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Abstract: In response to challenges such as inadequate driving stability and power in traditional
weeding machinery, we designed and investigated a hydraulic chassis tailored for paddy field
operations. Utilizing SolidWorks and RecurDyn VIR4 software, we obtained linear driving and
steering curves to model and simulate the dynamics of the mower chassis. Through the AMESim
software, we further modeled and simulated the hydraulic chassis system, focusing on the hydraulic
characteristics of the components relevant to its operation. Subsequently, we developed a hydraulic-
driven paddy weeder and conducted tests to evaluate the linear deviation and paddy slip rates.
Our findings indicate that the designed hydraulic weeder chassis exhibits commendable dynamic
performance and driving stability, with the actual average deviation and paddy slip rates measured
at 2.61% and 3.59%, respectively. These results underscore the efficacy of our approach in addressing
the challenges inherent in traditional weeding machinery and highlight the potential of hydraulic
systems in enhancing agricultural operations.
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1. Introduction

Rice cultivation holds a paramount position in global food production [1], predom-
inantly in Asia, where nearly 90% of the world’s rice sowing area and output are con-
centrated [2]. However, weed infestation poses a significant threat, causing annual yield
reductions of over 15% [3,4]. Conventional methods such as chemical herbicides exhibit
low efficacy and substantial environmental harm [5,6]. Consequently, the development of
innovative agricultural machinery is imperative to enhance land productivity sustainably.

In Europe, the US, and other countries, rice planting mostly uses air seeding, seedling
growth is chaotic, and agricultural tools such as weeding machines are inapplicable [7].
Therefore, chemical weeding is the main solution to field grass damage. Most rice planting
methods in Asian countries include mechanical transplanting, seedling growth is orga-
nized, and mechanical weeding can be used to control weeds [8]. Existing paddy field
weeding machines are mainly divided into two types according to the walking mode: the
step type and ride type. Step weeding machines are mainly Japanese and the same as
industry MSJ-type and Meishan SMW models [9], Wang et al.’s [10] organic rice weeding
machine, and Qi et al.’s [11] research and development of a step-type paddy field weeding
machine. The riding weeder is typically operated approximately seven rows each time,
and the work efficiency is relatively high. These weeders are mainly Japanese Yanma SJVP
series, Mitsubishi Agricultural Machinery LW-8, real industry RW50 and other models [12],
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and the 2BYS-6 paddy field weeding machine [13] developed by Nanjing Agricultural
Mechanization Research Institute, most of which use a traditional chassis as the carrying
unit [14,15]. However, the traditional chassis has the following disadvantages: (1) the
transmission system is complex and bulky, increasing the complexity of its adaption to the
working condition of the paddy field with poor bearing capacity, and the layout is fixed
and single; (2) failure to realize continuous speed change; and (3) achieving automation
and intelligent control is also difficult [16,17].

Compared with traditional mechanical transmission, hydraulic drive technology has
an excellent power-to-mass ratio, fast response, flexible layout, and direct implementation
of intelligent control [18]. The hydraulic transmission system can provide higher power at
a relatively light weight, which enables the weeder to achieve greater work efficiency while
maintaining the light weight. The hydraulic-driven weeding machine can quickly adjust the
height of the weeding disc according to soil conditions, thereby achieving precise weeding.

This paper addresses the limitations of existing paddy field weeders by proposing
a novel hydraulic-driven chassis. Through 3D modeling, dynamic simulation, and com-
prehensive testing, the hydraulic chassis driving system is meticulously examined. Key
advancements include enhanced steering flexibility and a reduced turning radius achieved
through hydraulic steering, contributing to improved maneuverability in challenging
paddy field conditions [19,20]. Additionally, this study conducts ground driving offset
distance and paddy field slip rate tests, providing insights into the performance of the
hydraulic chassis under various operating scenarios.

