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ABSTRACT

To address the challenges of low transplanting efficiency, poor planting accuracy, and high labor intensity
associated with manual Panax notoginseng transplanting in the hilly and mountainous regions of Yunnan, as
well as the limited adaptability of existing transplanting equipment to narrow ridged fields and steep, complex
terrain, this study developed a self-propelled, fully electric tracked chassis tailored to the agronomic
requirements of Panax notoginseng transplanting. The study included the overall structural design, selection
and matching of the power battery and drive transmission system, and development of a dimensionless ratio-
coefficient control model relating planting spacing to travel and transplanting speeds under the constraint of
the manual seedling-feeding speed. An integrated electronic control system was developed to provide remote-
controlled travel, speed-synchronized transplanting control, and straight-line deviation correction. The stability
and dynamic performance of the chassis were analyzed theoretically and subsequently validated through field
tests under multiple operating conditions. Theoretical results showed that the chassis had a maximum lateral
roll angle of 39.19°, a maximum traction force of 7,524 N, and sufficient power reserve for operation on slopes
of up to 25°. Field tests demonstrated that, after correction using the speed-adjustment coefficient, the straight-
line deviation over a travel distance of 30 m was limited to within 1.1%, exceeding the requirements of the
relevant national standard. The measured pivot-turning offset was approximately 191 mm, in close agreement
with the theoretical value. Key performance indicators, including slope-climbing stability, ridge-travel stability,
and motor thermal stability, all met the applicable national standards. The developed chassis effectively
improves the adaptability of transplanting equipment for Panax notoginseng production in hilly and
mountainous regions and significantly enhances the automation level and planting accuracy of transplanting
operations. This study provides theoretical and technical support for the intelligent development of
transplanting equipment for rhizomatous medicinal plants.
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INTRODUCTION

To address the practical challenges associated with manual transplanting of Panax notoginseng in the
hilly and mountainous regions of Yunnan—including low efficiency, poor planting accuracy, and high labor
intensity—as well as the limited adaptability of existing transplanting equipment to narrow ridges and steep,
complex terrain (Liu et al., 2025; Zhang, 2025; Zhu, 2025), an electric direct-drive, remote-controlled chassis
is needed. The chassis should provide rapid dynamic response, stable operation (Xu et al., 2023), and reliable
remote-control capability, enabling it to operate effectively under narrow-width field conditions. By coordinating
travel speed with the seedling-transplanting speed, the system can maintain accurate planting spacing and
meet the operational requirements of ridged Panax notoginseng transplanting.

In the field of tracked chassis research, scholars worldwide have conducted extensive investigations,
providing a solid theoretical and technical foundation for performance optimization. International studies have
primarily focused on three directions: stability control, motion resistance analysis, and design evaluation
versatility. Rocha et al., (2023), proposed an attitude controller integrating dual quaternions with the differential
kinematics of a Stewart platform, enabling active track flap adjustments for terrain adaptation on rough ground.
Shafaei & Mousazadeh, (2023), investigated the resistance characteristics of rubber track landing gears for
autonomous towed robots, clarifying the effects of speed and load on resistance and suggesting optimization
directions. Dobretsov et al., (2021), introduced a deterministic calculation method based on the Bernstein—
Letoshnev relationship to effectively assess chassis—soil mechanical parameters. Validation using an eight-
ton chassis demonstrated that this method outperforms stochastic approaches.

Chinese researchers have proposed various optimization strategies to address common challenges in
the autonomous navigation and motion control of tracked chassis (Liu et al., 2025; Zhao et al., 2024). Qi et al.,
2024, developed a three-tangent path planning algorithm to mitigate the control deficiencies of single-side
braking steering in tracked chassis, significantly improving path tracking stability and reducing steering control
frequency. In response to the operational demands of complex environments such as hilly and mountainous
regions and orchards, Chinese researchers have conducted targeted design and development efforts focusing on
critical performance indicators, including trafficability and stability (Chen et al., 2025; Zhang et al., 2025; Li et al.,
2025; Wang et al., 2025). Nie Jianjun et al., (2025), designed an arch-shaped agricultural robot chassis with an
adjustable posture tailored for hilly terrains, verifying its superior terrain adaptability and travel performance.

Addressing specific planting patterns and operational requirements, domestic researchers have also
developed specialized chassis and their control systems (Hao et al., 2024; Zhu et al., 2023). Yu et al., (2025),
tackling the challenges in rhizome transplanting of medicinal materials, designed an electronic control system
for transplanters based on STM32 and fuzzy PID, validating its superior performance over traditional PID
schemes, thereby providing theoretical and technical support for the mechanization of medicinal material
transplanting. Additionally, some scholars have conducted foundational research on chassis performance
prediction and validation, offering critical support for design optimization (Liu et al., 2025). Zhang et al., 2023,
addressing the performance deficiencies of a Panax notoginseng combined harvester chassis, investigated
chassis trafficability under heavy clay soil conditions, providing theoretical references for the design of
rhizomatous crop harvester chassis in hilly and mountainous regions.

