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Abstract: To solve the problem of weeding under Y-trellis pear orchards, a unilateral obstacle-avoiding mower (UOAM) was
developed in this study. The mower is composed of an obstacle-avoiding disc mechanism, a hydraulic profiling mechanism,
and a cutting disc mechanism. The diameter of the obstacle-avoiding disc was 0.7 m, which could swing around the trunk or
ground pile actuated by the spring mechanism. The piston movement of the hydraulic cylinder controls the working position
of the obstacle-avoiding disc. The maximum extension distance of the hydraulic profiling arm was 1 m. Based on the
national standards and actual situation of orchards, the optimum parameters were determined with a combination of advancing
speed of 0.44 m/s, rotation speed of the cutting disc at 2000 r/min, blade number of 2, and cutting edge length of 0.2 m.
Finally, the design parameters were verified by the mathematical model of the blade cutting edge trajectory and multi-body
dynamics simulation. Taking stubble cutting stability, leakage rate, working efficiency and costs as the test indexes, field
performance comparison tests were carried out on the three operation modes of UOAM mowing, shoulder carrying mower
(SCM) mowing and manual weeding. Test results showed that the coefficient variation of stubble cutting height of UOAM
was the smallest, showing that the working stability of UOAM was better than the other two treatments. The leakage rate of
UOAM was 2.42%, and its coefficient variation was lower than that of SCM. The working efficiency of UOAM was much
higher than that of SCM and manual weeding, which was 4.44 times of SCM and 20 times of manual weeding. The profitable

area of UOAM was 7.02 hm?, showing that it was suitable for large-scale mechanized Y-trellis pear orchards.
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1 Introduction

Weeding is a requisite agronomic section in orchard
management. Herbicide spraying not only destroys the ecological
environment!"? but also promotes weed resistance®. With the
development of sod culture in orchards!*”), chemical weeding has
been gradually replaced by mechanized mowing in recent years.
In order to restrict overgrowth of weeds, the operator needs to cut
them 4 to 5 times per year'®. Mechanized mowing of an orchard
is categorized into inter-row and intra-row mowing. Inter-row can
easily be realized through rotary tillage or by inter-row mowers,
however, intra-row mowing is still a difficult problem in the

industry.
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The research of mechanized intra-row mowers in China
started relatively late with just a few cases. Prototype research
and development in China is mainly conducted in universities,
mostly focusing on the innovative application of hydraulic
obstacle-avoiding devices with sensor detection. Zhang et al.'’
developed a scraper-type orchard intra-row weeding device based
on computer modeling simulation and optimization. Xu et al.l'"
developed an automatic intra-row obstacle-avoiding mower for
trellis grape orchard, achieving a coverage rate of field weeding of
98.1%. Zhao et al.!'?! developed an orchard obstacle-avoiding
rotary tiller, whose obstacle avoidance rate was 100% and the
leakage rate was 3.58%. Zhang et al.l'"* developed an obstacle
avoidance system for orchard lawn mower based on binocular
vision technology, whose measurement error was within 550 mm
and the average positioning time was 2.99 s. Lei et al.l'¥
developed a unilateral combine orchard mower with sensor
detection, whose working efficiency was 0.24 hm*h. A common
feature of these mowers is the use of the obstacle-avoiding device,
which is expensive and whose sensitivity determines the
performance efficiency of the device. At present, the technical
maturity of obstacle-avoiding devices is still far from practical
application and needs further research. Some developed
countries have produced related products, however, the price of
such devices is high, and they are mainly suitable for
hedgerow-type orchards. In recent years, researchers are focused
on new types of mowing robots and the performance evaluation of
different mechanized weeding methods. Muhammad et al.l'>
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developed a robotic lawnmower for small-sized pear orchards in
Japan, which can control the growth of weeds for consecutive
years. An intelligent robotic lawnmower is expensive and
mainly suitable for flat road surface. Mia et al.l'*'” studied the
working performance of integrated and mechanized weeding in
orchards, and the evaluation indexes include weed species
diversity, soil coverage, weed biomass production, soil nitrogen
status, and weed abundance. Martinelli et al.l'®! studied the
effects between artificial grass planting and herbicides spraying on
the citrus orchard. Granatstein et al.l'”’ compared the effects of
mechanical inter-row weeding, herbicide spraying and flame
weeding in organic apple and pear orchards. China is still in the
stage of developing efficient orchard mowers currently, and the
performance evaluation methods of mechanized lawn mowers are
the future research direction. The above evaluation methods can
provide a reference for the performance optimization of orchard
mowers.

