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ABSTRACT

This study develops a dual-objective control system to enhance transplanter performance on uneven terrain
by synergistically integrating lateral leveling and longitudinal depth profiling. A kinematic analysis revealed
strong motion coupling, which is effectively decoupled using a novel Super-Twisting Sliding Mode Active
Disturbance Rejection Control (STSMC-ADRC). Co-simulation and field tests confirmed the superiority of
STSMC-ADRC over conventional PID and ADRC, demonstrating faster response, minimized steady-state error,
and robust disturbance rejection. The proposed strategy significantly improves platform stability and planting
depth consistency, offering a robust solution for slope operations.
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INTRODUCTION

Transplanting technology, recognized as an efficient cultivation method, presents distinct advantages
over direct seeding (Cui Zhichao et al., 2020). It accelerates the crop growth period by approximately 15 days,
thereby mitigating adverse weather conditions such as early spring low temperatures and late spring cold
spells (Ji D. et al., 2023). Additionally, it enhances seedling survival rates, alleviates conflicts between
accumulated temperature and crop succession, and ultimately increases both yield and income (Zhou M. et
al., 2024). Consequently, transplanting has become a prevalent practice for vegetables, tobacco, and
medicinal herbs—particularly in hilly and mountainous regions.

In these areas, conventional transplanters frequently experience tilting on steep or uneven slopes. This
instability complicates the maintenance of consistent planting depth and diminishes transplanting quality. As
manual transplanting remains predominant in these contexts, large-scale production is constrained. Therefore,
there is a pressing need for equipment capable of adapting to complex terrain. This study aims to address this
challenge by exploring automatic leveling and planting depth control mechanisms for transplanters with the
objective of enhancing stability, safety, and uniformity in operation.

Numerous researchers have examined leveling systems for agricultural machinery. The hillside tractor
developed in the United States (Schillinger W.F. et al., 2010; McCool W.A.D.K., 2010) and the AL QUATTRO
EVO wheat harvester from ltaly (Sun Y. et al., 2020) are designed to operate on sloped terrain; however, they
are relatively large and not well-suited for small plots. Compact equipment is more appropriate for hilly areas.
Lee S,S. et al. (2000) and Denis D. et al. (2016) have enhanced vehicle leveling and stability through the use
of sensors, hydraulic mechanisms, and adaptive estimation techniques. These studies provide valuable
insights into transplanter leveling systems.

Control strategies form the foundation of leveling systems. Proportional-Integral-Derivative (PID) control
is widely used due to its simplicity (Liu Pingyi et al., 2017). Researchers have improved PID performance by
incorporating Kalman filters (Yang Yang et al., 2022) as well as parameter tuning methods (Somefun O. A. et
al., 2021; Cai Zengbin, 2023).

807



Vol. 77, No. 3 / 2025 INMATEH - Agricultural Engineering

However, PID control has limitations when applied to nonlinear and time-varying systems; thus, fuzzy
control emerges as a more suitable alternative in such scenarios (Tang K. S. et al., 2001). Zhang Fugui et al,
(2023), Ye Fan, (2023), Ke Chao et al, (2023), and Hou Pengfei, (2023) implemented fuzzy PID controllers
across various machines resulting in enhanced leveling accuracy along with faster response times. These
findings underscore the potential benefits associated with intelligent control strategies.

Planting depth is another key factor for transplanting quality. Consistent depth ensures uniform soil
conditions for seedlings, thereby shortening recovery time and improving survival (Cui Zhichao et al., 2020;
Zhang Qingsong et al., 2018). Uneven terrain makes depth control difficult, and manual adjustment is inefficient
(Saeys W. et al., 2007). Existing methods include passive profile-following, active hydraulic systems, and
manual adjustment (Han Zhenhao et al., 2018; Chen Baocheng et al., 2015; Wu Wei et al., 2013; He Zhitao et
al., 2014). Each has limitations in adaptability or complexity. Automatic depth control is therefore essential
(Xiao Mingtao et al., 2019).

Although few studies focus directly on transplanters, related research provides references. Saeys W. et
al, (2007), achieved precise fertilizer depth control. Cai Guohua et al, (2011), developed furrowing depth control,
and Han Bao et al., (2018), applied PID for soil-engaging depth. Yang Yinhui et al., (2007), monitored header
height with ultrasonic sensors. Li Mingsheng et al., (2013), and Ma Yong et al., (2019), used fuzzy PID with
force and position feedback for tillage depth control. These studies demonstrate fast response and good
adaptability, providing foundations for transplanter depth control.

In summary, existing studies mainly emphasize longitudinal profiling, while lateral leveling and the
influence of external disturbances remain underexplored. To fill this gap, this paper proposes a synergistic
control system that combines lateral leveling and longitudinal profiling for transplanters. By monitoring terrain,
platform inclination, and planting height in real time, the system achieves accurate leveling and consistent
planting depth. This improves stability, adaptability, and overall performance of transplanters in slope
operations.