In summary, the application of fully electric tracked chassis in the transplanting of rhizomatous medicinal
materials remains underexplored. To address this gap, this study proposes a fully electric tracked chassis
specifically designed for Panax notoginseng transplanting, integrating the characteristics of ridged planting
and the steep terrain typical of hilly and mountainous regions. The chassis is tailored to the operational
requirements of Panax notoginseng transplanting, with a core focus on the demanding conditions of low-speed,
high-load operation. This capability to accommodate low travel speeds under substantial load during
transplanting constitutes a key advantage distinguishing it from general-purpose chassis. To validate its
performance under such conditions, a series of tests were conducted, including speed measurement, straight-
line deviation correction, and pivot turning offset evaluation. Furthermore, a speed-synchronized control
system was developed to precisely measure the travel speed of the transplanter. Using this measured speed
as the target, a PID control algorithm was employed to regulate the seedling conveying belt motor, enabling
coordinated control between the seedling conveying belt and travel motors, ultimately achieving precise
transplanting.
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MATERIALS AND METHODS
Test materials

The design, fabrication, and assembly of the chassis system and core working components of the Panax
notoginseng transplanter developed in this study were completed by Sanniu Agricultural Machinery
Manufacturing Co., Ltd. in Dingxi City, Gansu Province. After preliminary debugging and performance baseline
tests of the prototype were conducted at the company's experimental field, comprehensive performance
validation tests were carried out on January 19, 2026, at the Engineering Training Center of Kunming
University of Science and Technology to fully verify the operational stability of the whole machine and optimize
key working parameters.
Test equipment

All measuring instruments used in these tests were calibrated, with accuracy meeting the relevant
requirements of the test specifications. Environmental parameter collection and measurement were strictly
conducted in accordance with GB/T 5262—2008, "General Rules for Measuring Methods of Agricultural
Machinery Test Conditions" (General Administration of Quality Supervision, Inspection and Quarantine of
P.R.China & Standardization Administration of P.R.China, 2008). The data obtained provide a reliable
foundation for subsequent analysis of operational performance and optimization of key parameters.
Machine structure and working principle

Given the complex terrain of Yunnan's hilly and mountainous regions and the specific transplanting
mode under Panax notoginseng shade shelters, the structural parameters of the tracked self-propelled
transplanter chassis significantly affect critical performance metrics such as passability on sloping terrain (Han
etal., 2022). Through specialized chassis design, this study achieves a marked improvement in the trafficability
of irregular pathways between planting ridges.

Table 1
Design Parameters of the Tracked Chassis
Parameters Value Parameters Value
Overall length/mm 1400 Effective drive-wheel diameter/mm 150
Overall width/mm 1360 Total mass/kg 780
Overall height/mm 1050 Minimum ground clearance/mm 350
Track width/mm 230 Inner distance between tracks/mm 900
Idler wheel diameter/mm 150 Ground contact length/mm 850
Guide wheel diameter/mm 200 Maximum climbing angle/(°) 225

14 13 12 1110 9 8

Fig. 1 - Schematic of the tracked chassis of the Panax notoginseng transplanter
1. Motor; 2. Chain guard; 3. NMRV110 gearbox; 4. Encoder; 5. Gearbox mounting plate; 6. Drive chain; 7. Track drive sprocket;
8. Track 9. FC207 bearing housing; 10. Idler wheel; 11. Drive wheel; 12. Chassis; 13. Battery box; 14. Guide wheel

The structure of the tracked chassis for the Panax notoginseng transplanter is illustrated in Figure 1.
The machine employs a brushless DC motor coupled with an NMRV110 reducer, driving the tracked traveling
mechanism via chain transmission. The power transmission path follows the sequence: motor, reducer, output
shaft, sprocket and chain, drive wheel, and tracks, with assistance from supporting rollers and guide wheels
to enable movement.

Given the operational demands of steep slopes in hilly regions, the electric chassis is required to
achieve a climbing capability of no less than 25° and must not tip over when traversing laterally on slopes. The
frame adopts a 1360 mm wide-base design with a low-center-of-gravity layout. Combined with the independent
support on both sides of the tracks and the large ground contact area, this configuration significantly enhances anti-
overturning capability and operational stability on complex slopes (Mo, 2025; Mu et al., 2024; Quan & Ma, 2010).
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Design and Selection of Key Chassis Components

To address the power requirements, agronomic compatibility, and intelligent control objectives for
Panax notoginseng transplanting operations in the hilly and mountainous regions of Yunnan, this chapter
focuses on the core working systems of the chassis. It presents the specialized design, parameter selection,
and performance matching of the power battery system, drive motor system, and control system. These efforts
ensure stable power output, precise coordination between travel and seedling transplanting operations, and
flexible and reliable field maneuverability, thereby fully meeting the demands of narrow ridged field operations
and steep, complex terrains.
Design and Selection of the Power Battery System

To meet the continuous operation and operational stability requirements of the traveling, transplanting,
and electronic control systems of the Panax notoginseng transplanter, a dual-power supply architecture is
adopted. The traveling power circuit is powered by a high-capacity battery pack consisting of sixteen 12 V/65
Ah lead-acid batteries configured in series-parallel to provide 48 V/260 Ah. The seedling transplanting power
circuit is powered by a dedicated battery pack composed of two 12 V/20 Ah lead-acid batteries connected in
series to supply 24 V/20 Ah, providing exclusive power to the seedling transplanting actuator. The control
circuit employs an independent lithium battery module to deliver a stable 5 V power supply to controllers,
sensors, and other components, achieving isolation between high-voltage and low-voltage electrical systems,
thereby ensuring control accuracy and signal transmission stability. Under a rated operating voltage of 48 V
supplied by the 260 Ah battery pack, the chassis operates in the field at full power of 4.4 kW. The endurance
time of the traveling system is calculated using the following formula:

CkU

T—T (D

where: C — capacity of lead-acid battery pack (260 Ah)

U — rated voltage of travel motor (48 V)

P — actual power of travel motor (4400 W)

k — actual usable capacity factor of lead-acid batteries (0.8)

According to calculation, the full-power field operation duration of the chassis is approximately 2.3
hours.

* Seedling

Seedling Transplanting Component | Dropping

.

1 i SeedlingConveyingi '

Traveling Mechanism

Fig. 2 - Schematic diagram of the power supply system for a transplanter

Design of the Drive Motor and Transmission System

The drive motor system serves as the power core for the chassis traveling and transplanting operations.
Its parameter selection, transmission system matching, and coordinated design of operating speed directly
determine the traction performance, climbing capability, and transplanting spacing accuracy of the whole
machine.