Y-trellis cultivation is a modern planting pattern that originated
from Korea which is suitable for the windy area and can realize the
mechanization of orchard production[zo'm. In the early stage of
orchard construction, weed barrier fabric is laid under the tree
saplings to reserve water, fertilizers and facilitate weeding®>**!,
The service life of the weed barrier fabric is usually 3-5 years, so
after it perished, the weed management under the tree is mainly
based on shoulder carrying mower (SCM) mowing and manual
weeding. In the production practice, due to the limitation of trellis
space, semi-mechanized SCM mowing or manual weeding has low
efficiency. In this study, a unilateral obstacle-avoiding mower
(UOAM) for Y-trellis pear orchards was developed, which is useful
for mowing intra-row weeds and saving labor force and costs.

2 Materials and methods

2.1 Machine structure and working principle

UOAM is linked with a tractor by a three-point suspension.
The whole machine is composed of a body frame, a hydraulic
profiling mechanism, a spring obstacle-avoiding mechanism, a
hydraulic cutting disc and a limit wheel. The structure of the
UOAM is shown in Figure 1. The tractor is equipped with a
hydraulic output system to adjust the position of hydraulic profiling
mechanism by controlling the hydraulic cylinder. The power of
the cutting disc is provided by the hydraulic motor, which is driven
by the tractor PTO (Power Take Off). The main structure and
performance parameters of UOAM are shown in Table 1. When
the UOAM is working, the tractor adjusts it to a suitable operating
height by hydraulic lifting, then lays the profiling mechanism to a
suitable position by driving the hydraulic cylinder; the hydraulic
motor drives the cutting disc to rotate, finally, the tractor drives the
mower forward. The S-shaped working path of UOAM in the
field is shown in Figure 2.

The tractor PTO drives the gear pump to deliver the hydraulic
oil to the hydraulic motor. The hydraulic motor drives the cutting
disc to rotate to mow weeds. Two channels and two moving arms
are welded on the front and rear mounted frames respectively,
forming a parallelogram structure. The hydraulic cylinder is
hinged above the parallelogram in the form of a diagonal line.
The piston movement of the hydraulic cylinder controls the initial
working position of the obstacle-avoiding disc. One end of the
disc connecting rod is hinged with the disc fixed bracket. A
spring mechanism is fixed inside the disc fixed bracket and the disc
connecting rod can swing around the hinge point. The other end
of the disc connecting rod is hinged with the center of the

obstacle-avoiding disc, which can rotate freely around the hinged
point. The cutting disc is installed below the obstacle-avoiding
disc, and the rotation diameter of the cutting disc is less than that of
the obstacle-avoiding disc. ~ When the outer edge of the
obstacle-avoiding disc touches a trunk or a ground pile, the disc
connecting rod will swing around the obstacle under the action of
the spring mechanism. A rubber ring is fixed around the outer
edge of the obstacle-avoiding disc to prevent it from scraping the
obstacle. A stiffener is welded at the top of the obstacle-avoiding
disc, to enhance the structural strength of the disc. The limit
wheel is used to prevent the bottom of the cutting disc from
touching the ground and to ensure high working quality.

1. Front mounted frame 2. Gear pump 3. Hydraulic oil tank 4. Hydraulic
cylinder 5. Left moving arm 6. Right moving arm 7. Rear mounted frame
8. Obstacle-avoiding disc 9. Rubber ring 10. Hydraulic motor 11. Disc
connecting rod  12. Disc fixed bracket 13. Spring guard 14. Limit wheel
Note: UOAM means unilateral obstacle-avoiding mower.

Figure 1 The structure of UOAM
N 7N
o o
(SR | ¢ ]
0 o
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Note: Arrow signifies the turning direction of the mower.

Figure 2 Schematic of S-shaped working path of UOAM

Table 1 Main structure and performance parameters of

UOAM

Parameter Value
Tractor power/kW 36.8
Weight/kg 211
Size (lengthxwidthxheight)/mxmxm 1.6x1.7x0.7
Maximum extension distance of hydraulic profiling arm/m 1
Advancing speed/m's ™' 0.44
Rotation speed of cutting disc/r'min "' 2000
Blade number 2
Cutting edge length/m 0.2
Cutting width/m 1.4

Note: UOAM means unilateral obstacle-avoiding mower.