MATERIALS AND METHODS
System Description and Kinematic Modeling
Mechanical Structural Description of the Transplanting Platform
The proposed dual-objective synergistic control system for the transplanter, which integrates lateral
leveling and planting depth regulation, consists of three main components: a sensing unit, a controller, and a
servo drive unit, as shown in Fig.1.

Inclination
Sensor

IDisplacement

[ [ —

I Servo Driver I
Servo Actuator I

Servo Drive Unit Controller

Fig. 1 — Overall Architecture of the Collaborative Control System
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The sensing unit includes a tilt sensor (Witmotion WT91) and a displacement sensor (BRT38-0.5M-
R2M4096-RT0.5-1P68). The tilt sensor is employed to detect changes in the lateral inclination angle of the
vehicle body. It is mounted on the seedling claw mounting plate, which maintains a parallel state with the
vehicle body at all times. The draw-wire displacement sensor is used to measure the distance variation
between the ridge surface and the planting mechanism. The displacement sensor is fixed onto its mounting
bracket.

As shown in Fig. 2, its cable end is connected to the wheel center of the profiling wheel, which maintains
real-time contact with the ridge surface. When the profiling mechanism floats, the cable of the draw-wire
displacement sensor extends or retracts accordingly, enabling real-time detection of the distance between the
planting mechanism and the ridge surface.

6 5

Fig. 2 - Schematic Diagram of Profile-Following Mechanism and Displacement Sensor Installation
1. Displacement sensor; 2. Displacement sensor mounting plate; 3. Displacement sensor pull cord; 4. Profile-following wheel;
5. Profile-following arm; 6. Connecting shaft; 7. Fixed bracket

The controller (STM32F103ZET6), via signal amplification and filtering circuits, acquires data from the
tilt sensor through digital communication. The servo drive unit consists of a servo drive (IDS850PRO) and a
servo electric cylinder (QDA75-L100). The servo drive is responsible for receiving the voltage control signal
output by the controller, thereby enabling the actuation of the servo electric cylinder.

To facilitate the description and analysis of the lateral leveling and planting profiling movements of the
transplanter, the machine's structure is simplified. Fig. 3 shows the schematic diagram of the mechanical
structure for the transplanter's lateral leveling and planting profiling. The front axle attitude adjustment
mechanism operates as a passive adjustment, capable of adapting according to terrain variations. A swing
mechanism is symmetrically installed on both the left and right sides of the rear axle. This swing mechanism
primarily serves the dual functions of achieving lateral leveling and planting profiling for the transplanter.

1 2

Fig. 3 - Simplified Diagram of Transplanter Structure
1. Front Axle Attitude Adjustment Mechanism; 2. Servo Electric Cylinder; 3. Oscillation Mechanism

The simplified swing mechanism is depicted in Fig. 4, where the dashed lines represent the initial state
of the mechanism when the transplanter is not leveled. When the transplanter is tilted to the left and requires
adjustment to a horizontal state, the servo electric cylinder of the left swing mechanism retracts, as shown in
Fig. 4(a), causing the swing mechanism to rotate clockwise around the rear axle shaft. Simultaneously, the
servo electric cylinder of the right swing mechanism extends, as shown in Fig. 4(b), inducing a counter-
clockwise rotation around the rear axle shaft. These coordinated actions continue until the lateral inclination of
the transplanter reaches the desired horizontal state.
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(b) Right swing mechanism

(a) Left swing mechanism
Fig. 4 - Leveling mechanism schematic of the transplanting machine

When the transplanter only needs to perform profiling, as shown in Fig. 5, the dashed lines indicate the
initial state of the swing mechanism before profiling is engaged. When the ridge surface exhibits a convex
profile, the servo electric cylinders of both the left and right swing mechanisms retract, as illustrated in Fig.
5(a). This causes both swing mechanisms to rotate clockwise simultaneously, thereby raising the planting
mechanism to the desired height. Conversely, when the ridge surface exhibits a concave profile, the servo
electric cylinders of both swing mechanisms extend, as shown in Fig. 5(b). This results in both swing
mechanisms rotating counterclockwise simultaneously, lowering the planting mechanism to the desired height.

N1(N2)1(P2)

Ol =1

(b) Schematic diagram of the planting mechanism

(a) Schematic diagram of the planting mechanism lowering action

raising action

Fig. 5 - Schematic diagram of the transplanting machine's contouring

Kinematic Modeling

Kinematics is a branch of classical mechanics that primarily investigates the geometric properties of
object motion, without considering dynamic factors such as the forces or masses causing the motion. Its core
focus is describing the change in an object's state of motion in space over time. The leveling motion and the
profiling motion are simplified as the motion of rigid bodies. The leveling motion is analyzed in the XOZ plane,
while the profiling motion is analyzed in the YOZ plane. The target lateral inclination angle of the platform is
defined as ¢, and the target height of the platform is defined as H.

(1) Leveling Motion

The changes in H; and H, determine the rotational swing of the planting platform in the lateral horizontal
direction. Here, H; represents the distance between the right rear wheel center and the planting platform, H
represents the distance between the left rear wheel center and the planting platform, R is the rear wheel radius,
AH is the relative change between the rear wheel center and the planting platform during the process of
adjusting the transplanter platform from its initial position to a horizontal state, ¢ is the adjustment angle for
achieving lateral leveling, and the width of the transplanter platform is consistent with the length of the rear
axle shaft, denoted as W.