2. System Structure and Working Principle
2.1. Chassis Structure

The chassis of a paddy field weeder is mainly composed of a chassis steel frame, fixed
device, and driving wheel. A diesel engine, hydraulic oil pump (double pump), hydraulic
tank, diverter valve, hydraulic motor, reversing valve, cooling device, and filter are all
included in the hydraulic drive system. The field weeder is composed of two hydraulic
fuel tanks and two separate hydraulic systems. One set is responsible for the walking and
hydraulic lifting device of the weeder, and the other set is used for the steering system
of the weeder. Under the premise of ensuring the balanced operation of the weeder, the
weeder device is installed in the middle of the weeder due to the particularity of paddy
fields, and the hydraulic lifting device is connected with the chassis of the weeder. Only the
driving system is designed in this paper, and only the hydraulic interface can be provided
for the hydraulic lifting system (Figure 1).

Figure 1. Physical photo of the chassis of the paddy field weeder: 1. steering column; 2. hydraulic
lifting control device; 3. battery pack; 4. hydraulic oil tank; 5. steering machine; 6. hydraulic pipe;
7. diverter valve; 8. hydraulic motor; 9. chassis steel frame; and 10. duplex pump.
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2.2. Working Principle

A four-wheel drive is adopted by the designed paddy field weeder. The capability to
adapt to highly complex land and road conditions and the strong obstacle crossing and
anti-slip performance, which is suitable for paddy field work, are the main advantages
of four-wheel drive [21,22]. The weed wheel is driven by four hydraulic motors, and the
mechanical energy of the diesel engine is converted to the pressure energy of the hydraulic
oil using double pumps. The inside and outside flow of the hydraulic motor and the
direction of operation are controlled by the diverter and reversing valves, respectively, to
complete the weeder forward, backward, and steering functions. The relevant technical
parameters of the weeder are shown in Table 1.

Table 1. Main technical parameters of paddy field weeder chassis.

Argument Value/Type
Machine size (length x width x height)/(mm x mm X mm) 2080 x 1650 x 1020
Overall quality /kg 1000
Supporting power/kw 15
Driving mode Four-wheel drive
Steering mode Differential steering
Minimum adaptive line spacing/mm 300
Working width/mm 1985
Adaptive plant spacing/mm 100

3. Walking Hydraulic System Design
3.1. Principle of Hydraulic System

The principal diagram of the fully hydraulic chassis drive system designed in this
paper is shown in Figure 2.
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Figure 2. Schematic of hydraulic system: 1. check valve; 2. hydraulic motor; 3. two-position two-way
solenoid valve; 4. three-position four-way solenoid directional valve; 5. two-position three-way
reversing valve; 6. manometer; 7. energy accumulator; 8. cylinder; 9. engine; 10. double pump;
11. level gauge; 12. thermometer; 13. temperature regulator; and 14. relief valve.
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The power transmission process begins with the engine (9), which supplies mechanical
power to the double pump (10). This double pump is pivotal, as it serves as the heart of
the hydraulic system, pumping hydraulic oil to the system’s components. Its dual-pump
design is strategic, allowing for the separation of the hydraulic circuits that operate the
weeder’s various functions. This division enhances the system’s efficiency and reliability,
as each circuit can be optimized for its specific task without imposing load or operational
constraints on the other.

A critical component in managing the flow and direction of the hydraulic oil is the
two-position three-way directional valve (5). By altering the flow direction, this valve
facilitates the seamless switching between oil circuits, enabling the hydraulic system to
adapt swiftly to changing operational needs. This adaptability is crucial for precision tasks
in the paddy field.

For the control of the chassis’s movement, including forward and reverse motions,
the three-position four-way solenoid directional valve (4) is utilized. This valve’s ability
to adjust the hydraulic motor’s direction ensures that the chassis can navigate effectively
through the paddy fields, offering both flexibility and control in maneuvering.

The integration of the two-position two-way solenoid directional valve (3) allows for
precise on—off control of the hydraulic flow, effectively managing the chassis’s movement
commands. This precise control is essential for stopping the chassis, highlighting the
system’s responsiveness to operator inputs.

Safety and system integrity are ensured by the check valve (1), which prevents the
backflow of hydraulic oil, safeguarding the system against potential damage. The monitor-
ing and maintenance of the hydraulic system are facilitated by several key components: the
pressure gauge (6) monitors the circuit pressure, the accumulator (7) stabilizes the energy
and balances the pressure fluctuations, and the level gauge (11) measures the hydraulic oil
height in the cylinder (8), ensuring optimal operation. Thermal management is addressed
by the thermometer (12), which provides temperature readings, and the temperature regu-
lator (13), which cools overheated oil, maintaining the system’s efficiency and preventing
damage. The relief valve (14) plays a vital role in maintaining system pressure, ensuring
the hydraulic system operates within its safe operating parameters.

