-values of the interaction terms of the
forward speed, clamping height, and peanut picking roller rotational speed were all <0.05,
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indicating that the influences of the above factors on the impurity rate were significant.
The p-values of all of the other factors were >0.05, indicating no significant effects on the
impurity rate Y1. From the regression coefficient analysis of each factor in the table, it
can be seen that the order of importance of each factor was as follows: cleaning sieve
vibration > clamping height > forward speed > peanut picking roller rotational speed.

Response surface plots were drawn using the Design-Expert.V8.0.6.1 software to
visually describe the effects of the aforementioned factors on the waste content. Figure 10a
shows the response surface plot between the clamping height and the peanut picking roller
rotational speed when the forward speed and the cleaning sieve vibrational frequency were
at the center level (X1 = 0, X4 = 0). It can be seen from Figure 10a that when X1 = 1.0 m/s
and X4 = 600 cpm, the interaction between the clamping height and the peanut picking
roller rotational speed was significant, and the impurity rate tended to increase with the
increase in the clamping height and the peanut picking roller rotational speed. When the
clamping height was greater than 200 mm, the impurity rate increased more rapidly with
the increase in the picking roller rotational speed, because the increased clamping height
caused the plant part of the stems to be below the clamps, and the length of the peanut
plants below the clamping chain increased, meaning that they could easily be brushed off
by the roller in the peanut picking section, increasing the difficulty of removing the broken
branches, while the increased rotational speed of the peanut picking roller increased the
intensity of the peanut picking, increasing the number of impacts, again making the peanut
plants below the clamping chain easier to brush off, resulting in a significant increase in the
rate of impurities.
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Figure 10b shows the response surface plot between the peanut picking roller rota-
tional speed and the cleaning sieve vibrational frequency when the forward speed and
the clamping height were at the center level (X1 = 0, X2 = 0). From Figure 10b, it can be
seen that when X1 = 1.0 m/s and X2 = 200 mm, the interaction between the peanut picking
roller rotational speed and the cleaning sieve vibrational frequency was not significant,
because the forward speed was moderate, the plant clamping was neat, and the clamp-
ing height was suitable, and the impurity rate showed a slow increasing trend with the
increase in the picking roller rotational speed and with the decrease in the cleaning sieve
vibrational frequency.
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(2) Establishment and significance test of the regression model of the loss rate Y2

According to the experimental design and test results shown in Table 3, a multiple
regression fit was performed using the Design-Expert.V8.0.6.1 data analysis software to
establish a quadratic polynomial regression model of the loss rate for the four independent
variables of the forward speed, clamping height, peanut picking roller rotational speed,
and cleaning sieve vibrational frequency, as shown in Equation (9). The significance test of
the regression model is shown in Table 4.

Y2 = 2.13 + 0.27X1 + 0.093X2 − 0.37X3 − 0.013X4 − 0.098X1X2 + 0.03X1X3 − 0.075X1X4 − 0.15X2X3
−0.045X2X4 + 0.04X3X4 + 0.2X2

1 + 0.3X2
2 + 0.3X2

3 + 0.34X2
4

(9)

According to the analysis presented in Table 4, the response surface model’s p-value of
<0.01 for the loss rate shows that the fit of this model is extremely significant. The lack-of-fit
term has a p-value of > 0.05 for the Y2 model, and no lack-of-fit factor exists, indicating that
the regression model can be used to analyze the results instead of the true points of the
test. Figure 11a shows the analysis plot of the model-predicted values and the actual test
values, and the predicted values were very close to the actual test values, indicating that the
regression model is reliable. The coefficient of determination R2 = 94.28% for the Y2 model
indicates that the model had only 5.72% variation, and the regression model showed a very
good fit with the sample points. Figure 11b shows the residual analysis of the regression
model. The vertical coordinates are the normally distributed probability of the residuals,
while the horizontal coordinates are the standardized residual values. The residuals were
mostly distributed in a straight line, indicating that the error of the regression model with
respect to the loss rate was normally distributed and that the regression model satisfied the
requirements of the least-squares regression analysis method. Therefore, this model can be
used for the analysis and prediction of the loss rate.
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As shown in Table 4, the p -values of the forward speed and the peanut picking roller
rotational speed were <0.01, and the p-values of the quadratic terms for the forward speed,
peanut picking roller rotational speed, clamping height, and cleaning sieve vibrational
frequency were all <0.01, indicating that the above factors had significant effects on the loss
rate. The p-values of the interaction terms of the clamping height and peanut picking roller
rotational speed were <0.05, indicating that these factors had significant effects on the loss
rate. The p-values of the cleaning sieve vibrational frequency were >0.05, indicating that they
did not have significant effects on the loss rate. From the regression coefficient analysis of the
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factors in the table, it can be seen that the order of importance of each factor was as follows:
peanut picking roller rotational speed > forward speed > clamping height > cleaning sieve
vibrational frequency.