2.2 Design and analysis of key components

Referring to the key design requirements of Y-trellis pear
orchardst®", the trees were planted with line spacing of 5 m and
row spacing of 3 m. To fit the growth of fruit trees, the Y-trellis
structure was designed, as shown in Figure 3. Trellis height is
3 m, height of the fixing rod is 0.5 m, and the angle between the
trellis plane and ground is 45°. The ground pile is made of PP
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pipe (diameter of 0.18 m) filled with cement. To reduce soil
corrosion to the steel tube, the top of the PP pipe is 0.2 m above the
ground. The pear trees are 6 years old (6 a), and the average
diameter of the tree trunks is 8 cm.

To match the trellis structure®’, a YCX-504D type tractor
(manufactured by Yueda Group Co., Ltd., Jiangsu, China) was
selected in this study, as shown in Figure 3a. The height of the
driver is 1.7 m. The distance between the top of the driver’s head
and the ground is 1.8 m. When the driver’s head is tangent to the
trellis (the dotted line position in Figure 3a), the minimum distance
between the longitudinal median plane of the tractor and the trunk
Dyis 1.3 m.

D

a. Front view

o,

I
sy

. o

b. Top view
Note: H, is the trellis height, m; H, is the height of the fixing rod, m; Hj is the
ground pile height, m; H, is the distance between the top of the driver’s head and
ground, m; D) is the minimum distance between the longitudinal median plane of
the tractor and the trunk, m; D is the line spacing; € is the angle between the
trellis plane and ground, m; L is the row spacing, m; @; is the diameter of ground
pile, (°); @ is the diameter of trunk, (°).
Figure 3  Trellis structure of pear orchard

The structure of the UOAM in contraction and extension is
shown in Figure 4. The diameter of the obstacle-avoiding disc is
0.7 m and the length of the disc fixed bracket is 0.2 m. The hinge
point between the disc connecting rod and the disc fixed bracket is
at the middle of the disc fixed bracket. In order to shorten the
length of the disc connecting rod and reduce the bending moment
caused by the obstacle-avoiding disc, the leftmost end of the disc
overlaps with the rightmost plane of the disc fixed bracket.
Simple geometric calculation shows that the distance between the
hinge points at both ends of the disc connecting rod in the
horizontal direction /; = 0.45 m.

In the process of UOAM operation, the obstacle-avoiding disc
is blocked now and then by trunks and ground piles. To avoid
obstacles, the internal spring mechanism of the disc fixed bracket
was designed, as shown in Figure 5. The front end of the disc
connecting rod is hinged with the disc fixed bracket. The right
end of the compression spring is thrust by the disc fixed bracket.
A wire goes through the center of the compression spring, and the
left end of the wire is in fixed connection with the bolt, which is in
a threaded connection with the nut at the left end of the
compression spring. The left side of the compression spring is
thrust by the nut. After the wire bypasses the outer edge of the
disc connecting rod, the right end of the wire is in fixed connection
with the fixed block of the wire. The angle f is adjusted by

controlling the relative position between the bolt and the nut, so as
to adapt to different working conditions.

Hl (T

O

!—l

i i e £ S

a. Contraction b. Extension

Note: 7, is the distance between the hinge points at both ends of the disc
connecting rod in the horizontal direction, m; /, is the distance between hinge
points at both ends of the disc connecting rod, m; /5 is the distance between the
longitudinal median plane of the tractor and rightmost point of the
obstacle-avoiding disc in contraction status, m; /4 is the distance between the
longitudinal median plane of the tractor and rightmost point of the
obstacle-avoiding disc in extension status, m; f is the angle between the disc
connecting rod and the horizontal line in this figure in natural status, (°).

Figure 4  Structure of UOAM in contraction and extension status

1. Bolt 2. Nut 3. Wire 4. Compression spring 5. Disc fixed bracket
6. Pin 7. Disc connecting rod 8. Fixed block
Note: r; is the arc radius at the front end of the disc connecting rod (equals to half
of the width of the disc connecting rod). Arrows show the swing direction of the
disc connecting rod.

Figure 5 Internal spring mechanism of the disk fixed bracket

When the obstacle-avoiding disc is blocked by an obstacle, the
disc connecting rod rotates clockwise around the pin. When the
obstacle-avoiding disc bypasses the obstacle, the disc connecting
rod rotates counterclockwise around the pin and recovers the
original state. To facilitate the adjustment, angle f was designed
to be 45° and /, = [;/sin45° = 0.64 m. In Figure 5, the pressure on
the compression spring and the resistance from the obstacle meet
the torque equilibrium condition.  Rectangular square steel
(50 mmx70 mm) was selected as the material of the disc
connecting rod. The compression spring is cylindrical spring in
65Mn spring steel (shear modulus is 8x10'° Pa), with a wire
diameter of 8 mm and mean coil diameter of 41 mm, length of
0.3 m and active coil number of 15. The spring stiffness satisfies
Equation (1),  After calculation, the spring stiffness K =
39620 N/m.