The decision to deploy two separate hydraulic systems within the weeder stems from
the need for operational redundancy and specialization. This dual-system approach allows
for the separation of the weeder’s locomotion and operational functions, enhancing perfor-
mance efficiency and minimizing the risk of system failure impacting the entire device.

The integration of the fixed device and driving wheel into the chassis structure, and
their role in the overall functioning, are designed with the paddy field’s unique challenges
in mind. The fixed device ensures stability during operation, essential in the uneven and
muddy terrain of paddy fields. The driving wheel’s design and placement are optimized
for maximum traction and minimal soil compaction, ensuring the weeder moves smoothly
without damaging the crop.

3.2. Calculation and Selection of Main Power Components
3.2.1. Calculation of Maximum Driving Resistance

The driving conditions of the weeder should be met:
FZFf+qu+Fg+Fa (1)

where F is the traction force (N), F ¢ is the rolling resistance (N), F, is the air resistance
(N), F ¢ is the slope resistance (N), and F ; is the acceleration resistance (N).

When the weeder works in a paddy field, the rolling resistance F is the product
of the normal supporting force of the ground and the rolling resistance coefficient. The
slope resistance F ¢ is the product of the total mass of the weeder and the slope, and the air
resistance F y is related to the frontal windward area, body shape, and fuselage material
of agricultural machinery and increases in a square relationship with the speed. The air
resistance is remarkably small and ignorable for medium-low speed off-highway driving
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machinery with a maximum speed of no more than 50 km/h [23]. The maximum speed
of the weeder does not exceed 10 km/h; therefore, its air resistance is disregarded in
the calculation.

Rice fields typically have flat terrain, resulting in negligible slope resistance during
the operational process. The calculation formula of the slope resistance is as follows:

Fg=Geosa 2)

The acceleration resistance F ; refers to the comprehensive inertial resistance of the
vehicle caused by speed changes, including the inertial resistance parallel to the driving
direction accelerated by the vehicle body as a translational mass and the inertial resistance
converted to improve the torque increment of the rotating mass speed of the wheel and
other interior vehicles. The acceleration resistance is generally small in the medium-low
speed vehicles and machinery driven by the hydrostatic pressure. In the actual calculation
process, the acceleration resistance F is:

F,=Amg 3)

where m is the overall quality (Kg), g is the acceleration of gravity (m/s?), and A is the
acceleration coefficient, which is numerically equal to the ratio of the actual acceleration to
the gravitational acceleration.

Some parameters of the hydraulic chassis of the weeder can be designed by calculating
the driving resistance of the weeder. The rolling resistance coefficient f and the maximum
adhesion coefficient u of different road surfaces are presented in Table 2.

Table 2. Rolling resistance coefficient f and maximum adhesion coefficient y of different road conditions.

Rolling Resistance = Maximum Adhesion

Pavement Peculiarity Coefficient f Coefficient u
Land for cultivation Relatively soft 0.10-0.250 0.40-0.50
Wet mud floor Changes in resistance, 0.10-0.15 0.50-0.60
deep wheel printing
. Drive wheel touches the
Paddy field bottom of the plow 0.20-0.25 0.35-0.50
Concrete pavement  Hardly any wheel marks 0.01-0.02 0.80-0.90

During paddy field operation, the mass of the weeder is generally 1000 kg, and the
upper limit of the rolling resistance coefficient f in the paddy field is 0.25. A paddy field
is generally flat; thus, its driving slope can be ignored. The acceleration coefficient of
0.035 is taken and then substituted into Equation (2) to calculate the acceleration resistance
F,=171.5 N and rolling resistance F ¢ = 0 N. Simultaneously, the full load gravity of the
weeder and the maximum rolling resistance coefficient of the paddy field are inputted into
Equation (1). The maximum traction force F 4, of the paddy field of the weeder during
operation is 2793 N, that is, the maximum driving resistance F = 2793 N. When the weeder
walks on the ground, the rolling resistance coefficient is small due to the superiority of
the road condition to the paddy field, and the total resistance of the entire machine is less
than the total resistance of the paddy field. Therefore, 2793 N is the maximum total driving
resistance of the weeder under various working conditions.

