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ABSTRACT

Precision control of tillage depth is crucial for optimizing soil preparation in tea
plantations. This study presents an adaptive real-time tillage depth control system based
on Linear Active Disturbance Rejection Control (LADRC) to address precision
challenges in the tillage depth of electric rotary tillers in tea plantations. The system,
constructed using body posture sensors, control units, and hybrid stepper motors,
integrates sensor data and LADRC technology to drive the stepper motor, enabling
precise tillage depth control. The displacement sensor signals were collected, and the
actual tillage depth was compared with the target values, allowing adjustments to achieve
closed-loop control of the rotary tiller. Field experiments at speeds of 0.5 km/h and 0.8
km/h with tillage depths of 80 mm and 100 mm demonstrate the system’s effectiveness.
The LADRC system achieved a standard deviation of 3.2 mm, outperforming fuzzy PID
(10.5 mm) and sliding mode control (5.9 mm). The rate of depth variation was reduced
by 44.8% and 68.9% compared to the fuzzy Proportional Integral Derivative (PID) and
SMC, respectively. These results confirm that the LADRC-based system effectively
minimizes interference during rotary-tiller operation, ensuring the stability and reliability
of tillage depth control.

INTRODUCTION dynamic depth adjustment to enhance operational quality
and efficiency (Kim et al., 2022; Wang et al., 2024).
Current research on automated tillage depth control
primarily focuses on improving tillage depth regulation (Liu
et al., 2023a; Liu et al., 2024b). Various methods have been
explored, such as fuzzy proportional-integral-derivative
(PID) control, high-precision monitoring models, and
sliding mode control (SMC) algorithms. Xiao et al. 2023
proposed a novel fuzzy PID control strategy to improve
response speed and operational accuracy in a self-propelled
electric mini-tiller. Similarly, Hu et al. (2024) developed a
high-precision monitoring model using model identification
techniques to optimize control functions. A fuzzy adaptive
PID method was employed to adjust the tillage depth,

The advancement of modern agricultural technology
has significantly improved mechanized farming operations.
Electric rotary tillers are important agricultural tillage
machines that play a critical role in enhancing the efficiency
and quality of tillage operations (Liu et al., 2024a; Sahoo &
Raheman, 2020). One of the key challenges in achieving
high-quality tillage is tillage depth control, as it directly
affects soil turnover, crop planting depth, and soil-seeds
contact, all of which affects crop growth and yield (Fawzi
et al,, 2021). However, traditional tillage depth control
methods rely on manual adjustments, which are often
imprecise and slow, making them unsuitable for precision

requirements of modern agriculture. To overcome these
challenges, intelligent control systems have been integrated
into electric rotary tillers, enabling real-time monitoring and

enhancing system response speed and anti-interference
capability (Hu et al., 2024). Wang et al. (2023) introduced
a sliding mode control algorithm to regulate speed and slip
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ratio, reducing tillage depth errors and enhancing
uniformity. Additionally, an improved tillage depth control
strategy for complex farmland terrain using mechanical
angle sensors to precisely measure the hydraulic lift arm
angle, correlating it with the tillage angle for high-precision
control. The Hybrid Extended State Observer Back
Stepping Sliding Mode controller (HESO-Back Stepping
SMC) provides continuous and smooth control signals
while reducing chattering, demonstrating its effectiveness
in complex agricultural environments (Wang et al., 2024).
Furthermore, Kim et al. (2020) designed a real-time tillage
depth measurement system that integrates sensor fusion
methods, allowing for accurate tillage depth monitoring
synchronized with traction force measurement data from
ASABE standard equations.

Despite this, existing control methods still face
challenges in optimizing response speed, reducing
interference, and maintaining tillage depth precision in
variable agricultural environments (Hu et al., 2024; Jia et
al., 2016; Luo et al., 2023; Sabouri et al., 2021). Most
research teams have focused on traditional field operations,
where rotary tillers rely heavily on hydraulic actuators and
conventional control techniques (Hu et al., 2024; Jia et al.,
2016; Luo et al., 2023; Sabouri et al., 2021). However,
significant gaps remain in the development of automated
tillage systems tailored for specialized environments such
as tea gardens. Ensuring consistent tillage depth accuracy,
uniform tillage across varying terrains, and reliable sensor
fusion data remains a challenge. The unique soil structure
and crop arrangements in tea gardens require adaptive
control strategies, which conventional tillage methods fail
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FIGURE 1. Overall structural diagram of the electric tiller.