Based on the simplified model in Fig. 6, the relationship between AH, ¢, and W can be derived as:
W tang,

AH, =
2

D
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H

2

= AH
i [

=

Fig. 6 - Schematic Diagram of Lateral Leveling Kinematics

(2) Profiling Motion

The movement of the transplanter's profiling mechanism causes the extension and retraction of the
displacement sensor, enabling the detection of the distance between the planting platform and the ridge
surface, as shown in Fig. 7. AHyrepresents the displacement variation between the planting platform and the
ridge surface detected by the displacement sensor, and H, denotes the desired height under the initial state.

Fig. 7 - Schematic Diagram of the Kinematic Model for Elevation Contour Adjustment of the Planting Mechanism

(3) Kinematic Model of Synergistic Motion

Based on the description of the transplanter's leveling motion and profiling motion, when the transplanter
performs leveling and profiling actions simultaneously, the displacement variation AH, between the left wheel
center and the planting platform, and the displacement variation AH, between the right wheel center and the
planting platform are given by:

{AH,:AH,+AH/. (2)
AH, =AH, - AH,

As shown in Fig. 8, in the initial state, N/K; of the left and right swing mechanisms is perpendicular to
the push rod N; P, L; and L, are the initial lengths of the left and right servo electric cylinders, respectively,
and are equal. L, is the length of the short arm of the swing mechanism, and L. is the length of the long arm.
L; and L; are the lengths of the servo electric cylinders after changes. The swing angle of the left swing
mechanism after combining the leveling motion and profiling motion is B, , and the swing angle of the right
swing mechanism is 3, . Based on the geometric relationships, the following can be derived:

. _AH,

sinf, = L (3)
. AH.

sinf, = L

Ah=h-h (4)
AL =L, Lz

{Ll = (L, ~L,ocos )’ +(L, ~L,ssin )’ 5

L, =(L, — L,+cos )" + (L, + L,*sin )’
I

N, L, 0.

NZL A,
KIO P S, [5) le
KZ
(a) Kinematic diagram of left swing mechanism (b) Kinematic diagram of right swing mechanism

Fig. 8 - Kinematic diagram of coordinated control swing mechanism
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Combining equations (1) to (5) yields the inverse kinematic equations (6) and (7)

W etan ¢ +AH, W etan ¢ +AH,
AL =L —(L,-L, -cos(arcsin(%)))2 -(L -1, .(2L—))2 (6
W etan @ AH Wetan @
; 2 T e 2 T 7
AL, =(L,-L, -cos(arcsm(L—))) +(L,+L, -(L—)) -L,

4 c

Equations (6) and (7) reveal that a coupling phenomenon occurs during the synergistic control of the
transplanter's lateral leveling and profiling, indicating that the leveling and profiling motions influence each
other.

Servo Electric Cylinder Design

The servo electric cylinder serves as the driving force source for the leveling and profiling actions of the
transplanter. To accurately characterize its dynamic and kinematic properties, a mathematical model of the
servo electric cylinder is established. This model describes and analyzes the system's dynamic performance
indicators, enabling precise control over the extension/retraction displacement and velocity of the servo electric
cylinder. The development of this mathematical model encompasses the formulation of models for both the
servo motor and the transmission system.

A low-voltage DC servo motor is employed as the actuator for the transplanter. In the following
expressions: L represents the armature inductance, i is the armature current, R is the armature resistance, K,
denotes the back EMF constant, w is the motor rotational speed, .J is the moment of inertia of the motor rotor,
T is the motor torque, B is the friction coefficient, T; is the load torque, K; is the torque constant of the servo
motor, and 6,, is the angular displacement of the motor. The mathematical model of the servo motor is given
by:

U :Lﬂ+Ri+Kea)
dt
do (8

J—=T-Bo-T,
dt

T=K,
do,
="
dt
The input to the motor drive system is U, and the external disturbance variable is the load torque 7. The
angular displacement of the motor, 6,, is taken as the output. Performing the Laplace transform on equation
(8) yields equation (9):

U(s) = Lsi(s) + Ri(s) + K o(s)

Jsaxs) =T(s)—Ba(s)—T,(s)

T(s)=K,i(s)

56,,(s) = a(s) )

Taking the angular displacement of the servo motor as the input to the transmission system, the angular
displacement input to the lead screw shaft after passing through the speed reducer is 0zs. The angular
displacement of the lead screw shaft is then converted into the linear displacement L, of the electric cylinder
push rod via the linear bearing. The mathematical model of the transmission system is given by:

s
" n 10>
_ POy

Y n

where n is the speed reducer ratio, and p; is the lead screw pitch.