3.2.2. Hydraulic Drive Motor Selection Calculation

The required torque for the traveling drive motor is:

FR
mu q

M=
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where M is the required torque for a single hydraulic motor (N-m), R is the driving wheel
radius with a value of 0.3 m, m is the number of drive motors with a value of 4, and « 1 is
the wheel drive efficiency, « 1 = 0.91.

The theoretical displacement of the traveling drive motor is:

_2nM

V., =
" P(Xz

(5)

where V; is the theoretical displacement of the travel drive motor (mL/r), P is the max-
imum allowable pressure of the hydraulic system with a value of 20 MPa, and « ; is the
mechanical efficiency of walking hydraulic motor, « » = 0.93.

The selected hydraulic motor should not only meet the maximum torque of the driving
wheel but also the maximum driving speed of 3.6 km/h under the conditions of the small
torque and high speed of the weeder. Therefore, the maximum speed of the hydraulic

motor is calculated as follows:

" = 60 % 2R ©

where 71 4y is the maximum speed of the hydraulic motor (r/min), and v 4y is the maxi-
mum speed of the weeder (km/h).

Combining Formula (1) with Formula (6), the maximum driving resistance of the
weeder is 2793 N, the maximum torque of a single driving wheel is 230.2 N-m, the theoretical
displacement of the hydraulic motor is calculated as 77.8 mL/r, and the maximum speed
required by the hydraulic motor is 31.8 r/min. Therefore, the required flow rate of the
hydraulic motor is roughly 2.5 L/min. Ultimately, the BMR-80 series cycloidal hydraulic
motor was selected, and the motor parameters are presented in Table 3.

Table 3. Hydraulic motor parameters.

Quality Characteristic Argument
Equivalent displacement (mL/r) 81.5
Maximum working pressure (MPa) 225
Maximum speed (rpm) 650
Maximum discharge (L/min) 55
Maximum output torque (N-m) 650

3.2.3. Hydraulic Pump Selection Calculation

The model of the double pump is determined in accordance with the total flow of
the oil circuit in the hydraulic system and the engine speed. According to the theoretical
maximum displacement of the motor above 77.8 mL/1, the maximum operating speed
of 2.5 km/h, and the engine speed of 3000 r/min, the output flow of the dual pump is
calculated as follows:

4V imaxt max
— max’o max 7
Qv 1000a 3 @
1000Q 4,
V,=__""=0° 8
b s 8)

where Q j is the hydraulic pump output flow (L/min), V jmay is the maximum displace-
ment of the hydraulic motor (mL/r), « 3 is the volumetric efficiency of the hydraulic motor
with a value of 0.95, V', is the theoretical displacement of the hydraulic pump (mL/1), 1 4
is the hydraulic pump speed (r/min), and « 4 is the volumetric efficiency of the hydraulic
pump with a value of 0.95.

The total output flow of the hydraulic system is 10.4 L/min, and the theoretical
displacement of the hydraulic pump is 10.9 mL/r.

According to the above calculation, combined with the selection principle of a hy-
draulic pump, the final selection model CBTL-F420-AL double-gear pump is shown in
Table 4 below.
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Table 4. Hydraulic pump parameters.

Quality Characteristic Argument
Maximum displacement (mL/r) 20
. Rated 20
Working pressure (MPa) Peak 25
Input/output speed (r/min) 2500-3000
Quality (kg) 3.7

4. Simulation of Chassis Dynamics and Walking Hydraulic System
4.1. Chassis Dynamics Simulation
4.1.1. Chassis Modeling

The model of the paddy field weeder is built in SolidWorks 2021 software, the model
is saved in SolidWorks in the *x_t format, and the import is selected in RecurDyn. A
pavement model is created using the Track/LM toolkit. During the simulation, the mathe-
matical model is automatically established in accordance with the relevant parameters and
constraint input during the model establishment, and the data such as the displacement,
speed, torque, and interaction between components can be outputted at any time for the
hydraulic chassis [24,25] (Figure 3).

Figure 3. Modeling diagram of hydraulic-driven weeder.