Based on the agronomic requirements of Panax notoginseng transplanting and the limits of manual
seedling feeding speed, this study completes the selection and design of the drive motor and transmission
components, establishes a coordinated matching model for traveling and seedling transplanting speeds,
thereby ensuring both dynamic performance and operational precision.
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Coordinated Matching Model of Traveling and Seedling Transplanting Speeds under Manual Feeding
Constraint

The transplanting operation of Panax notoginseng adopts a manual seedling feeding method, where
the feeding rate serves as a critical constraint affecting the overall operating speed, seedling conveyor belt
speed, and planting spacing. Experimental results indicate that the upper limit of manual feeding rate per
person is 0.5 plants/s, with the machine employing four operators working simultaneously. Based on this
constraint, a dimensionless ratio coefficient regulation model correlating planting spacing with traveling and
seedling transplanting speeds was established, as illustrated in Figure 3.

Vi Dp 2 - !
LT
|

Fig. 3 - Schematic of seedling transplanting

The transplanting spacing is defined as the linear distance traveled by the transplanter along its direction
of travel during the interval between the moment a preceding seedling drops into the planting soil and the
moment the next seedling reaches the exit of the seedling conveyor belt. The underlying principle is illustrated
in Figure 3.

The time interval for the subsequent seedling to reach the exit of the seedling conveyor belt can be
expressed as t=L,/V;,. Based on the physical definition of planting spacing D, the calculation formula for
planting spacing can be derived as follows:

Lg
DPZthZVm 7 (2)
b

Introducing the dimensionless ratio coefficient K=V,/V,, which relates the traveling speed of the
transplanter to the seedling conveyor belt speed, and substituting it into the above formula, the theoretical
relationship between planting spacing and the ratio coefficient can be simplified as follows:

Dp =KLg 3)
where:

D,— planting spacing (mm)

t — time interval for the next seedling to reach the outlet (min)

V.» — travel speed of transplanter (m/min)

V» — conveying speed of seedling belt (m/min)

L, — spacing between partition baffles on seedling conveyor belt (40 mm)

K — dimensionless matching coefficient between transplanter travel speed and seedling belt conveying
speed (dimensionless)

To achieve convenient and precise regulation of Panax notoginseng transplanting spacing, the
dimensionless ratio coefficient K is adopted as the core control parameter, addressing the limitations of
traditional dual-speed synchronization methods. Based on the agronomic spacing requirement of Dp=80~200 mm
for Panax notoginseng and the partition plate spacing Lg=40 mm on the seedling conveyor belt, the reasonable
range of Kis derived as 2~5, enabling precise matching of the corresponding planting spacing requirements.

In the control system, the operator only needs to set the target Kvalue, and the system automatically
matches V,, and ¥} to achieve single-parameter online regulation of planting spacing.

This approach simplifies operation, ensures regulation accuracy, and enhances equipment adaptability
while precisely aligning with the limits of manual seedling feeding, thereby establishing an accurate correlation
between operating speed and planting spacing.

Based on the limit of manual seedling feeding speed, the maximum allowable speed of the seedling
conveyor belt is derived. Let the operation time be ¢, then the displacement of the seedling conveyor belt during
time tis given by:
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Sp=Vt 4)
Combined with the planting spacing D, the total number of seedlings planted within time t can be
calculated as:

Sp
N=6x — (5)
Dp
Given that the maximum manual seedling feeding rate per person is 0.5 plants/s, equivalent to 30
plants/min, the number of seedlings fed per person within ¢ minutes is less than 30z, i.e., Ny<4x30t. Substituting
Sp=Vyt into the inequality and simplifying yields:
30 ><4Dp

Vb< T —20Dp (6)

where:

N, — total maximum fry output of four seedling distributors within a fixed time period (plant)

S» — moving distance of seedling conveyor belt within a fixed time period (m)

t — operation assignment time (min)

6 — coefficient for simultaneous six-row transplanting (dimensionless)

4 — coefficient corresponding to four seedling planting units (dimensionless)

Based on the Panax notoginseng transplanting spacing control range of D,=0.08~0.2 m, the constraint
conditions for the seedling conveyor belt speed are derived as follows: when D,=0.08 m, ’6<1.6 m/min; when
D,=0.2 m, V<4 m/min. These constraints ensure that the seedling conveyor belt speed matches the maximum
manual seedling feeding rate, preventing missed placements or misalignment caused by excessive belt speed.

Combined with the previously derived formula for planting spacing D,=V,.L./V5, the calculation formula
for the transplanter traveling speed can be rearranged to obtain:

DV,
=t ™
g

Under the constraint of the maximum manual seedling feeding rate, combined with the limit values of
the seedling conveyor belt speed and the planting spacing range, the maximum traveling speed of the
transplanter can be calculated as follows: when the planting spacing D,=0.08 m, the maximum traveling speed
is 3.2 m/min; when D,=0.2 m, the maximum traveling speed is 20 m/min. The traveling speed of the
transplanter must match the manual seedling feeding limit. In practical operation, a speed range of 3.2 m/min
to 20m/min is recommended to accommodate the planting spacing requirement of 80 mm to 200 mm, ensuring
coordinated matching among traveling speed, seedling feeding, and seedling conveying speed.