Performing the Laplace transform on equation (10):

gBS(S) = 0/71 (s)

n

L(s)= Pi0ss(5)
2z ‘1
Combining equation (9) and equation (10), and neglecting external disturbances, the transfer function
G(s) of the servo electric cylinder is derived as:
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L.(s) _ K.py
U(s) 2nzs(LJS* +(RJ +BL)S + BR+ K _K,) (12)

G(s) =

The dynamic model of the servo electric cylinder, along with the mathematical model of the transmission
system, establishes a foundation for subsequent simulations and the decoupling control of leveling and
profiling motions.

Control Strategy Design

While Active Disturbance Rejection Control (ADRC) exhibits strong disturbance rejection for handling
model uncertainties, its Extended State Observer (ESO) may lag under rapidly changing disturbances,
degrading transient performance. In contrast, Super-Twisting Sliding Mode Control (ST-SMC) provides finite-
time convergence, strong robustness, and reduced chattering. However, ST-SMC is sensitive to parameter
variations and cannot independently address motion coupling or dynamic parameter changes.

To address these issues in the transplanter’s synergistic leveling and profiling system, the ESO is
integrated into the ST-SMC framework. The ESO estimates and compensates for total disturbances in real
time, thereby reducing sliding surface uncertainties. Concurrently, the Super-Twisting algorithm ensures finite-
time error convergence. The control law synthesizes the error feedback of ADRC with the reaching law of ST-
SMC. This integrated controller actively cancels disturbances, maintains robust stability, and eliminates
chattering.

The integrated Super-Twisting Sliding Mode Active Disturbance Rejection Controller is shown in Fig. 9.
The disturbance estimation output z3 from the Extended State Observer is fed into the Super-Twisting Sliding
Mode Controller.

H

.? > Transplanting H
—> TD STSMC —|—> machine —>
b
22 ‘J
ESO
- <

Z1

Fig. 9 - Super-twisting sliding mode active disturbance rejection controller

Sliding Mode Control Design
The Super-Twisting Sliding Mode Control primarily consists of two parts: the design of the sliding surface
and the design of the sliding mode control law. Defining the height error as e;y and its derivative as ezq, the
sliding surface s is designed using the height channel as an example:

Sy =€y + A€, (13

where A is the sliding surface coefficient, and its value is greater than zero.

Super-Twisting Sliding Mode Control Law Design:

v =—k,sign(s)

Uy =—k\J|s |sign(s)+v (14)
__Zms

u(‘H bo

where k; and k: are gain parameters.

Extended State Observer Design

The synergistic control system for transplanter leveling and profiling is subjected to external disturbances
originating from both the transplanter itself and the system during operation. Furthermore, synergistic control
introduces coupling effects between the leveling and profiling functions. The Extended State Observer (ESO)
possesses the capability to estimate the total disturbance and achieve dynamic compensation, thereby
eliminating these coupling effects.
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Taking the profiling channel as an example, the established Extended State Observer is as follows:
e, =z, —H
Ziy = Zyy — BinJal(ey, ay,,6,) (15)
Zyy = Zys — Pun Jal(ey, 0y Oy) + byt
Zys =—Pysfal(e,y5,0,)
ﬁ| xX[£6,

fal(x,a,,,0,) = (16)

sign(x) | x ", x [> &

In the equations, H represents the angle of the controlled plant, uy;3 is the input to the controlled plant,
P fu Pus are the observer feedback gains, wy is the observer bandwidth, by is the gain parameter, and ¢ is
the linear interval width of the fal function.

Integrated STSMC-ESO Control Law

As derived from the transplanter system model, the synergistic control system for lateral leveling and
longitudinal profiling consists of a leveling channel and a profiling channel. The block diagram of this synergistic
control system is illustrated in Fig. 10.

Equations (8) and (9) indicate the presence of mutual coupling between the leveling angle and the
profiling height within the transplanter model, making its design challenging. However, the Extended State
Observer (ESO) possesses inherent decoupling capabilities, allowing for a simplification of the system model.

= |

P

Fig. 10 - Block diagram of the synergistic control system for the transplanter

Stability Analysis

A stability analysis is conducted for the Super-Twisting Sliding Mode Control. Based on the design of
the Extended State Observer (ESO), where zy; estimates x;, zy» estimates x;, and z; estimates x;3, the dynamic
model of the servo motor is rewritten in state-space form as:

{Z:Hl =Zm 17
Zyy, =au—az,, —W(t)

where zu;, zm2, and zyz are the outputs of the Extended State Observer. Assuming the outputs zx;, zx2, and zy;3
of the Extended State Observer are bounded, all disturbances in the system except those related to the motor
are defined as the total disturbance W(?). In equation (17), ap=K/J, a;=B/J.

Taking the profiling channel as an example, the height error is defined as:

{el”zz”‘_H" (18)
€ =€ =Zy, —Ha
Differentiating the sliding surface sy yields:
Sy =&, + A%, QD)
Combining equations (17) - (19) yields:
$,; =—auk, \/mg'gn(s) +ay— GZus _ az,, ~W(t)—H,+1,%,,—A,H, (20)

0
In the equation, the target value H, is a constant, and all disturbances in the system can be estimated
by W(?), resulting in:
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Sy =—ayk, \/MSign(s) +a,v+W(t) 21
The Lyapunov function is defined as:

V=0(|s|+%v2 (22)

where a>0 is a parameter to be determined. This function is positive definite and radially unbounded.