Design-Expert.V8.0.6.1 software was used to draw response surface plots so as to
visually describe the effects of the aforementioned factors on the waste content. Figure 12a
shows the response surface plot between the clamping height and the peanut picking roller
rotational speed when the forward speed and the cleaning sieve vibrational frequency were
at the center level (X1 = 0 and X4 = 0). As can be seen from Figure 12a, when X1 = 1.0 m/s
and X4 = 600 cpm, the interaction between the clamping height and the peanut picking
roller rotational speed was significant, and the loss rate Y2 showed a trend of decreasing
and then increasing with the increase in the clamping height and increasing with the
decrease in the picking roller rotational speed. This is because when the clamping height
was too high, some of the peanut plants were not in the peanut picking area, increasing
the loss rate. When the clamping height was greater than 200 mm, the loss rate increased
rapidly with the decrease in the picking roller rotational speed, because when the clamping
was too high and the peanut picking roller rotational speed was too low, part of the peanut
plants were not within the effective striking range, and the striking intensity was too low,
meaning that part of the peanut plants were missed by the roller, increasing the loss rate.
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Figure 12b shows the response surface plot between the clamping height and the
cleaning sieve vibrational frequency when the forward speed and the picking roller rota-
tional speed were at the center level (X1 = 0, X3 = 0). From Figure 12b, it can be seen that
when X1 = 1.0 m/s and X3 = 500 rpm, the interaction between the clamping height and
the peanut picking roller rotational speed was not significant, and the loss rate showed a
slow changing trend with the increase in the clamping height and with the decrease in the
cleaning sieve vibrational frequency, and the change trend was not obvious. Combining
Table 4 and Figure 10, the cleaning sieve vibrational frequency does not have a significant
effect on the loss rate, because the role of the cleaning sieve is to remove impurities. The
cleaning sieve vibrational frequency affects the cleaning effect on the peanuts and the
size of the impurity rate but does not cause any additional loss of peanuts during the
cleaning process.



Agronomy 2022, 12, 3094 17 of 20

3.2.3. Multi-Objective Parameter Synthesis, Optimization, and Analysis

The analysis of the effect of each factor shows that the factors and their interactions
had different influences on the measurement indices. In order to identify the best combi-
nation of parameters for the peanut combine harvester, the influence of each factor on the
measurement indices needed to be considered comprehensively. Therefore, multi-objective
parameter optimization was carried out.

The optimization study of each parameter of the peanut combine harvester was carried
out with the lowest impurity rate and the lowest loss rate as the optimization objectives.
The objective function and the constraints of the parameter variables were established,
as shown in Equation (10). The optimization solution module of the Design-Expert data
analysis software was used to optimally solve the regression model for the two established
indicators, and the optimal operating parameters of the snapping finger sieve were obtained
as follows: a forward speed of 0.85 m/s, clamping height of 188 mm, peanut picking roller
rotational speed of 548 rpm, and cleaning sieve vibrational frequency of 581 cpm. Under
these conditions, the impurity rate was 2.53% and the loss rate was 1.97%.

minY1(X1, X2, X3, X4)
minY2(X1, X2, X3, X4)
−1(0.7 m/s) ≤ X1 ≤ 1(1.3 m/s)
−1(160 mm) ≤ X2 ≤ 1(240 mm)
−1(400 rpm) ≤ X3 ≤ 1(600 rpm)
−1(500 cpm) ≤ X4 ≤ 1(700 cpm)