4.1.2. Paddy Field Pavement Modeling

The driving characteristics of the chassis are considerably influenced by the road
condition simulation of paddy fields during weeder operation [26]. Thus, the modeling is
performed using the ground module in the RecurDyn software. The damping coefficient is
set to 0.25 and the dynamic friction coefficient is set to 0.3. The fixed constraint definition
between the car body and the ground and the rotation constraint definition of the driving
wheel are determined. In addition, it is necessary to establish the contact definition between
the wheel and the ground. The flexible contact model used in this study is confirmed.
Finally, the drive function of the driving wheel is defined, and the STEP function is studied
in this paper. The driving wheel speed function is defined as STEP (Time, 0, 0, 2, 2.4), that
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is, within 2 s after starting, the angular speed of the driving wheel accelerates from 0 to
2.4 rad/s and then turns to uniform rotation.

4.1.3. Analysis of Linear Driving Dynamics

When the horizontal velocity undergoes drastic changes, the chassis becomes suscepti-
ble to precarious phenomena, such as oscillation, trembling, or inclination. This inherent
instability considerably elevates the likelihood of the chassis losing control when operating
in agricultural lands, ultimately resulting in an undesirable overturning of the lawn mower.
When encountering substantial lateral deviation, the chassis becomes predisposed to relin-
quish command over the intended driving trajectory, causing the weed removal device to
deviate from the designated path and, in turn, augment the seedling pressure rate. This
predicament becomes particularly pronounced in marshy paddy fields where the terrain
is muddied, as the lawn mower becomes more vulnerable to irregular friction during
operation, leading to fluctuations in the speed and continuous deviation from the desired
driving path. As such, the smoothness and uninterrupted continuity of the horizontal
velocity and lateral deviation variation curves emerge as pivotal factors for ensuring the
steadfastness of the chassis during operation.

According to the actual driving condition of the chassis, the speed of the weeder in
the paddy field is set at 0.7 m/s and then accelerated to the set speed within 5 s after
starting, and the overall simulation time is 10 s. The horizontal velocity change curve of
the center of mass is shown in Figure 4. After the hydraulic chassis is started, the set speed
requirements are immediately reached, and the driving speed stabilizes after a fluctuation
period. Large speed fluctuations before reaching stability may be due to the effects of
the physical properties of the soil on the set pavement. The variation curve of the lateral
deflection of the hydraulic chassis while driving on the paddy field road surface is shown
in Figure 5. The deviation can verify the driving stability of the hydraulic chassis. This
chassis is traveling at a speed of approximately 0.7 m/s on the paddy field road surface,
the simulation time is 10 s, and the lateral deviation is approximately 13 cm. The deviation
of the 100 m hydraulic chassis is approximately 1.86 m, and the deviation rate can be
calculated as 1.86%. The actual driving condition is more complex than the simulation
environment, which will be further verified by the following test.

1.0

0.8

0.6 H

Velocity(m/s)

0.4

0.2

OD 1 1 1

1
0 2 4 6 8 10
Time(s)

Figure 4. Horizontal velocity change curve of chassis center of mass.
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Length(cm)
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Figure 5. Curve of lateral deviation.

In agricultural settings, the heightened peak torque facilitates swift acceleration and
adept resistance management, thereby augmenting acceleration prowess and responsive-
ness, a pivotal aspect within such agricultural contexts. The torque change curve of the
driving wheel during the hydraulic chassis driving at a speed of 0.7 m/s in the simulation
environment is shown in Figure 6. The hydraulic chassis must overcome the starting
acceleration and static friction force during its operation based on this figure. Moreover,
the peak value of the required torque is large, and the peak value can reach 350 N-m. After
5 s, the chassis will enter a relatively stable driving state, and the small fluctuation in the
stable working condition may be due to the existence of different degrees of subsidence on
the paddy field road surface. The average torque is approximately 200 N-m.

400

350 4

4

300

4

250 4

200 4

Torque(N-m)

150

100

50 4

T T T

-
4
-

Time(s)

Figure 6. Torque change curve of driving wheel.