_ G4 M
8D’n,
where, K is the stiffness of the spring, N/m; G is the shear modulus,
Pa; d, is the wire diameter, m; D is the mean coil diameter, m; n, is
the active coil number.

The working process of the obstacle-avoiding disc is shown in
Figure 6. 0,0/ (i=1, 2, ..., 14) and circles represent the positions
of the disc connecting rod and obstacle-avoiding disc at different
moments. O;'0; and 03’04’ are movement trajectories of the
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front hinge point of the disc connecting rod. In the process of
avoiding a ground pile, the obstacle-avoiding disc contacts with
point 1 firstly, then, it turns around to point 2 and leaves the ground
pile; the disc connecting rod is retracted within the area 0,'0,0;0;'
under the effect of compression spring, then the obstacle-avoiding
disc moves along the straight line O;0,. The obstacle-avoiding
process on trunks is the same as that on ground piles.

Note: I represents the trunk; II represents the ground pile. Arrows indicate the
movement directions of UOAM. The two red dotted lines are the movement
trajectories of the central point of the obstacle-avoiding disc and different
colored circles represent the position of the obstacle-avoiding disc at different
times.

Figure 6 The working process of the obstacle-avoiding disc

The position of obstacle-avoiding disc at different contact
positions is shown in Figure 7. Figure 7a shows the working
process of the disc when the first contact point (between the
obstacle-avoiding disc and the obstacle) is at 4, midpoint of the 1/4
arc on the right semi-circle of the disc. The outer edge of the
obstacle-avoiding disc contacts the obstacle at point 7 and leaves at
point 8. The straight line where line segment O;40;¢' is in passes
through point 8 and the center of the disc, and f; =45°, at this time,
the disc connecting rod does not need to be retracted. Figure 7b
shows the working process when the first contact point lies in the
left of the 1/4 arc midpoint. The outer edge of the
obstacle-avoiding disc contacts the obstacle at point 9 and leaves at
point 10. The center of obstacle-avoiding disc is closer to O;;'Oys’
than to O5'O¢’, and B, >45°, at this time, the disc connecting rod
needs to be retracted. Figure 7c shows the working process when
the first contact point lies at the right side of the midpoint. The
outer edge of the obstacle-avoiding disc contacts the obstacle at
point 11 and leaves at point 12. The center of obstacle-avoiding
disc to 019’0y’ is farther than to 05’04/, and f;=45°, at this time,
the disc connecting rod does not need to be retracted. The
retracted process is uncontrollable in Figure 7b, and the cutting
area of UOAM around obstacle in Figure 7c is less than that of
Figure 7a. To ensure the cutting quality, the first contact point
(between the obstacle-avoiding disc and the obstacle) should be at
the midpoint of 1/4 arc on the right semi-circle of the
obstacle-avoiding disc in advancing direction.

The working principle of the hydraulic profiling mechanism is
shown in Figure 8. The width of the front and rear mounted
frames should be less than the width of the tractor, thus, the length

of the front and rear mounted frame is 1 m. When UOAM is
contracted, the median planes of the front and rear mounted frames
coincide with each other. Through simple geometric calculation,
;=12 m. The HSG40-25 type of hydraulic cylinder was selected
(manufactured by Huixing Hydraulic Co., Ltd., Shandong, China).

a. Midpoint b. Midpoint left

c¢. Midpoint right
Note: B, f», and S5 are the angles between the disc connecting rod and the
horizontal line, (°).

Figure 7 Positions of obstacle-avoiding disc at different contact

points
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Note: ab is the distance of two hinge points on the left moving arm, m; cd is the
distance of two hinge points on the right moving arm, m; ad is the distance of
two hinge points on the front mounted frame, m; bc is the distance of two hinge
points on the rear mounted frame, m; bd is the maximum length of the hydraulic
cylinder, m; ¢, is the angle between ab and the horizontal line in the figure, (°);
@2 is the angle between ¢'d and the horizontal line in the figure, (°); the
parallelograms abcd and ab'c'd indicate the hydraulic profiling mechanism at
positions of contraction and extension, respectively.