Its derivative is:
V = esesign(s) +vw (23)
Combining equations (22) and (23) yields:

V =—aayk|s|+sign(s)(aa,y—k,y+w) (24)
According to the Lyapunov stability theory, in order to ensure that Eq. (24) is less than 0, the coefficient
ki of the negative dominant term is large enough. Since the differential result of v is an item in Eq.(14), the
above equation can be established by selecting the appropriate parameters Ax, &, k2. According to the proof
results, the differential of the constructed Lyapunov function is less than zero, that is, it is semi-negative definite.
The system is asymptotically stable, and its synovial surface s eventually converges to zero, so as to realize
the tracking of the target trajectory.

Simulation Experiments

Simulation Platform Construction

To validate the performance of the Super-Twisting Sliding Mode Active Disturbance Rejection Controller
(STSMC-ADRC) within the transplanter's synergistic leveling and profiling control system, a co-simulation
approach utilizing Adams and MATLAB/Simulink is adopted in this study. A simplified model of the complete
transplanter and a ground model are created in SolidWorks and subsequently imported into Adams. Within
Adams, constraints are applied to define the kinematic relationships between the swing mechanisms, servo
electric cylinders, rear axle, and wheels, thereby simulating realistic leveling motions. MATLAB/Simulink is
employed to build the synergistic leveling and profiling control system. The model is imported via the
Adams/Controls interface to establish the co-simulation platform. Based on the STSMC-ADRC and the servo
electric cylinder mathematical model developed in the previous section, C code is written and integrated into
MATLAB/Simulink, where the controller and actuator models are implemented. The relevant parameters
configured for the servo electric cylinder are listed in Table 1.

Table 1
Simulation Parameters of Servo Electric Cylinder

Description Unit Values
Torque constant K; N.m/A 0.13
Lead of the screw p; mm 10
Gear reduction ratio n 1 7
Armature inductance L mH 0.17
Rotor moment of inertia J kg-m? 2.2x10*
Armature resistance R Q 0.05
Viscous friction coefficient B N-m-s/rad 4.33x10
Back electromotive force constant K. V/rad 8x103

The structure of the co-simulation system is illustrated in Fig. 11.

A lateral inclination sensor is installed on the transplanter body, and a displacement sensor is mounted
at the rear. The real-time output data of the vehicle's lateral inclination and displacement are fed back as inputs
to the Super-Twisting Sliding Mode Active Disturbance Rejection Controller (STSMC-ADRC). The STSMC-
ADRC processes the inclination and displacement signals, performs synergistic computation on the output
angle and displacement signals, and converts them into input signals for the two motors. These signals are
then input to the transfer functions of the left and right servo electric cylinders, respectively, to obtain the
displacement signals for the cylinders. These displacement signals are subsequently fed into the Adams_sub
module. The movement of the two electric cylinders drives the swing mechanisms, causing the vehicle's roll
angle error to approach 0° and the displacement target value to reach 50 mm, thereby achieving the co-
simulation of the transplanter's leveling process.
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Fig. 11 - Joint simulation model of leveling and contouring collaborative control system for transplanting machine

Simulation Testing under Typical Working Conditions

Synergistic Leveling and Profiling

The established co-simulation model was executed in MATLAB/Simulink to evaluate the performance
of the three algorithms—PID, ADRC, and STSMC-ADRC—at speeds of 0.2 m/s, 0.3 m/s, and 0.4 m/s. Fig.12
shows the angle variation curves during synergistic control under these different speeds. The shaded area
under each curve represents the integral area between the curve and the target value.

—— Unadjusted| 150

— Unadjusted
p

STSMC-ADRC| STSHC- .
STSMC-ADRC
ADRC ADRC

5

angle/ (" )

angle/(° )

time/s

(a)0.2m/s A (c)0.4m/s

Fig. 12 - Collaborative control of different speed and angle outputs

Table 2 is the area enclosed by the angle curve and the target value of different algorithms at different
speeds.

Table 2
Area Enclosed by the Angle Curve and the Target Value at Different Speeds
Control Algorithm 0.2 m/s 0.3 m/s 0.4 m/s
PID 29.84 23.16 22.85
STSMC-ADRC 5.48 5.31 5.42
ADRC 10.85 12.16 13.53