The adaptive real-time tillage depth control system
comprises three principal units: a rotary tiller posture
sensor, a control unit, and a hybrid stepper motor lead-screw
sliding table. A rotary-tiller posture sensor is principally
employed to detects variations in the posture of the rotary
tiller when the electric rotary tiller traverses an uneven road.
The control unit employs an STM32F407 control chip,
wherein the microprocessor incorporates the input data
from the sensors and executes extended Kalman filtering
and predictive processing. The LADRC then processes the

Controller

to provide due to their limitations in response speed, anti-
interference capability, and overall precision.

To address these challenges, this study proposes an
adaptive real-time tillage depth control system based on
Linear Active Disturbance Rejection Control (LADRC).
The system integrates posture sensors, hybrid stepper
motors, an extended Kalman filter for noise, and a grating
sensor for real-time monitoring and correction. Unlike
conventional control systems, LADRC provides superior
disturbance rejection, enabling precise tillage control even
in variable environmental conditions. This study is the first
to propose a LADRC-based, rotary tilling system
specifically designed for tea gardens, ensuring high plowing
accuracy while improving response time, stability, and
adaptability to soil variations. By addressing sensor fusion,
terrain irregularity, and interference effects, this study
contributes to the development of precision agriculture,
offering an innovative and reliable solution for intelligent
tillage depth control in specialized agricultural settings.

Structure and working principle of the electric rotary tiller

The overall configuration of the electric rotary tiller is
illustrated in Figure 1. The system comprises three primary
components: a walking mechanism, a working mechanism,
and an electrical control system. The walking mechanism
consists primarily of the body of an electric rotary tiller. The
working mechanism, positioned at the front, includes a rotary
tiller mounted on a lead-screw sliding table. The electrical
control system included a hybrid stepper motor, lead screw
sliding table, rotary-tiller lift controller, electric-tiller walking
controller, and rotary-tiller motor.

data and generates the required pulse-control signals for
transmission to the hybrid stepper motor driver. The hybrid
stepper motor lead screw sliding table was responsible for
driving the upward and downward movements of the rotary
tiller blade. Signals indicating the real-time tillage depth are
transmitted by the grating sensor to the control unit, thereby
completing the adaptive real-time tillage depth control
process. The adaptive real-time tillage depth control system
ensures precise rotary tillage depth through the following
steps, as illustrated in Figure 2.

Eng. agric., Jaboticabal, v.45, e20240212, 2025



Development of an LADRC-based tillage depth control system for electric rotary tiller

L _ﬂrld_thf l_nevfn_lelﬂ_dl_ﬂaﬂse_@ tlle_pylzeélfﬂ_ﬂl_ o
'Preset target! & Stepperl  [Screw rod|  Preset tillage
[ depth signal! Controlleﬂ | mofor L __| descent | depth
777777 ___ Tillage : signal , I
) posture | :

K
Uneven road; . ... Tiller offset

= |
| {

|
|
|
]
5

‘Steppert_js crew rod;__ Tillage depth

| motor | | _lifting | adjustment

FIGURE 2. Tillage Depth Control System Workflow.

The control unit receives the preset target tillage
depth remotely via wireless communication. This data is
then transmitted to the rotary-tiller control system, which
calculates and sends pulse signals to the hybrid stepper
motor. The lead-screw sliding table then descends to the
designated depth. The grating sensor, mounted on the guide
rail, continuously monitors the displacement of the lead
screw in real time and compares it with the preset tillage
depth signal. This ensured that the desired depth was
accurately maintained. In the event of an uneven working
environment, the control unit utilizes signals from the
rotary-tiller posture sensor. It performs extended Kalman
filter preprocessing to handle external disturbances such as
vibrations and body deviations while the electric rotary tiller
is in motion. The control unit calculates the necessary
adjustments, converts them into pulse signals, and transmits
them to the hybrid stepper motor, which drives the lead-
screw sliding table. This process regulates the ascent and
descent of the rotary tiller, ensuring it remains stable at the
desired position. Once the hybrid stepper motor completes
the lifting movement, the control unit collects displacement
signals from the grating sensor in real time, providing an
accurate measurement of the tillage depth. By continuously
comparing the actual tillage depth signals with the preset
values, the control unit adapts and corrects errors using the
LADRC algorithm. This forms a complete closed-loop
control process that ensures the precision and stability of the
tillage depth.

Real-time adaptive tillage depth control method
Tillage depth automatic control system and method

Traditional tillage-depth control methods rely on
position-based adjustment and force-based adjustment,
each with advantages and limitations. Force-based
adjustment is less affected by terrain fluctuations, but it is

prone to errors in real-time soil resistance detection, leading
to inconsistent tillage depth. Conversely, position-based
adjustment is not affected by soil resistance, and it can
introduce significant errors when terrain fluctuations are
severe. In such cases, additional sensors are required to
correct inaccuracies. In general, two primary tillage-depth
control methods are used: switch-based adjustment and
control coefficients. The control coefficient method, which
utilizes parameters derived from extensive research and
practical experience, can achieve superior control
performance. Given the relatively stable terrain conditions
under which electric rotary tillers are deployed in
tea plantations, position-based adjustment offers a
clear advantage.