Matching Calculation of the Transmission Ratio for the Traveling System

Based on the design requirement of adopting the recommended speed range of 3.2~20 m/min in actual
operation, and considering factors such as ground slip during tracked field operation and elastic slip in the
chain transmission, sufficient margin is reserved for the theoretical traveling speed. Consequently, 22 m/min
is ultimately determined as the theoretical maximum reference speed for the matching calculation of the
sprocket-chain transmission ratio. The calculation formula for the straight-line traveling speed of the whole
machine is:

- nno{)'( 1-0)
1315

where: V,, — theoretical maximum reference speed (22 m/min)

no — rated speed of brushless DC motor (3000 r/min)

D — effective diameter of track driving wheel (0.15 m)

i; — reduction gear ratio (60)

i>» — gear-chain transmission ratio (dimensionless)

o0— total slip coefficient of transmission system, including chain elastic slip and track-ground slip (0.26)

(8)

The calculated transmission ratio i,=0.79. Accordingly, the number of teeth on the driving sprocket of
the reducer output shaft was selected as 15, and the number of teeth on the driven sprocket of the track drive
wheel was selected as 19. This parameter matching scheme enables precise adaptation between the
machine's traveling speed, the rated motor speed, and each stage of the transmission system, thereby
effectively ensuring traveling stability and synchronization with seedling transplanting during field operations.
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Control System Design

To ensure operational flexibility, accurate straight-line travel, and coordinated travel-transplanting
performance during field operation of the Panax notoginseng transplanter, an electronic control system was
developed that integrates remote travel control, speed-synchronized transplanting control, and straight-line
deviation correction. The system enables remote control of chassis travel, steering, and emergency stopping,
as well as real-time closed-loop coordination between seedling-conveying speed and travel speed. These
functions improve the level of operational intelligence and enhance transplanting-spacing accuracy.

The control logic of the remote-control system for the tracked chassis is illustrated in Figure 4. Upon
power-up, the system first initializes, followed by communication link verification of the wireless remote-control
module, with the verification result indicated via an indicator light: if the module is not successfully connected,
the light remains constantly on without flashing; if the connection is normal, the light flashes continuously, and
the system enters the command-ready state. The remote controller issues three types of commands: travel
commands control the chassis forward/backward movement, steering, and emergency stop; mode switching
commands enable switching of operation modes such as cruise control; and motor correction coefficient
commands adjust the track motor deviation correction parameters. After executing a command, the system
verifies the completion status in real time; if incomplete, the command continues to execute, and upon
completion, the control process terminates.
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Fig. 4 - Control logic diagram of the remote control system

The speed-synchronized control system designed in this paper operates according to a three-stage
architecture of "signal acquisition — main control processing-execution drive," with the core function of
achieving real-time coordinated control between the seedling conveyor belt speed and the chassis traveling
speed, thereby ensuring the stability and consistency of transplanting spacing. The schematic diagram of the
control system is shown in Figure 5.
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Fig. 5 - Schematic of the control system

During the signal acquisition stage, the chassis speed-measuring encoder and belt speed-measuring
encoder at the input end collect pulse signals from one side of the traveling motor and seedling transplanting
motor in real time with a sampling period of 100 ms. The remote controller synchronously transmits operation
commands, such as travel control and transplanting operations, via the RS485 communication protocol. The
aforementioned multi-source signals and commands are transmitted in real time to the system's main controller,
providing the data foundation for subsequent coordinated computation.

During the main control processing and status display stage, the system's main controller, after
receiving and parsing the multi-source signals, performs coordinated computation of the machine's operational
logic and timing scheduling. The real-time speed feedback value of the traveling motor is multiplied by the
preset dimensionless ratio coefficient K to serve as the target value for the PID control of the seedling
transplanting motor speed, completing the core computation of speed-synchronized control. Simultaneously,
operational status data—including real-time motor speeds, operation progress, and set planting spacing
values—are transmitted to the OLED display via the IIC communication protocol, enabling real-time
visualization of the machine's operating status.

Execution drive stage: The system's main controller outputs PWM speed regulation signals to the
corresponding motor drivers, driving each actuator to complete the preset actions. The 24 V seedling
transplanting motor driver controls the operation of the seedling transplanting motor, enabling gentle conveying
of seedlings. The two 48 V traveling motor drivers independently control the two traveling motors, achieving
traveling drive and differential steering control of the tracked chassis. Through closed-loop regulation using
the speed-synchronized PID control algorithm, the real-time speed of the seedling transplanting motor
continuously approaches the target speed, ultimately realizing precise matching between the chassis traveling
speed and the seedling transplanting speed. This fundamentally ensures high consistency between the actual
transplanting spacing and the preset value.

Straight-line deviation control is a key technical requirement in chassis design because it directly affects
transplanting-row accuracy and helps prevent the machine from damaging the ridges or departing from the
intended transplanting path. This study proposes a manual deviation-correction method based on a speed-
correction coefficient. Straight-line travel is corrected by adjusting the rotational speeds of the left and right
track motors.

The speed of a single track under the correction coefficient is calculated as follows:

kﬂ’llﬂfD(I-é)
s
1
k. n,xD(1-5) ©)
V,=—
112
where:

V; — corrected travel speed of the left track (m/min)

ki — speed correction factor for left track motor (initial value = 1; manually adjustable via remote control)
(dimensionless)

n; — rotational speed of left brushless DC motor before correction factor compensation (r/min)
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D — effective diameter of track driving wheel (0.15 m)

0 — total slip coefficient of transmission system, including chain elastic slip and track-ground slip (0.26)
i; — reduction gear ratio (60)

i» — sprocket-chain transmission ratio (0.79)

V. — corrected travel speed of the right track (m/min)

k. — speed correction factor for right track motor (default value = 1; manually adjustable via remote
control) (dimensionless)

n; — rotational speed of right brushless DC motor before correction factor compensation (r/min)

The specific deviation correction control logic is as follows: the motor speed is determined by the duty
cycle of the PWM signal output by the main controller, with the duty cycle being positively correlated with the
motor speed. By multiplying the correction coefficient by the current duty cycle, precise adjustment of the motor
speed is achieved, thereby altering the traveling speed of the single-side track. When the transplanter deviates
to the right, the correction coefficients are adjusted to increase the speed of the right traveling motor and
decrease the speed of the left traveling motor (k>1, k<1) , generating a leftward corrective torque that
returns the machine to the preset straight trajectory. Conversely, the reverse adjustment strategy is applied for
trajectory correction. This approach ultimately ensures the straight-line traveling accuracy of the whole
machine, meeting the field operation requirements for Panax notoginseng seedling transplanting.