Table 2 is the lowest point of the angle curve at different speeds. Under the condition of 0.2 m/s speed
and 40 s simulation time, the area enclosed by the PID angle control and the target value of 0 ° is 29.84, and
the lowest point of the curve is - 3.99°. The area of the curve formed by the angle control of STSMC-ADRC
and the target value of 0 ° is 5.48, and the lowest point of the curve is — 0.29°. The curve area of ADRC angle
control and target value 0 ° is 10.85, and the lowest point of the curve is - 1.12 °. Under the condition of speed
of 0.3 m/s and simulation time of 27.5 s, the curve area of PID angle control and target value of 0 ° is 23.16,
and the lowest point of the curve is - 4.33°. The area of the curve formed by the angle control of STSMC-ADRC
and the target value of 0° is 5.31, and the lowest point of the curve is - 0.31°. The curve area of ADRC angle
control and target value 0° is 12.16, and the lowest point of the curve is - 2.21°. Under the condition of speed
of 0.4 m/s and simulation time of 21 s, the area of the curve formed by PID angle control and target value of
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0° is 22.85, and the lowest point of the curve is - 5.01°. The area of the curve formed by the angle control of
STSMC-ADRC and the target value of 0° is 5.42, and the lowest point of the curve is - 0.47°. The curve area
of ADRC angle control and target value 0° is 13.527, and the lowest point of the curve is - 3.37°.

At a speed of 0.2 m/s, the integrated angle error area for PID control was 29.84, while those for STSMC-
ADRC and ADRC were 5.48 and 10.85, respectively. Compared to PID, STSMC-ADRC reduced the error area
by 81.6%, and ADRC reduced it by 63.6%. The lowest point reached by PID was -3.99°, whereas STSMC-
ADRC and ADRC achieved -0.29° and -1.12°, respectively. This indicates that the overshoot of STSMC-ADRC
was reduced by approximately 92.7% compared to PID, while ADRC achieved a 71.9% reduction.

At a speed of 0.3 m/s, the integrated error area for PID control was 23.16, while those for STSMC-ADRC
and ADRC were 5.31 and 12.16, respectively. STSMC-ADRC reduced the error area by 77.1% compared to
PID, while ADRC achieved a 47.5% reduction. Regarding the lowest point, PID reached -4.33°, whereas
STSMC-ADRC and ADRC reached -0.31° and -2.21°, respectively. This represents a 92.8% reduction in the
lowest point deviation for STSMC-ADRC and a 48.9% reduction for ADRC, both compared to PID.

At a speed of 0.4 m/s, the integrated error area for PID control was 22.85, while the values for STSMC-
ADRC and ADRC were 5.42 and 13.53, respectively. This represents a 76.3% reduction in the error area for
STSMC-ADRC compared to PID, while ADRC achieved a 40.8% reduction. Regarding the lowest point, PID
reached -5.01°, whereas STSMC-ADRC and ADRC reached -0.47° and -3.37°, respectively. This corresponds
to a 90.6% reduction in the lowest point deviation for STSMC-ADRC and a 32.7% reduction for ADRC, both
compared to PID.

In summary, the STSMC-ADRC controller significantly outperforms both ADRC and PID across all three
tested speeds, maintaining a stable integrated angle error area of approximately 5. In contrast, ADRC
demonstrates intermediate performance, exhibiting a deteriorating trend as speed increases. PID control
performs the poorest, with its errors increasing significantly at higher speeds.

Table 3
Lowest Points of Angle Curves at Different Speeds
Control Algorithm 0.2 m/s 0.3 m/s 0.4 m/s
PID -3.99 -4.33 -5.01
STSMC-ADRC -0.29 -0.31 -0.47
ADRC -1.12 -2.21 -3.37

Fig. 13 illustrates the displacement output of the cooperative control under different operating speeds.
The shaded areas enclosed by each curve and the target value represent the deviation area between the
actual response and the desired trajectory.

—— Unad justed —— Unad justed| —— Unad justed
PID D PID

150 STSMC-ADRC]| 150 STSMC-ADRC 150 - STSMC-ADRC
ADRC ADRC ADRC

100 . I . . L . L ) 100 . . . . . 100 . . . .
0 5 10 15 20 25 30 35 10 0 5 10 15 20 25 0 5 10 15 20

time/s time/s

(a)0.2m/s (b)0.3m/s (c)0.4m/s
Fig. 13 - Collaborative Control of Displacement Output at Different Speeds

Under the condition that the speed is 0.2 m/s and the simulation time is 40 s, the area of the curve
formed by the PID displacement control and the target value of 50 mm is 296.07, the lowest point is — 4.59
mm and the highest point is 102.52 mm. The curve area of the displacement control of the STSMC-ADRC and
the target value of 50 mm is 33.35, the lowest point is 44.65 mm, and the highest point is 59.54 mm; the curve
area of ADRC displacement control and target value 50 mm is 91.72, the lowest point is 17.17 mm, and the
highest point is 84.85 mm.

Under the condition of speed of 0.3 m/s and simulation time of 27.5 s, the curve area of PID displacement
control and target value of 50 mm is 372.15, the lowest point is - 7.32 mm, and the highest point is 104.83 mm.
The curve area of the displacement control of the STSMC-ADRC and the target value of 50 mm is 50.83, the
lowest point is 35.75 mm, and the highest point is 67.95 mm. The curve area of ADRC displacement control
and target value 50 mm is 156.20, the lowest point is 1.75 mm, the highest point is 98.13 mm.
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Under the condition of speed of 0.4 m/s and simulation time of 21s, the curve area of PID displacement
control and target value of 50 mm is 359.90, the lowest point is-13.21 mm, and the highest pointis 109.08 mm.
The curve area of the displacement control of the STSMC-ADRC and the target value of 50 mm is 56.44, the
lowest point is 25.95 mm, and the highest point is 74.69 mm; the curve area of ADRC displacement control
and target value 50 mm is 178.03, the lowest point is - 9.09 mm, and the highest point is 103.44 mm.