Considering the factors mentioned above, this study
employs a combined measurement method using posture
and grating sensors. This significantly reduces vibrations
and external disturbances in the electric rotary tiller. The
LADRC controller was integrated to further minimize
errors, and a hybrid stepper motor mechanism was used to
ensure stable and precise tillage depth control. The rotary
tiller posture sensor detects surface unevenness in real-time,
and the data were preprocessed using the extended Kalman
filter algorithm. To minimize redundancy and reliability,
attitude sensors are designed with both main and backup
configurations. The preset tillage depth is continuously
compared with the actual depth to determine the requisite
real-time adjustment, which was computed by the LADRC
and converted into pulse-control signals to drive the stepper
motor. The grating sensor continuously monitors tillage
depth in real time, delivering feedback to the LADRC
controller, which further facilitates adaptive adjustment of
the tiller depth in real time. The sensor installation locations
are shown in Figure 3, while Figure 4 illustrates the control
system schematic.
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FIGURE 3. Schematic diagram of automatic tillage depth control system.

Target depth  Cultivator offset

L distance Lv
Motor adjusted depth
AL=L-Lv

Target signal i

LADRC Correction signal

Controller

Control s1 gnali

- Grating sensor —=
Pulse signal

Control

Cultivator actual depth Correction depth °P1*¢™e Correction depth

Ls=Lw-La Ls—0

Stepper motor Tiller lift Cultivator adjusted working

depth Lw

FIGURE 4. LADRC Regulation Principle Diagram.

A hybrid stepper motor is an open-loop control
device that converts electrical pulse signals into angular or
linear displacements. The motor’s speed and stopping
position were determined entirely by the frequency and
number of the pulse signals. Each received pulse signal
prompts the stepper driver to rotate the motor by a
predetermined angle in the designated direction. The main
parameters of the stepper motor were calculated as follows:

360
0=TXKO
l_exP :
~ 360 1
n=60Xf
_nxPx60_ X P
V=360 =f

Where:

0' is the step angle (°);

N is the number of steps of the stepper motor (related
to the motor driver);

@ is the motor's working rotation angle (°);

K, is the number of pulses, / is the stroke of the
sliding table (mm);

P is the lead screw pitch (mm);

n is the motor speed (rpm), and v is the sliding table
movement speed (mm/s).

When an electric rotary tiller encounters an uneven
road, it may experience positional shifts during its
operation. The controller made real-time adjustments to the
stepper motor based on the position changes detected by the
posture sensor, thereby enabling the system to adapt to
alterations in the direction of the tillage depth.
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Where:
AK represents the number of altered pulse signals, and

AL represents the actual adjusted tillage depth
achieved by the stepper motor (which can be obtained
from the pitch and roll angle deviations detected by
the tillage depth posture sensor and calculated
accordingly). Once the stepper motor has been
adjusted in accordance with 4K, the actual working
depth of the rotary tiller is assumed to be L,,, while
the actual depth detected by the grating sensor is L.
Subsequently, the real-time adjustment error in the
tillage depth can be obtained, as shown in [eq. (3)].

Ly =1Ly —Lg 3)

The use of a feedback controller to correct the rotary
tiller depth in real-time allows the shortest possible
approach to zero for L;. This method, which adjusts the
tillage depth in real-time according to surface irregularities,
has been shown to be highly effective in farming
environments where terrain changes are minimal. A posture
sensor on a rotary tiller can measure the surface unevenness
of a tillage environment in real-time. Assuming the initial
pitch angle is o, and the detected pitch angle at the next
moment is o', the distance between the center of gravity O
of the tiller and the center of gravity P of the rotary tiller is
x, as illustrated in Figure 5.

7z
b b :
X X o ﬁi\*o ‘L Y
Ya o
a ¥

Pitch offset of the vehicle body

Roll offset of the vehicle body

00

X

FIGURE 5. Geometric plot of tillage depth versus attitude angle.

The change in the rotary tiller depth z' after the
modification of the pitch angle can be calculated in
accordance with the principles of geometry, as illustrated in
[eq. (4)].

, x

z' = X sina’ — x X tana 4
cosa

In addition to the effect of the pitch angle on changes
in the rotary-tiller depth, the roll angle also exerts an
influence on the tillage depth, as illustrated in Figure 5. The
impact of a modification in roll angle on the rotary tiller
depth is represented by z", as illustrated in [eq. (5)].