Figure 8 Working principle of the hydraulic profiling mechanism

In Figure 8, the right triangle bdf, abe and dic' meet the
Pythagorean theorem. In parallelograms abcd and ab'c'd, ad=bc
=b'c’, ab=cd = ab'=c'd. db', b'c’ and c'd in triangle db'c’ satisfy
the law of cosines. The functional relationship of them is shown
in Equation (2). It can be known from the parameters of the
hydraulic cylinder that, bd=0.82 m. In the right triangle bdf, fb=
0.7 m, df=0.43 m. In the right triangle abe, ae=df=0.43 m, be=
0.5m. It can be calculated that ab=0.66 m, £ ¢, =40.7°.

cd*+b'c?-2c'dxb'c xcos p, = db” 2

It can be known from the hydraulic cylinder parameters that
db'=0.52 m. According to Equation (2), Z£¢,=39°. Then, in
the right triangle dic’, ic'=c'dxcosp,=0.51 m. By simple
geometric calculation, /,=fb+ic’—bctl3;=2.21 m. The maximum
extension distance of the hydraulic profiling mechanism is /,—/;=
1.01 m.

The cutting process can be divided into two stages: normal
cutting and obstacle-avoiding cutting. In the normal cutting
process, the trajectory of the blade is a combination of linear
(center of the obstacle-avoiding disc) and circular (cutting disc)
motion. Taking the center point of the obstacle-avoiding disc as
O, the horizontal direction to the right is the positive direction of
X-axis, and the vertical direction forward is the positive direction of
Y-axis, to form a rectangular plane coordinate system, as shown in
Figure 9.

The movement equation of point m; is,

{erq =rcos ot 3)

Y =rsinwt+vt

m
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where, X, is the value of point m; on X-axis, m; Y, is the value of
point m; on Y-axis, m; r is the rotation radius of the cutting disc, m;
w is the rotation speed of the cutting disc, rad/s; ¢ is working time, s;
v is the advancing speed of UOAM, m/s.

The movement equation of point 7, is,

2n
X, —(r—l)cos(wt—T) )

Y, =(r-Dsin(er —2775) + vt

where, X,,; is the value of the point n, on X-axis, m; Y,, is the value
of the point n, on Y-axis, m; / is the cutting edge length of the blade,
m; k is the blade number.

Take the maximum values of point m; and point n, on Y-axis
by taking the derivatives of Y, and Y,, in Equations (3) and (4),

that is,
1 « wr or
2
Y, =2 Y arccosl-—Y—]+ m (6)
2 ko o a(r—1) @

where, X,,mx is the maximum value of the point m; on Y-axis, m;
Y,.max 18 the maximum value of the point n, on Y-axis, m.

_y Leakage zone
D, () - &
=

Note: O and O' is the center point of the obstacle-avoiding disc before and after
movement; mj, n; are the outermost and innermost points of the first blade
cutting edge; mo, n are the outermost and innermost points of the second blade
cutting edge; the thick solid line area (mym;'ni'n;) and dashed line area
(mama'ny'ny) indicate the trajectories of the cutting edge of the first and second
blades respectively; coordinate values X,;,max and Y,,max indicate the highest point
of curve m;m,'; coordinate values X,,max and Y,max indicate the highest point of
curve nony'; v is the advancing speed of the mower, m/s; ¢ is working time, s; o is
the rotation speed of the cutting disc, rad/s;  is the rotation radius of the cutting
disc, m; / is the cutting edge length of the blade, m.
Figure 9 Trajectory of blade cutting edge movement

To reduce the leakage rate, Y,,1max should be greater than Y, max,
which means
Y max = Yoy max 20 @)
Substitute Equations (5) and (6) into Equation (7), then,
Equation (8) is obtained. It is the optimal kinematic model of the
cutting disc in the normal cutting process.

2 2
/
\/l— ‘; ~ —\/(1—)2— ‘; ~ +L[arccosL—arccosL]
or r o or wo(r—1) wr
Y20

2w ®

kor
The advancing speed is positively related to the leakage rate
and working efficiency, while the rotation speed of the cutting disc
is inversely related to the leakage rate and has nothing to do with
working efficiency. The gear selection of tractors for orchard
farming is mainly between low-speed gears I and II. Low-speed

gear | is used in high-power machines, and low-speed gear II is
used in low-power machines. In this study, low-speed gear II of
the tractor was chosen as the working power (tractor advancing
speed was 0.44 m/s). The rotation diameter of the cutting disc
should be less than the diameter of the obstacle-avoiding disc, and
the rotation diameter of the cutting disc was 0.65 m. The
minimum rotation speed of the cutting disc stipulated in the
national standard GB/T10938%” was 2500 r/min. Considering
that GB/T10938 is mainly applied to large forage mowers with
higher advancing speed, while the small volume UOAM was
applied to the orchard with lower advancing speed®™?*) the
minimum rotation speed of the cutting disc of UOAM should be
reduced. In order to cut weed smoothly, by referring to Reference
[30], the blade linear velocity of 70 m/s showed optimal
performance. It can be calculated that ®»=2058 r/min. By
referring to the type of hydraulic motor, set ®=2000 r/min. Insert
v=0.44 m/s, ©®=209.44 rad/s, =0.325 m, and /=0.2 m into Equation
(8), and the calculation result satisfies Equation (8).