Table 4
Area Between the Displacement Curve and the Target Value at Different Speeds
Control Algorithm 0.2 m/s 0.3 m/s 0.4 m/s
PID 296.07 372.15 359.90
STSMC-ADRC 33.35 50.83 56.44
ADRC 91.72 156.20 178.03

In terms of displacement control, the differences between the three methods are even more pronounced.
As shown in Tables 4, 5, and 6, at a speed of 0.2 m/s, the integrated error area for PID control is as high as
296.07, while the values for STSMC-ADRC and ADRC are 33.35 and 91.72, respectively. This represents an
88.7% reduction in the error area for STSMC-ADRC and a 69.0% reduction for ADRC, both compared to PID.
Regarding the displacement fluctuation range, PID exhibits a minimum point of -4.59 mm and a maximum
point of 102.52 mm, resulting in a range of 107.1 mm. In contrast, the range for STSMC-ADRC is only 14.9
mm, representing an 86.1% reduction compared to PID, while ADRC shows a range of 67.7 mm, a 36.8%
reduction compared to PID.

At speeds of 0.3 m/s and 0.4 m/s, the integrated error areas for STSMC-ADRC are 50.83 and 56.44,
respectively, representing reductions of 86.4% and 84.3% compared to PID control. Concurrently, its
displacement fluctuation ranges are reduced by 71.3% and 60.2%, respectively, compared to PID. In contrast,
the integrated error area for ADRC is significantly higher than that of STSMC-ADRC and progressively
deteriorates with increasing speed, reaching approximately 0.5 times that of PID at 0.4 m/s.

Table 5
Minimum Points of Displacement Curves at Different Speeds
Control Algorithm 0.2 m/s 0.3 m/s 0.4 m/s
PID -4.59 -7.32 -13.21
STSMC-ADRC 44.65 35.75 25.95
ADRC 17.17 1.75 -9.09
Table 6
Maximum Points of Displacement Curves at Different Speeds
Control Algorithm 0.2 m/s 0.3 m/s 0.4 m/s
PID 102.52 104.83 109.08
STSMC-ADRC 59.54 67.95 74.69
ADRC 84.85 98.13 103.44

In summary, the STSMC-ADRC algorithm, owing to its inherent robustness and finite-time convergence
properties, enables rapid and smooth error elimination while exhibiting strong insensitivity to system parameter
variations and external disturbances. Its average integral absolute error for displacement control is merely
12.5% of that of PID and 33.8% of that of ADRC, establishing it as the optimal solution for achieving high-
precision profiling control. Although ADRC compensates for certain system uncertainties through its
disturbance observer and outperforms PID, its observer performance and controller parameters require further
optimization under varying operational conditions to enhance its adaptive capability and stability. The
conventional PID controller demonstrates unsatisfactory performance in this application due to its inherent
difficulty in handling the system's nonlinearities and strong coupling characteristics.

RESULTS AND DISCUSSION
Field Dynamic Test Results

Field experiments were conducted at the Zhongnong Futong Horticulture Co., Ltd. in Tongzhou District,
Beijing. Fig.14 shows the field test scenario of the transplanter. A ridged field with undulating terrain was
designed, as shown in Fig.14(a), where the ridge height variation was 100 mm, to evaluate the profiling
performance of the transplanter. A terrain for testing body leveling was designed, as shown in Fig.14(b),
featuring a height difference of approximately 240 mm between the left and right furrows, with a rear wheel
track of 1400 mm.
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 1" e ¢
(b) Vehicle body leveling

Fig. 14 - Field Experiment Scene

Fig.15 shows the angle adjustment of the transplanter after activating synergistic control at a speed of
0.3 m/s, with the shaded area representing the range of +1.5°. Under the STSMC-ADRC control algorithm, the
integrated absolute error (IAE) between the curve and the target value of 0° is 10.94, with a minimum value of
-1.34° and a maximum value of 1.09°. Under the ADRC control algorithm, the IAE is 24.80, with a minimum
value of -3.03° and a maximum value of 3.39°. Under the PID control algorithm, the IAE is 35.62, with a
minimum value of -4.62° and a maximum value of 4.56°.