Test method

The overall stability of the Panax notoginseng transplanter is not only crucial for the safety of the remote
operator and seedling feeders but also plays a key role in improving transplanting quality. In this study, the
maximum roll angle is adopted to evaluate the stability of the whole machine on ridges and under longitudinal
operating conditions (Jiang et al., 2023).

Lateral Stability Analysis

Under no-load condition, the force diagram of the Panax notoginseng transplanter when stationary or

moving straight at a uniform speed on a transverse slope is illustrated in Figure 6.

Fig. 6 - Schematic of lateral force analysis of crawler chassis for Panax notoginseng transplanter

The maximum roll angle a,, refers to the maximum slope angle at which the machine does not overturn
when positioned on a transverse slope. According to the moment balance principle, when the machine is about
to overturn about the edge of one track, the supporting force on that side becomes zero, and the moment of
gravity about the pivot point is also zero.

Let the outer distance between the two tracks be W, the height of the center of mass be h, and the
horizontal offset of the center of mass be e (positive to the left). The distances from the center of mass to the
edges of the left and right tracks are then expressed as shown in Equation (10).

I w

L= ¢

2

L —W+ (1o
R_2 e

where:
L; — distance from mass center to the edge of left track (m)
Lr — distance from mass center to the edge of right track (m)
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W — distance between outer edges of two tracks (m)
€ — horizontal offset of mass center (m)

As shown in the figure, when the slope is inclined downward to the left, the critical condition for
overturning about the left edge is as follows:

GL; cos 0,=Gh sin a,, an
The maximum roll angle formula can be derived as follows:
w
_ . 42¢
a,,=tan o (12)

If W/2-e<0, the Panax notoginseng transplanter is already prone to overturning on level ground, and
thus a,,=0.

Based on theoretical calculations of relevant parameters for the Panax notoginseng transplanter and
subsequent analysis using Equation (11), it can be determined that increasing the outer distance between the
two tracks and lowering the height of the center of mass effectively enhances the lateral stability of the chassis.
A larger maximum lateral roll angle a,, indicates superior lateral stability of the whole machine. Using the actual
structural dimensions of the Panax notoginseng transplanter, the position of the center of mass was measured
with SolidWorks software. The vertical distance from the center of mass to the ground was determined to be
h=650 mm, the outer distance between the two tracks #=1360 mm, and the lateral offset of the center of mass
relative to the longitudinal central plane e=150 mm. Substituting these parameters into the model yields a
maximum lateral roll angle 0,,=39.19° for the whole machine.

Ridging Stability Analysis

Deviation of the transplanter chassis or unevenness of the ridge may cause the tracks to ride onto the
ridge slope, resulting in tilting of the transplanter and thereby increasing the risk of overturning. During Panax
notoginseng transplanting operations, the ridge bottom width W} is 850 mm, the ridge top width 7;is 720 mm,
and the ridge height /4 ranges from 250 to 300 mm. The ridging state of the Panax notoginseng transplanter is
illustrated in Figure 7.

b

(a)Normal Ridge Alignment (b)Abnormal Ridge-Straddling State
Fig. 7 - Schematic of ridge-riding state of Panax notoginseng transplanter
2h
a=tan™! 13

W, (13)

] 2hh, o
o;=tan
! 2hWy-ho(Wy-W,)

where:

o — slope angle of ridge side (\("\circ\))

h — ridge height (mm)

W, — base width of ridge (mm)

W: — top width of ridge (mm)

hyp — vertical distance between the bottom of side track and ridge bottom under tilting state of
transplanter (mm)

o, — tipping angle (°)

Under the limit state where h=hy, the inclination angle of the transplanter reaches its maximum
operational value. Substituting #=/,=300 mm, W;,=850 mm, and ;=720 mm into the calculation yields a=77.8°
and 0,=20.9°. This critical roll angle is smaller than the previously calculated maximum lateral roll angle

an=39.190. Therefore, even if the transplanter unexpectedly rides onto the ridge surface, there is no risk of
overturning.
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Theoretical Calculation of Dynamic Performance

When operating in hilly and mountainous regions, the chassis must not only meet the requirements for
lateral and ridge stability but also possess sufficient power reserve to handle extreme steep slope conditions
reaching up to 25° or more in certain areas of Yunnan Province (Guo et al., 2025). Based on the parameters
of the drive motor and transmission system outlined in Section 2.2, a theoretical verification of the maximum
traction force and climbing capability of the chassis is conducted, providing performance expectations for
subsequent field climbing tests.

The whole machine adopts a dual-motor synchronous drive configuration. After two stages of
transmission, the maximum traction force of the chassis can be calculated using the following formula:

( T =9550P()
Lo (15)
~ 2Tyigiom
max ”

where: Ty — rated torque of motor (N-m)

Py — rated power of motor (2.2 kW)

no — rated rotational speed of motor (3000 r/min)

Fax — maximum traction force (N)

i; — transmission ratio of worm gear reducer (60)

i» — sprocket-chain transmission ratio (0.79)

n — total mechanical efficiency (0.85)

r — radius of driving wheel (0.075 m)

After calculation, the maximum traction force of the chassis is 7524 N, which meets the operational
requirements of low-speed, high-load conditions.

Using the total resistance formula for slope traveling, the climbing capability under extreme operating
conditions is verified for a design slope angle of 25°:

F=fGcosa+Gsina (16)

where: Fr— maximum resistance force (N)

f— rolling resistance coefficient (0.15, dimensionless)

G — total gravity load (N)

o.— slope inclination angle (25°)

The formula for the traction force reserve coefficient is given in Equation (17).