The curve of the vertical acceleration change of the weeder while driving in the
simulated environment is shown in Figure 7. Vertical acceleration refers to the acceleration
of the vehicle in the vertical direction during driving, and the unit is m/s?. The value range
of vertical acceleration is also dependent on the specific application scenario and vehicle
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performance. The normal vertical acceleration is generally between 0.1 and 0.3 m/s? for
ordinary passenger cars. Vertical acceleration can also exceed this range due to special
circumstances, such as emergency braking, acceleration, and high-speed cornering. Vertical
acceleration may even exceed 1 m/s? during hard braking or extreme driving [27,28].
The simulated speed change curve indicates that the speed of the weeder stabilizes after
approximately 4 s, and the curve change amplitude of the vertical acceleration will also
decrease. However, fluctuations will still exist within a certain range due to the inevitable
discontinuity of the driving environment. The designed hydraulic chassis with good
driving stability is observed in the simulation results.

0.3

<
(%]
1

Vertical acceleration(m-s*2)
& o
— 1=
1 1

'

o

to
1

Time(s)
Figure 7. Curve of vertical acceleration.

4.1.4. Steering Characteristic Analysis

Steering of the four-wheel-drive hydraulic chassis is realized through the differential
speed of the left and right drive wheels [29]. The hydraulic flow rate of the hydraulic
motor of each drive wheel is inputted through the steering cylinder regulation when the
steering action is completed. Differential steering is rapidly achieved by the side with a
large flow rate. The yaw velocity change curve of the weeder during its steering action with
a simulation duration of 10 s in the simulation environment is shown in Figure 8. The yaw
speed generally refers to the turning speed of the vehicle when driving on a curve (in rad/s).
The average yaw speed can be between 0.5 and 1.5 rad /s for ordinary passenger cars. The
yaw speed may also be high for vehicles such as high-performance racing cars, reaching
more than 2 rad/s [30,31]. A large yaw velocity fluctuation of the weeder throughout the
steering but within the normal range, a small yaw velocity, and hydraulic chassis control
with superior stability are demonstrated by the simulation results [32].

The lateral acceleration change curve of the weeder during the steering action with a
simulation duration of 10 s in the simulation environment is shown in Figure 9. The lateral
acceleration is the ratio of the lateral force to the mass generated by the vehicle when driving
on a curve, and the unit is m/s2. The general lateral acceleration can be between 0.5 and
1.0 m/s? for ordinary passenger cars. The lateral acceleration may be higher for vehicles
such as high-performance racing cars, reaching more than 1.5 m/s? [33,34]. The peak lateral
acceleration reaches 0.75 m/s? during the simulation. If the lateral acceleration fluctuated
frequently and exceeded the normal range, then the weeder would easily turn over when
turning. The good steering stability of the designed hydraulic chassis is demonstrated by
the simulation results.
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Figure 9. Curve of lateral acceleration.

4.2. Software Simulation of Chassis Walking Hydraulic System
4.2.1. Walking Hydraulic System Model

The simulation model of the walking hydraulic system is built in the Advanced
Modeling Environment for performing Simulation of engineering systems (AMESim 2021.1)
software according to the hydraulic schematic [35-37]. A hydraulic control component, a
hydraulic actuator, a hydraulic auxiliary component, and a signal source are illustrated in
Figure 10. An electromagnetic reversing valve, a relief valve, and a check valve comprise
the hydraulic control components. A hydraulic cylinder and a hydraulic motor are both
included in the hydraulic actuator. Meanwhile, an accumulator and a temperature regulator
are included in the hydraulic auxiliary components. The electromagnetic reversing valve
control signal is found in the signal source. The actual parameters are set for the hydraulic
component module: the diesel engine speed is 3000 r/min, the dual pump displacement is
20 mL/1, and the hydraulic motor maximum displacement is 81.5 mL/r. The step signal for
the process of stop, positive turn, and reverse is set by the electromagnetic reversing valve
and is used to simulate the stopping forward and backward actions of the weeder.
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Figure 10. Hydraulic system simulation modeling diagram.

4.2.2. Travel Hydraulic Characteristics

The set step signals of the reversing valve are shown in Figure 11: stop 2 s, turn 4 s
forward, stop 2 s, and reverse 4 s. The flow change curve of the reversing valve is shown in
Figure 12. In the two positive and negative signal controls of 2-6 and 8-12 s, respectively,
the flow rate of the reversing valve reaches 4.5 L/min (positive and negative represent the
hydraulic oil flow direction), and the flow rate steadily changes. The peak pressure of the
reversing valve reaches 2.5 MPa as shown in Figure 13, and the fluctuation mostly occurs
at the start and stop time, which is relatively stable.