In the obstacle-avoiding cutting process, the trajectory of the
blade is a combination of circular (center of the obstacle-avoiding
disc) and circular (cutting disc) motion.  The process of
obstacle-avoiding cutting was analyzed based on ADAMS
software®'**].  Constraints and drivers were added to the virtual
prototype assembly in ADAMSPY.  The cylinders represent
ground piles and trunks. The obstacles and the ground are
connected by the fixed joint. Disc fixed bracket and the ground
are connected by the translational joint. Revolute joints are used
to connect the disc fixed bracket and disc connecting rod, disc
connecting rod and obstacle-avoiding disc, obstacle-avoiding disc
and cutting disc. The pair connection of point-curve connects the
midpoint of the 1/4 arc on the right semi-circle of the
obstacle-avoiding disc and the obstacle circumference. The
translational joint motion controls the advancing speed of the
mower and the revolute joint motion controls the rotation speed of
the cutting disc. Adding markers to the end points of the blade
cutting edge (four markers totally, from Marker 1 to Marker 4).
Set translational joint motion at 0.44 m/s, revolute joint motion at
2000 r/min, and simulation step at 0.001 s. Blade cutting edge
trajectory in the obstacle-avoiding process is shown in Figure 10.
In the ADAMS simulation process, each calculation step will
generate a position point coordinate for the trajectories of the
markers. For the convenience of analysis, the point coordinate
data generated by ADAMS will be drawn in the form of the spline
curve in AutoCAD software. Adjust the background color of the
AutoCAD drawing zone to white and fill the cutting area of each
blade cutting edge with black color. The results show that the
cutting area of blade cutting edge is black, thus, there was no
leakage in the cutting area.

b. Trunk
Figure 10 Trajectories of virtual prototype simulation

2.3 Methods of field tests
In March 2021, field tests were conducted in the Y-trellis pear

a. Ground pile
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orchards of Jiangsu Academy of Agricultural Sciences. The road
of the orchard was flat. The trees were 6 years old (6 a), and
planted 5 m in line spacing and 3 m in row spacing. Trellis height
was 3 m, height of the fixing rod was 0.5 m, and the angle between
the trellis plane and the ground was 45°. A YCX-504D type
tractor (manufactured by Yueda Group Co., Ltd., Jiangsu, China)
was selected in this study. The field test of UOAM is shown in
Figure 11.

Field test of UOAM

Three treatments were tested, which were UOAM mowing,
SCM mowing and manual weeding. Three test indexes were used
to evaluate the tests: stubble cutting stability, leakage rate™®”), work
efficiency and cost.

Figure 11

To prevent the blade from cutting the ground!’”; stubble
cutting height of UOAM and SCM were set to 10 cm. To reflect
the stubble cutting stability of three treatments, the coefficient
variation of the stubble cutting height in different sample points
was calculated. Five sample points (sampling area of each point
was 1 m?) were selected randomly in the mowing area, and five
measuring points were arranged diagonally within each sample
point. Measurements started from the ground, and the average
height of five measurement points was the stubble cutting height of
the sample point. The stubble cutting height, standard deviation,
and coefficient variation were calculated, as shown in Equations

©)-(11).

n

2
h= ©)
5

where, 4; is the stubble cutting height of point i, cm; / is the stubble
cutting height of each sample point, cm.

(10)

where, S, is the standard deviation of the stubble cutting height,
cm.

CV =%x100% an
where, CV is the coefficient variation of the stubble cutting height,
%.

Leakage rate was used to evaluate the cutting quality of the
machine. It was defined as the division of the weight of leakage
weeds by the weight of weeds cut per unit area. The leakage rate
is calculated by Equation (12).
cutting disc was less than obstacle-avoiding disc diameter, the
weeds around the obstacle were not cut.

Since the rotation diameter of the

Similarly, when the
SCM was used, the operator will leave a safe area around the

obstacle. During sampling, leakage rates between and around

obstacles were measured separately. Three rows of pear trees in
the field were selected for sampling, and the sampling area of each
sample point was 1 m% Three sample points between obstacles
and three sample points around obstacles were selected in each
row.