Fmax
S= 17
a2 an

where: § — traction reserve coefficient (dimensionless)

Fnax — maximum traction force of chassis (N)

Fr— maximum total running resistance on slope (N)

The total no-load mass of the whole machine is 780 kg, and the full-load mass is 1080 kg (including five
operators). Calculations indicate that under full-load conditions, the maximum total resistance is approximately
5912 N, with a traction force reserve coefficient of about 1.27; under no-load conditions, the maximum total
resistance is approximately 4270 N, with a traction force reserve coefficient of about 1.76. The traction force
reserve is sufficient under all operating conditions, enabling stable adaptation to the steep slope requirements
of 225° in the mountainous regions of Yunnan.

Steering Performance

Steering performance is a core indicator for the adaptability of the Panax notoginseng transplanter to
narrow-row operations in mountainous areas, directly determining the machine's compatibility with complex
terrain and its operational efficiency. This model adopts a pivot turning design, which fundamentally avoids
issues such as damaging ridges or seedlings during turning. Therefore, the offset distance of the pivot turning
center is selected as the key evaluation indicator for steering performance. During pivot turning of tracked
vehicles in the field, longitudinal slip and lateral skid occur between the tracks and the ground due to soil
characteristics, leading to deviations in the actual rotation center. Consequently, the calculation of the actual pivot
turning center offset requires the introduction of correction terms for slip and skid. Based on the steering dynamics
of tracked vehicles, the calculation formula (18) incorporating the effects of slip and skid is established.
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Bk
Rys= EO) (18)
where: Ry s — actual offset of turning center under slipping turning condition (m)
B — track gauge of chassis (distance between centerlines of two tracks) (1.13 m)
k — steering slip coefficient (0.25, dimensionless)

Therefore, the theoretical offset distance of the pivot turning center during field operation is calculated
to be 188 mm.

RESULTS AND ANALYSIS
Straight-line Traveling Speed Test

To verify the speed control accuracy of the traveling system and the reliability of the encoder speed
measurement, and to provide data support for the coordinated matching between traveling speed and the
seedling planting mechanism, a straight-line traveling speed test of the tracked chassis was conducted in
accordance with GB/T 5668—2017, "Rotary Tillers"(General Administration of Quality Supervision, Inspection
and Quarantine of P.R.China & Standardization Administration of P.R.China, 2017) .

The encoder is installed at the output shaft end of the traveling reducer, with a speed sampling period
set to 100 ms. The output shaft speed is calculated by collecting the number of pulses per unit time, and the
chassis traveling speed is estimated by combining transmission parameters, driving wheel dimensions, and
slip rate correction. The speed measurement model is expressed as shown in Equation (19):

v CNyxD(1-0)
where: V., — chassis travel speed calculated by encoder (m/min)

Ny — encoder pulse count collected within 100 ms sampling period (1)

D — effective diameter of track driving wheel (0.15 m)

0 — total slip coefficient of transmission and travel system, including chain elastic slip and track-ground
slip (0.26)

N — encoder resolution (10000 pulses per revolution)

i» — transmission ratio of sprocket-chain mechanism between reducer output shaft and driving wheel

(19)

(0.79)
C — time conversion factor converting 100 ms sampling interval to minutes (600, dimensionless)

The test site was selected on a level and compacted field road surface within the Engineering Training
Center of Kunming University of Science and Technology, with a road length of 230 m and longitudinal and
transverse slopes of £1%, meeting the specifications for traveling performance testing of agricultural machinery.

During the test, the duty cycle of the PWM speed regulation signal for the traveling motor was set to
20%, 40%, 60%, 80%, and 100% via the remote controller, respectively, to control the whole machine to travel
straight for 30 m at the corresponding set speeds. An electronic stopwatch was used to record the travel time
for each pass. The test was repeated three times for each duty cycle parameter, and the arithmetic mean of
the three measurements was taken to calculate the actual average traveling speed, which was then compared
and analyzed with the speed synchronously measured by the encoder.

Table 2
Driving speed test results
DutyIOZycIe -I;fzt Time /s "\I"iI::?: S‘:o (::ZI(;D?:&I) Encoder-measured Travel Speed (m/min)

1 367.38

20 2 357.36 360.92 4.99 4.40
3 358.02
1 187.44

40 2 197.22 191.12 9.42 9.13
3 188.7
1 125.88

60 2 127.50 127.76 14.09 13.9
3 129.90
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DutyIOZycIe -I;f:.t Time /s "\I"il:'::?: S‘:) f:::l(;r/?‘:’ﬁ:) Encoder-measured Travel Speed (m/min)
1 97.38
80 2 98.04 96.06 18.74 17.85
3 92.76
1 83.92
100 2 81.24 83.47 21.56 21.32
3 85.26

The test results are presented in Table 2. The deviation between the encoder-measured speed and the
actual average speed gradually decreases as the duty cycle increases. Under low-speed operating conditions,
the deviation mainly arises from real-time fluctuations in track ground slip, elastic deformation of the
transmission system, and differences in sampling scales between the long-stroke average speed and the
short-period instantaneous speed. By calibrating and correcting the comprehensive slip rate coefficient, the
encoder speed measurement can accurately approximate the actual traveling speed of the transplanter,
thereby providing reliable data support for the coordinated speed control between traveling and seedling
transplanting.

Straight-line deviation Test and Correction for the Transplanter During Traveling

The straight-line deviation test was conducted in accordance with the technical requirements and
relevant test specifications for deviation under Clause 3.3.9 of the national standard GB/T 15370.4—2012,
"Agricultural Tracked Tractors—Part 4: Technical Specifications for Belt Drive Tracked Tractors." The standard
specifies that on a dry, hard, and level road surface with longitudinal and transverse slopes not exceeding 1%,
the deviation of an agricultural tracked tractor over 100 m shall not exceed 6 m, which serves as the acceptance
criterion for straight-line deviation (General Administration of Quality Supervision, Inspection and Quarantine
of P.R.China & Standardization Administration of P.R.China, 2012).