[null] — duty cycle output [null]
1.0

0.5

=
(=]

o 2 4 6 8 10 12
Time[s]

Figure 11. Step signal of reversing valve.
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Figure 12. Flow curve of reversing valve.
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Figure 13. Pressure change curve of reversing valve.

As shown in Figure 14, the chassis remains in a stagnant state at 0-2 s, the valve port of
2-6 s gradually increases, and the hydraulic motor flow rate rises to 2.5 L/min (positive or
negative represents the hydraulic oil flow direction). When the chassis starts, the hydraulic
oil that rushes into the motor will display an instantaneous impact, forming turbulence and
resulting in a high flow rate. The flow rate stabilizes when the chassis travels at a constant speed.
The sudden closure of the valve during the emergency stop also induces a large change in the
impact of the hydraulic motor. The pressure characteristic curve of the traveling motor is shown
in Figure 15. The pressure of the hydraulic motor remains stable at approximately 1.5 MPa under
a constant chassis speed. As shown in Figure 16, the flow rate of the relief valve is maintained
at approximately 30 L/min, effectively maintaining the safety of the hydraulic circuit.

[L/min] — flow rate at port 1[L/min]
4 -
| —
] ]
’ -
2 -
-4 T T . T y T T T T T T 1
0 2 4 6 8 10 12

Time[s]

Figure 14. Flow curve of hydraulic motor.
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Figure 15. Pressure change curve of hydraulic motor.
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Figure 16. Flow change curve of relief valve.

5. Chassis Test
5.1. Linear Driving Offset Distance Test
5.1.1. Test Methods and Contents

The straightness test of the fully hydraulic-driven weeder was based on GB/T 15370.1-
2012 [38] “General Technical conditions for Agricultural tractors Part 1: Wheeled tractors
below 50 kW”, and the 100 m deviation of the tractor on the dry and flat slope (vertical and
horizontal), which is not more than 1% of the road surface, should not exceed 6 m.

Test site: Guang Ping District, Nanjing Agricultural University.

Test equipment: A stopwatch (CASIO HS-70W accurate to 1/100 s), tape measure
(STANLEY 30-455 with a range of 200 m and precision markings at the millimeter
level), marking line, and hydraulic drive weeder.

e  Test method: Prior to commencing the test, the hydraulic-driven weeder was brought
to a complete stop. A starting point was designated, and chalk was used to mark this
point on the ground, serving as the reference line. A vertical line was drawn from this
starting point, and the end point was marked 100 m away in a straight line. Reference
and vertical reference lines were established at the same horizontal position to ensure
accurate measurement. The weeder was then driven from the starting point to the end
point at a speed of 0.7 m/s, maintaining a consistent trajectory throughout the test.
During the test, a stopwatch was employed to record the time taken by the weeder
to traverse the 100 m distance. Upon the completion of each test run, a tape measure
was used to measure the vertical deviation distance of the calibration line from the
reference line. The recorded time and deviation data were meticulously documented
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for each of the five test runs, noting both positive and negative deviations to the left
and right, respectively, for a comprehensive analysis.

The calculation formula for the deviation rate is as follows:

B= % x 100% ©)

where B is the rate of deflection, A+ is the offset distance (m), and + is the designated
driving distance (m).

5.1.2. Test Results and Analysis

The deviation test diagram is shown in Figure 17. The full hydraulic track chassis
passed the starting point at the maximum speed during each test and drove at a constant
speed to the end. The test deviation rate results are presented in the Table 5.

Figure 17. Deviation test diagram.

Table 5. Test results of deviation rate.

Pilot Project Data

Offset distance/m 2.84
2.54

2.23

297

247

Average deviation/m 2.61

An analysis of the test results shows a positive deviation rate, left deviation of the vehi-
cle, and an average deviation rate of 2.61%, which is larger than the deviation rate of 1.86%
obtained in the simulation analysis. The actual deviation rate of the actual road surface will
be larger than the simulation value due to the differences in the hydraulic components and
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installation and the complicated actual road conditions. However, the deviation amount
remained within the permissible range, thereby satisfying the design requirements.