LR:%XIOO% (12)

t
where, LR is the leakage rate, %; G, is the weight of leakage weeds
in 1 m% g; G, is the weight of weeds cut in 1 m?, g.

The working time of each treatment was recorded and
converted to working efficiency. The profitable area of UOAM
was calculated based on the working efficiency, so as to guide the
orchard manager to make a decision. The profitable area of the
machine is the minimum planting area required by the machine to
replace labor in management costs. According to Equations
(13)-(15), the profitable area can be calculated. @~ When the
planting area of crops is larger than the profitable area, the machine
can bring about profits.

g=L (13)
n)’
where, ¢ is the annual depreciation of one mower, Yuan; p is the
price of one mower, Yuan; n, is the depreciable life, year.
c=yn (14)
)
where, ¢ is the cost that can be saved by the mower by replacing
manual weeding, Yuan/hm?; ¢ is the labor cost in an eight-hour day,
Yuan; ¢ is the average manual weeding time per unit area, h/hm?; ,
is the working hours (8 h) of three treatments in one day, h; # is the
proportion of time saved in mechanical weeding to manual
weeding.
A=2T i (15)
c
where, A4 is the profitable area of one machine, hm?; Cumi 18 the use,
maintenance and labor operation costs of the tractor for mower per
year, Yuan.

3 Results and discussion

3.1 Stubble cutting stability

Stubble cutting height and its coefficient variation of three
treatments are shown in Table 2. The average stubble cutting
height of three treatments was 10.34 cm for UOAM, 8.33 cm for
SCM and 2.16 cm for manual weeding. The average stubble
cutting heights of the three treatments are different, which is related
to their operation modes. The rotation diameter of UOAM was
0.65 m, in this case, there are slopes and clods within the operation
area. To prevent the mower from touching the soil and ensure
smooth mowing operation, the stubble cutting height should be set
to 10 cm. Although the rotation diameter of SCM was relatively
small, it also had the same problem of touching the soil, thus, the
stubble cutting height was also set at 10 cm. Since SCM mowing
is highly affected by human factors, the operation result deviated
far from the set value. In manual weeding, the operator is usually
used to cutting off weeds with sickles near the root, so that the
stubble cutting height is only about 2 cm. There are some
advantages in this way of weeding: the leaf buds of weeds are cut
off and their growth is restricted for a long time, thus reducing the
frequency of manual weeding. Stubble cutting height of UOAM
was the closest to the set value, with a relative error of 3.4%. The
reason is that the path in the orchard was flat, and there were not
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many bumps in mowing. The stubble cutting height of SCM was
lower than the set value, with a relative error of 16.7%, which was
bigger than that of UOAM, showing that the operation stability of
SCM was lower than that of UOAM. The coefficient variation of
stubble cutting height of the three treatments was: 6.14% for
UOAM, 15.69% for SCM and 15.49% for manual weeding. The
coefficient variation of stubble cutting height of UOAM was the
smallest in three treatments. This is related to the mechanized
operation of UOAM: the tractor of UOAM follows a fixed route
and is more stable than SCM and manual weeding, in which the
operator repeatedly moves around the obstacle. The coefficient
variations of stubble cutting height of SCM and manual weeding
were higher, showing that it was more difficult for the two
treatments to ensure the uniformity of stubble cutting height than
UOAM.
operator manually, and the stubble cutting height is subjectively
controlled by the operator, therefore, the fatigue caused by long
time operation will greatly affect the accuracy of weeding.

Table 2 Stubble cutting height h and coefficient variation CV

SCM and manual weeding were carried out by the

Sample point UOAM SCM Manual
Index . . X
number mowing mowing weeding
| hicm 10.50 7.44 2.74
CV/™% 4.89 16.10 15.76
5 hlcm 10.34 9.84 2.14
CV/% 5.63 15.95 13.74
3 hlcm 9.88 8.16 1.74
CV/% 7.11 16.21 15.68
4 h/cm 10.46 8.26 1.98
CV/% 6.94 14.92 14.78
5 hicm 10.52 7.94 2.20
CV/% 6.11 15.29 17.49
hlcm 10.34 8.33 2.16
Average
CV/% 6.14 15.69 15.49

3.2 Leakage rate

Leakage rate of UOAM and SCM are shown in Figure 12.
Leakage rate of SCM in the same condition was higher than that of
UOAM. The data fluctuation of the SCM was larger than that of
UOAM. To analyze the leakage rate of UOAM and SCM
accurately, the coefficient variation of leakage rate was calculated.
The calculation method of coefficient variation was the same as

that of stubble cutting stability, and the results are shown in Table 3.