The straight-line deviation test of the transplanter was conducted by laying out a 30 m reference line in
the test field, with marking points set every 5 m along the line. The initial position of the transplanter was
aligned with the reference line, and the machine was driven at a uniform speed along the line. According to
the aforementioned standard, the deviation over a 30 m travel distance shall not exceed 1.8 m, corresponding
to a straight-line deviation of no more than 6%. The lateral deviation of the transplanter's traveling trajectory
was measured using a tape measure. The field test setup for evaluating the straight-line deviation of the
transplanter is shown in Figure 8.

Straight-line deviation is a core indicator for evaluating the degree of deviation, and its calculation
expression is given as:

YZM x100% (20)
where: y — straight-line deviation rate (%)

y(x) — lateral coordinate of the actual travel path of the transplanter (dimensionless)

vo(x) — lateral coordinate of the ideal straight path, generally set to 0

L — straight-line test distance (30 m)

e

Fig. 8 - Straight-line travel deviation test of the transplnter
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The straight-line traveling performance of the transplanter chassis directly determines the quality of
ridged transplanting operations and the uniformity of plant distribution for Panax notoginseng. In this test, the
straight-line deviation of the transplanter was measured under PWM duty cycles of 20%, 40%, 60%, 80%, and
100%, respectively. Through parameter calibration, the straight-line deviation was minimized as much as
possible to enhance the precision and effectiveness of Panax notoginseng transplanting operations. The test
results of the straight-line deviation before correction are shown in Table 3.

Table 3
Straight-line travel deviation of the transplanter before correction
Duty Cycle Field Offset (Before Correction) /m Mean straight-line deviation rate (Before
1% Test 1 Test 2 Test 3 Correction) /%
20 1.63 1.67 1.72 5.58
40 2.23 1.92 213 6.98
60 2.16 2.09 2.2 7.17
80 2.06 2.45 2.36 7.63
100 2.48 2.39 2.56 8.26

As shown in the data in the table, the straight-line deviation of the transplanter gradually increases with
the duty cycle, with most deviation values under each duty cycle exceeding the 6% limit specified in the national
standard. If operated directly under such conditions, the transplanter would exhibit significant deviation during
travel, leading to a high risk of the chassis riding onto the ridge. To avoid this problem, the remote operator
would need to frequently apply minor steering corrections to maintain a stable travel path during operation.
Therefore, this study introduces a straight-line deviation correction coefficient to address the issue of path
deviation during transplanting operations. The straight-line deviation of the transplanter after correction is shown in
Table 4, with the minimum value from three replicates used to determine the optimal correction coefficient.

Table 4
Straight-line travel deviation of the transplanter after correction
Duty Cycle Lateral deviation after correction /m Deviation rate corresponding to the minimum
1% Test 1 Test 2 Test 3 value /%
20 0.32 0.26 0.29 0.87
40 0.34 0.24 0.28 0.8
60 0.45 0.38 0.25 0.83
80 0.78 0.43 0.32 1.07
100 0.32 0.47 0.36 1.07
Table 5

Correction coefficients of left and right motors under different duty cycles
Correction Parameters

Duty

C Test 1 Test 2 Test 3
ycle . _
1% Right Left Motor Right Left Motor Right Motor Left Motor

Motor Motor

20 1 1.033 1 1.017 1 1.023
40 1 1.057 1 1.039 1 1.046
60 1 1.091 1 1.086 1 1.077
80 1 1.1 0.979 1.1 0.965 1.1
100 0.867 1.1 0.901 1.1 0.889 1.1

The correction coefficients for the left and right motors under different duty cycles are shown in Table
5. The test results indicate that the transplanter exhibits an overall leftward deviation when traveling on flat
surfaces, which is attributed to the lower traveling speed of the left track compared to the right track. As the
control duty cycle increases, the straight-line deviation of the whole machine tends to increase. To compensate
for the speed difference between the two tracks and improve straight-line traveling accuracy, the correction
coefficient for the left motor should be set greater than 1, while the correction coefficient for the right motor is
either maintained at 1 or adjusted to less than 1.
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The recommended correction coefficients for the left and right motors under different duty cycles are as
follows: at 20% duty cycle, right motor 1, left motor 1.017; at 40% duty cycle, right motor 1, left motor 1.039;
at 60% duty cycle, right motor 1, left motor 1.077; at 80% duty cycle, right motor 0.965, left motor 1.1; at 100%
duty cycle, right motor 0.867, left motor 1.1.

Pivot Turning Center Offset Measurement

Steering performance is a core indicator of the field adaptability of tracked transplanters, directly
determining the flexibility of inter-ridge turning and headland turning, as well as operational safety. This test
was conducted in accordance with the steering performance test specifications for tracked tractors specified
in GB/T 19040—2016, "Agricultural Tractors—Requirements for Steering" (General Administration of Quality
Supervision, Inspection and Quarantine of P.R.China & Standardization Administration of P.R.China, 2016).
The pivot turning performance test of the transplanter was carried out on a typical soft field surface used for
Panax notoginseng cultivation, where the track steering trajectory was measured and the turning center offset
was determined.

(a) On-site turning test (b)Actual steering trajectory measurements
Fig. 9 - In-situ turning test of the transplanter

The test results indicate that the transplanter achieves stable pivot turning, with a measured turning
center offset of approximately 191 mm, which is in close agreement with the previously calculated theoretical
value. The turning accuracy and stability meet the operational requirements for Panax notoginseng
transplanting in the field. The pivot turning test site and trajectory measurement results are shown in Figure 9.
Climbing Stability Test

In accordance with GB/T 3871.21—2015, "Agricultural Tractors—Test Procedures—Part 21: Stability"
(General Administration of Quality Supervision, Inspection and Quarantine of P.R.China & Standardization
Administration of P.R.China, 2015), the climbing stability test of the Panax notoginseng transplanter was
conducted. The test was performed on a slope with an inclination of 27°, and the machine was driven
longitudinally and transversely on the slope at a travel speed of 10 m/min. The results showed that the
transplanter successfully climbed the 27° slope during longitudinal travel and exhibited no instability or rollover
during transverse travel on the 27° slope. The overall stability of the machine is excellent, meeting the operational
requirements for ridged Panax notoginseng transplanting in the hilly and mountainous regions of Yunnan.