(10)

3.2.4. Experimental Validation

In order to verify the accuracy of the above model predictions, the optimized com-
bination of parameters was applied to the peanut test field of the Nanjing Institute of
Agricultural Mechanization, Ministry of Agriculture and Rural Affairs, for experimental
verification. The test time was September 2021, the test variety was Yuhua 9, the soil type
was sandy loam, and the soil moisture content was around 15%. The growth characteristics
and planting pattern of peanut plants were the same as those described in 2.3.1, and we
used the same four-row semi-feed peanut combine harvester. The experimental process
is shown in Figure 13. The test was repeated 10 times. Considering the feasibility and
operability of the test, the optimal working parameters were revised as follows: a forward
speed of 0.85 m/s, clamping height of 190 mm, peanut picking roller rotational speed of
550 rpm, and cleaning sieve vibrational frequency of 590 cpm.
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By analyzing the results in Table 5, it can be seen that the relative error between
the experimental value and the optimized model value of the impurity rate Y1 was 3.5%,
while the relative error between the experimental value and the optimized model value
of the loss rate Y2 was 4.1%, the relative error between both sets of experimental val-
ues and optimized model values was less than 5%. Therefore, the above parameter op-
timization model was accurate, and using the above combination of optimal working
parameters (forward speed of 0.85 m/s, clamping height of 190 mm, peanut picking roller
rotational speed of 550 rpm, and cleaning sieve vibrational frequency of 590 cpm) can
effectively reduce the impurity rate and loss rate, with our results showing an impurity
rate of 2.62% and a loss rate of 2.05%.

Table 5. Experimental values of the evaluation indices under optimal conditions.

Item Impurity Rate Y1 (%) Loss Rate Y2 (%)

Average Test Value 2.62 2.05
Optimal Value 2.53 1.97

Relative Error (%) 3.5 4.1

4. Conclusions

In this paper, we described the main structure and technical process of a 4HLB-4
semi-feed four-row peanut combine harvester, determined the key parameters affecting the
harvest quality, and carried out single-factor and multi-factor experimental research. The
results show that the cleaning sieve vibrational frequency, clamping height, and forward
speed had significant effects on the impurity rate. The peanut picking roller rotational
speed, clamping height, and forward speed had significant effects on the loss rate. The
cleaning sieve vibrational frequency did not have a significant effect on the loss rate, but the
vibration frequency had a very significant effect on the impurity rate. The impurity rate is
an important operating index of peanut harvesters. In order to improve the adaptability and
reliability of the optimization results, the factor of the cleaning sieve vibrational frequency
must be considered when optimizing the impurity rate and loss rate.

Tests assessing the trends in the influences of the forward speed, clamping height,
peanut picking roller rotational speed, and cleaning sieve vibrational frequency on the
operating quality of the peanut harvester were conducted. A quadratic polynomial re-
gression model was established for the impurity rate and loss rate with respect to these
four factors, and these can be used as theoretical models for the optimal design of the
peanut harvester. The optimal combination of parameters for the peanut harvester was
obtained as 0.85 m/s forward speed of 0.85 m/s, clamping height of 190 mm, 550 rpm
peanut picking roller rotational speed of 550 rpm, and cleaning sieve vibrational frequency
of 590 cpm. Under these conditions, the impurity rate of 2.62% and the loss rate of 2.05%
were obtained, which effectively reduced the impurity rate and loss rate and met the quality
requirements of Chinese peanut mechanized harvesting operations. This provided a basis
for the optimization of the operating parameters of the peanut harvester.

Due to the harvesting period and base conditions, in this paper, we only carried out
experimental research on peanut fields for specific cultivars, planting patterns, soil types,
and a specific soil water content, and research has not yet been carried out experiments
under other conditions, such as different peanut cultivars, planting patterns, soil types, soil
water contents, and harvesting periods, etc. Therefore, these studies should be carried out
in a comprehensive manner in subsequent research on semi-feed four-row high-efficiency
peanut combine harvesters.
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