—— STSMC-ADRC
6 —— ADRC
— PID

L) S Unad jus ted
A

angle/(° )
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time/s

Fig. 15 - Angle adjustment at a speed of 0.3 m/s

Fig.16 shows the displacement adjustment of the transplanter after activating synergistic control at a
speed of 0.3 m/s, with the shaded area representing the range of 50 + 10 mm. Under the STSMC-ADRC
control algorithm, the integrated absolute error (IAE) between the curve and the target value of 50 mm was
134.55, with a minimum value of 37.80 mm and a maximum value of 83.38 mm. Under the ADRC control
algorithm, the IAE was 213.39, with a minimum value of 26.76 mm and a maximum value of 125.32 mm. Under
the PID control algorithm, the IAE was 385.36, with a minimum value of 9.65 mm and a maximum value of
155.15 mm.
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Fig. 16 - Displacement adjustment at a speed of 0.3 m/s

819



Vol. 77, No. 3 / 2025 INMATEH - Agricultural Engineering

As shown in Table 7, the integrated absolute error (IAE) for the angle under STSMC-ADRC control is
10.94, while the values for ADRC and PID are 24.80 and 35.62, respectively. Compared to PID, STSMC-ADRC
reduces the error area by 69.3%, and it achieves a 55.9% reduction compared to ADRC. This demonstrates
that STSMC-ADRC can significantly enhance the steady-state accuracy of the system in disturbance-prone
environments. Regarding dynamic response, the angle fluctuation range of STSMC-ADRC is only from -1.34°
to 1.09°, with the overall deviation not exceeding +1.5°. In contrast, ADRC and PID exhibit ranges of up to
13.2° and +4.6°, respectively. The dynamic deviation of STSMC-ADRC is reduced by approximately 67%
compared to PID. This indicates that the proposed algorithm can rapidly suppress overshoot during the leveling
process and significantly reduce system oscillation.

In profiling control, the integrated absolute error (IAE) for displacement under STSMC-ADRC is 134.55,
while the values for ADRC and PID are 213.39 and 385.36, respectively. This represents a reduction of 65.1%
compared to PID and a 37.0% reduction compared to ADRC. The minimum and maximum values for STSMC-
ADRC are 37.80 mm and 83.38 mm, respectively, resulting in a fluctuation range of approximately 45.6 mm.
In contrast, the fluctuation ranges for ADRC and PID expand to 98.6 mm and 145.5 mm, respectively. These
results demonstrate that the disturbance suppression capability of STSMC-ADRC for displacement is
approximately 3.2 times more effective than that of PID control.

Table 7
Performance Comparison of Control Algorithms at 0.3 m/s
Control Angular Error Angular Range Displacement Displacement Range
Algorithm Area (°) Error Area (mm)
STSMC-ADRC 10.94 -1.34~1.09 134.55 37.80~83.38
ADRC 24.80 -3.03~3.39 213.39 26.76~125.32
PID 35.62 -4.62~4.56 385.36 9.65~155.12

Field Planting Test Results
Fig.17 shows the field planting performance from the experiment. The planting conditions were identical
to the field dynamic test conditions, with a traveling speed of 0.3 m/s. The shaded area in the Figure represents
the region of qualified planting performance.
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The overall average planting depth was 49.1 mm, deviating from the target value of 50.0 mm by only -
0.9 mm, resulting in a relative error of merely 1.8%. The average depth on the left side was 48.7 mm, and on
the right side was 49.5 mm, with a mere 0.8 mm difference between the two sides. The standard deviation for
the overall dataset was 4.0 mm. Despite the presence of occasional strong disturbances causing the planting
depth to deviate from the target zone, the STSMC-ADRC algorithm was able to rapidly restore the depth to
near the target value. This demonstrates the strong disturbance estimation and robust control capabilities of
the Super-Twisting Sliding Mode Active Disturbance Rejection Controller.

CONCLUSIONS

(1) When the transplanting mechanism works dynamically, the system parameters vary with the impact
caused by uneven ground, different planting resistance of duckbill, and different operating speeds. There is a
strong nonlinearity, and it is difficult to establish an accurate mathematical model. And the traditional motion
control PID control has the problem of weak anti-disturbance ability, and the modern active disturbance
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rejection control may lag in the estimation and compensation of severe and high frequency disturbances. In
this paper, the super-twisting synovial auto-disturbance rejection control algorithm is proposed and applied to
the leveling and profiling cooperative control system of the transplanter. The results show that after starting
the cooperative control simulation, in terms of angle adjustment, when the speed is 0.2 m/s, compared with
PID, the error area of STSMC is reduced by 81.6 %, and ADRC is reduced by 63.6 %. At 0.3 m/s, STSMC is
reduced by 77.1 % compared with PID, and ADRC is reduced by 47.5 %. At 0.4 m/s, STSMC is 76.3 % lower
than PID and ADRC is 40.8 % lower. STSMC is significantly better than ADRC and PID at three speeds, and
the performance of ADRC is between the two, showing a deterioration trend with the increase of speed. PID
has the worst performance, and the error increases significantly with the increase of speed.

(2) To address the issue of inconsistent single-row and multi-row planting depths in multi-row
transplanters operating on slopes or ridges with uneven height differences—a problem where traditional control
systems lack rule-based decision-making capabilities and struggle to achieve synergistic control—this study
employs the disturbance estimation of the Super-Twisting Sliding Mode Active Disturbance Rejection Control
(STSMC-ADRC) to achieve decoupled control of the transplanter's leveling and profiling. Simultaneously,
building upon existing research and industry standards, planting depth is adopted as the evaluation metric.
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