5.2. Slip Rate Test Experiment
5.2.1. Test Methods and Contents

The loop flow calculation of the full hydraulic drive system was realized by obtaining

the slip rate of the weeder operating in the paddy field. Different from the hard pavement
with good adhesion conditions, the stress situation of paddy field pavement is complicated
and difficult to estimate using an empirical formula. A test of the paddy field slip rate with
the weeder was conducted to obtain accurate slip rate data.

Test site: The rice—wheat Science and Technology Demonstration Center, Jintan District,
Changzhou City, Jiangsu Province, with a subtropical monsoon climate, four distinct
seasons, abundant precipitation, and mild climate, suitable for rice growth.

Test equipment: A tape measure (STANLEY 30-455 with a range of 200 m and precision
markings at the millimeter level), revolution counter (DTI £0.1 revolution), and
hydraulic drive weeder.

Experimental sample field: A rice-wheat continuous cropping field, wherein the land
uniformity of the experimental area is consistent.

Test methods: The driving wheel of the weeder was selected as the experimental
observation object, and the theoretical driving linear distance of the weeder’s driving
wheel rotating 10 turns was calculated. The testing speed was 0.7 m/s. The actual
driving distance was then measured with a meter ruler to calculate its slip rate. The
revolution counter was used to measure the rotation times of the driving wheel of the
weeder. To reduce the experimental errors, the average of three measurements was
taken as the final result (Figures 18 and 19).

(a) (b)

Figure 18. Driving wheel style and tire pattern: (a) driving wheel style and (b) tire pattern.
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Figure 19. Working environment of paddy field.
5.2.2. Test Results and Analysis
The test data are shown in Table 6.
Table 6. Test data.
Actual Travel Theoretical Travel . o
Group Number Distance/m Distance/m Slippage Rate/%
1 25.36 26.70 5.01
2 25.83 26.70 3.27
3 26.03 26.70 2.49
Average value 37.14 26.70 3.59

Table 6 shows that under the precondition of the weeder operating at a speed of
0.7 m/s, the maximum and minimum slip rates of the weeder traveling in a straight line
obtained by the test are 5.01% and 2.49%, respectively, which may be attributed to the
poor bearing capacity of the paddy field and the complex environment. The average
slip rate is 3.59%. In the previous research on the hydraulic chassis of a plant protection
machine, when driven at speeds of 0.83 and 1.67 m/s, the average slip rates were 3.79% and
6.17%, respectively, which demonstrates a similar effect to that observed in this study [39].
However, it is worth noting that the working environment of the weed removal machine
described in this article occurs approximately 15 days after transplanting, during which the
soil moisture content is high. This high moisture content poses challenges in controlling the
precision of the slip rate, adding complexity to the operational dynamics of the machine.
Therefore, the herbicide chassis designed in this article effectively solves the problem of a
high slip rate in rice fields.
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6. Conclusions

(1) The horizontal speed of the hydraulic chassis of the designed weeder fluctuated and
stabilized at 0.7 m/s. The torque of the driving wheel stabilized at approximately
200 N-m, and the peak vertical acceleration reached 0.2 m/ s2. The yaw speed and
lateral acceleration of the chassis also fluctuated within the normal range during
steering, and the driving remained relatively stable.

(2) When the hydraulic chassis of the designed weeder was running, the flow rate of
the reversing valve reached 4.5 L/min, and the peak flow of the hydraulic motor
was 2.5 L/min. The selected hydraulic components addressed the requirements of
the working conditions, the hydraulic motor flow and pressure changes were in a
reasonable range, and the hydraulic system oil supply flow remained stable.

(38) The drift rate of the weeder was 2.61%, and the average slip rate of the paddy field
was 3.59% under the precondition of the weeder operating at a speed of 0.7 m/s. Thus,
the future design of hydraulic systems under specific working conditions in actual
production work can be guided by this study.

Moreover, future studies could focus on implementing advanced control algorithms
or adaptive mechanisms to address drift and slip rates more effectively. By incorporating
real-time feedback and predictive analytics, we can strive to minimize these undesirable
phenomena and improve the overall precision and reliability of the weeder in paddy
field environments.
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