Leakage rate between obstacles was 0.21% for UOAM and 1.9%
for SCM, showing that UOAM and SCM had the least leakage
amount of weeds between obstacles. Leakage rate around
obstacles was 4.64% for UOAM and 5.95% for SCM, higher than
that between obstacles. The reason is that UOAM and SCM leave
a certain safe zone around obstacles so that the mower would not
cut the weeds around the trunk or ground pile. The coefficient
variation of leakage rate was 7.38% for UOAM between obstacles,
14.41% for SCM between obstacles, 7.66% for UOAM around
obstacles, and 9.2% for SCM around obstacles. SCM was carried
out by the operator manually, and in SCM, the operator repeatedly
moves around the obstacle, causing great errors. Therefore, the
coefficient variation of SCM was higher than that of UOAM. The
coefficient variation of leakage rate in SCM between obstacles was
larger than that around obstacles, because the weight of leakage
weeds between obstacles was far less than that around obstacles,
and the influence of the change of leakage weeds in mowing is
significantly greater than that around the obstacles.

ﬁu"”' .‘.‘.". A, P SO
N FT e 4 = UOAM between obstacle

i N
um -=- UOAM around obstacle

4

3

2

- SCM between obstacle

Leakage rate/%

) -k 4 -#SCM around obstacle

0 3 * * —
1 3 5 7 9
Sample point number

Figure 12 Leakage rate of each sample point

Table 3 Leakage rate LR and coefficient variation CV

Treatment Index Between obstacles Around obstacles Average value
LR/% 0.21 4.64 242
UOAM mowing
CV/% 7.38 7.66 7.52
. LR/% 1.90 5.95 3.93
SCM mowing
CV/% 14.41 9.20 11.8

3.3 Working efficiency and cost

The working efficiency of the three treatments was tested in
the field tests and the results are shown in Table 4. The working
efficiency of UOAM was much higher than that of SCM and
manual weeding, which was 4.44 times to SCM and 20 times to
manual weeding. The price of UOAM is 5000 Yuan, with 5 years
of depreciable life. The weeding times of pear orchard are 4 to
5 per year, the use, maintenance and labor operation costs of tractor
for weeding is 800 Yuan per time, so the annual cost is calculated
at 4000 Yuan. The labor cost is 120 Yuan in an eight-hour day,
and manual weeding time per unit area is 50 h/hm’. The total
proportions of time saved by UOAM to the manual weeding were
95%. According to Equations (13)-(15), the profitable area of
UOAM was 7.02 hm®.  Since population aging in China nowadays
has become more and more serious™, with a large number of
farmers working in cities, the small-scale orchard farms have been
replaced by large-scale modern fruit companies. SCM mowing
and manual weeding, which are suitable for family farms, have
been eliminated in industry. In such circumstances, mechanized
UOAM is especially suitable for large-scale mechanized Y-trellis
orchard management. Orchard managers can use a certain amount
of UOAM according to their orchard planting area and the cost that
they can afford.

Table 4 Working efficiency E and profitable area A

Treatment E/mm*h! A/hm®
UOAM mowing 0.40 7.02
SCM mowing 0.09 --

Manual weeding 0.02 --

4 Conclusions

1) In this study, a unilateral obstacle-avoiding mower was
developed. The mower is composed of an obstacle-avoiding disc
mechanism, a hydraulic profiling mechanism and a cutting disc
The diameter of the obstacle-avoiding disc was
0.7 m, which could swing around the trunk or ground pile under the
action of the spring mechanism. The piston movement of the

mechanism.

hydraulic cylinder controls the working position of the
obstacle-avoiding disc, and the maximum extension distance of the
hydraulic profiling arm was 1 m. Referring to the national
standards and actual situation of orchards, the optimum parameters

were determined as follows: working speed of 0.44 m/s, rotation
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speed of cutting disc of 2000 1/min, blade number of 2, and cutting
edge length of 0.2 m.

2) Three treatments were tested in field tests, which were
UOAM mowing, SCM mowing and manual weeding. Three
indexes were used to evaluate the tests: stubble cutting stability,
leakage rate, working efficiency and cost. The coefficient
variation of stubble cutting height of UOAM was the smallest in
three treatments, showing that the working stability of UOAM was
better than the other two treatments. The leakage rate of UOAM
was 2.42%, and its coefficient variation was smaller than SCM.
The working efficiency of UOAM was much higher than that of
SCM and manual weeding, which was 4.44 times to SCM and 20
times to manual weeding. The profitable area of UOAM was
7.02 hm?, showing that it was suitable for large-scale mechanized
Y-trellis pear orchards.
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