N2

Fig.10 - Site of the vertical climb test
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Fig.11 - Site of the lateral slope stability test

Ridged Traveling Stability Test

To verify the traveling stability of the transplanter under ridged slope conditions, a single-side ridge-
crossing tilt travel test was conducted. One side of the transplanter's tracks was positioned to ride onto the
ridge slope, and the machine was driven straight for 10 m along the ridge length at a uniform speed under
different duty cycles. The traveling status of the whole machine was recorded, and no instability or overturning
was observed throughout the process.

Fig.12 - On-ridge stability test

To verify the traveling stability of the transplanter under ridged slope conditions, a single-side ridge-
crossing tilt travel test was conducted. The ridge parameters were fixed (ridge bottom width 850 mm, ridge top
width 720 mm), and only the ridge height was varied to adjust the roll angle of the machine under different
operating conditions. Three typical ridge heights for Panax notoginseng cultivation—200 mm, 250 mm, and
300 mm—were selected, corresponding to roll angles of 14.3°, 17.7°, and 20.9°, respectively, thereby
establishing varying tilt operating conditions.

Table 6
Ridge-riding stability test results
Duty Cycle Working Condition Lateral Tilt Angle (°)
(%) 14.3 17.7 20.9
20 Pass Pass Pass
40 Pass Pass Pass
60 Pass Pass Pass
80 Pass Pass Pass
100 Pass Pass Pass
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For each roll angle under different operating conditions, the transplanter was operated at five PWM
speed regulation duty cycles of 20%, 40%, 60%, 80%, and 100%. The test was repeated three times for each
condition, and the machine status was recorded. The test results are shown in Table 6. Under all combined
conditions, the transplanter passed stably without overturning, verifying its traveling stability within this tilt range
and across different operating parameters.

Motor Thermal Stability Test

Motor thermal stability is a core indicator determining the reliability of continuous field operation and the
insulation service life of the transplanter's motors. In accordance with the mandatory requirements of Chapters
15 and 20 of GB/T 14711—2025, "General Requirements for Safety of Small and Medium-Sized Rotating
Electrical Machines," concerning thermal testing and insulation structures, a thermal stability test was
conducted on the variable-frequency speed-regulated brushless DC traveling motor with Class F insulation
(State Administration for Market Regulation & Standardization Administration of P.R.China, 2025). The test
simulated load conditions of the transplanter under different operating speeds. The motor was operated
continuously for 190 minutes under gradient PWM speed regulation duty cycles ranging from 20% to 90%, and
the winding temperature was monitored in real time using a calibrated digital thermometer. Based on the heat
resistance requirements for Class F insulation and accounting for a 20—30°C temperature margin between the
motor housing and the winding, the evaluation criteria were established as follows: a safe operating range of
70°C to 90°C, and a forced shutdown protection threshold of 125°C to prevent insulation thermal aging.

200 1005
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Fig.13 - Temperature change of driving motors under different duty cycle

The test results are shown in Figure 13: the motor temperature rise rate shows a clear positive
correlation with the PWM duty cycle, consistent with the typical heating characteristics of small and medium-
sized rotating electrical machines.

After 190 minutes of continuous operation, the final motor temperature reached 118°C, which did not
reach the 125°C shutdown threshold, and remained within the safe operating range of 70°C to 90°C for most
of the operation period. The test results meet the thermal safety requirements for continuous motor operation
specified in GB/T 14711—2025, verifying that the traveling motor and transmission system possess good
thermal stability and are capable of meeting the demands of prolonged continuous field operation for Panax
notoginseng transplanting.

CONCLUSION AND DISCUSSION

An innovative design and theoretical modeling of a specialized tracked chassis for hilly and mountainous
regions were completed. Addressing the complex agronomic requirements of ridged Panax notoginseng
transplanting in Yunnan, the overall structure of a fully electric intelligent tracked chassis was designed. Based
on the manual seedling feeding speed limit, a dimensionless ratio coefficient regulation model correlating
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planting spacing with traveling and seedling transplanting speeds was innovatively established. This enabled
precise matching of the transmission ratio and theoretical calculation of the overall machine stability, laying the
theoretical foundation for subsequent control system development.

A coordinated control system for traveling and seedling transplanting, along with a straight-line deviation
correction scheme, was developed. A speed-synchronized PID control system based on speed-measuring
encoders was designed to achieve real-time coordinated control between seedling conveying speed and
chassis traveling speed. A manual deviation correction method utilizing a speed correction coefficient was
proposed, effectively addressing the issue of traveling deviation in tracked chassis. Field tests demonstrated
that, after correction, the straight-line deviation of the whole machine over a 30 m travel distance was controlled
to within 1.1%, which is superior to the national standard limit.

The key performance indicators of the whole machine were verified to meet the operational
requirements of hilly and mountainous regions. The chassis achieved a maximum traction force of 7524 N, a
maximum climbing angle of 225°, and a maximum lateral roll angle of 39.19°, with the pivot turning center
offset closely matching the theoretical value. Performance indicators including slope climbing stability, ridged
traveling stability, and motor thermal stability all satisfied the requirements of relevant national standards. This
chassis effectively enhances the automation level and operational accuracy of Panax notoginseng
transplanting in hilly and mountainous regions, providing technical support for the intelligent upgrade of
transplanting equipment for rhizomatous medicinal herbs.
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