2" = % X tanp )

Where:
y is the width of the electric rotary tiller, and

f is the roll angle measured by the posture sensor.
By combining eqs (4) and (5), the real-time tillage
depth variation 4L of the electric rotary tiller can be
obtained, as demonstrated by the following equation:

AL=2z +z" (6)

Dynamic model of the hybrid stepper motor

The two-phase hybrid stepper motor described in
this study consists of a stator and a rotor. The magnetic
poles of the stator generate a magnetic field that attracts the
rotor's poles, thereby causing the rotor's magnetic field to
rotate in synchrony with the stator's magnetic field
(Groenhuis et al., 2021; Li et al., 2023). Both the stator and
rotor are composed of permanent magnets. The stator
comprised eight evenly distributed magnetic poles arranged
in two distinct phases. Each phase contains four poles,
resulting in a total of eight poles distributed across the stator
(Wu et al., 2020). In formulating the mathematical model of
the stepper motor, the leakage flux between the stator
poles and the permanent magnet of the rotor was
neglected, along with the effects of hysteresis, eddy
currents, and harmonic components induced in the stator
coils. A mathematical model for each phase was
constructed based on an electromagnetic circuit model.
This is shown in Fig. 6.
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FIGURE 6. Single-phase equivalent circuit for two-phase
hybrid stepper motor.

The pulse input signal is denoted as 6;, and upon
receiving this signal, the stepper motor rotates with an actual
rotation angle being 6,. The voltage balance equation for the
two-phase hybrid stepper motor is (Hojati et al., 2024):

( Ua = Riq + LZ2 = Kywsin (Z,6)
Up = Riy + LE2 + Ky sin(Z,6) 0
Tg =] 52+ Bw + Ty = —Kpigsin (Z,6) + Knipcos (Z,6)

Where:

U, and U, represent the phase voltages of the two-
phase windings and i, and i, denote the currents
of the two-phase windings. L signifies the average
self-inductance, and 6 represents the angular
displacement of the stepper motor. R represents the
phase resistance of the two-phase windings. In this
context, J represents the moment of inertia, and B is
the viscous damping coefficient, Tz is the
electromagnetic torque, T} is the load torque, Z, is
the number of teeth in the stepper motor, and K, is
the stepper motor constant. In accordance with
[eq. (7)] and the dynamic characteristics of the
stepper motor, when a single-phase excitation is
considered as a case study, and the load torque is
assumed to be zero, the following can be derived by
energizing the motor:

JL0 g Tl Gz 6) =0 ®)

d2%t dt 2

Initially, the stepper motor was in equilibrium, and
the rate of change in the stepper angle was approximately
zero. Thus, the equation of motion for the stepper-angle
increment can be expressed as follows:

d?(56) LB d(s0) _ zrLij
d2t dt 2

J sin[Z,(66)] = 0 )

Where:

60 is the angular increment, which can be expressed
as 66 = 0, — 0;. Given that §6 isexceedingly small,
its linearized infinitesimal polarity can be derived.

d?e,
d2t

de Z2Li2
B—2 T
+ dt+ 2 0

J = Zlidg, (10)

The Laplace transform can be applied to both sides
of [eq. (10)] simultaneously, with the initial value set to zero
to yield

ZZLiZ
2

(52 + Bs + 218y, (5) = 2 g (s) (11)

The transfer function of the two-phase hybrid stepper
motor is expressed as

60) Z2Li%
— %8 _ 2]
6@ = 0i(9) 52+?s+%l}i‘21 (12)

The hybrid stepper motor parameters used in this study
are listed in Table 1.

TABLE 1. Primary characteristics of the hybrid stepper motor.

Parameters Values
Number of teeth Z, 50
Phase current i,/A 3
Viscous damping coefficient B 0.03
Rotor inertia J/kg *cm? 0.365
Phase inductance L/mH 3.70

By substituting the parameters mentioned above into
the transfer function in [eq. (12)], the result is as follows:

. 228.08 03
(8) = 577 0.08s + 228.08

Design of the adaptive ADRC controller for tillage depth

In 1999, Jingqing Han proposed an advanced control
strategy known as Active Disturbance Rejection Control
(ADRC) (Han, 1999). The fundamental premise of this
approach is to conceptualize the inherent uncertainties of
the system, both internal and external, as a unified
disturbance. This disturbance was then estimated and
compensated using an Extended State Observer (ESO). The
core structure of the ADRC consists of three key components:
the Tracking Differentiator (TD), Extended State Observer
(ESO), and Nonlinear State Error Feedback (NLSEF) control
law. The TD extracts a continuous signal and its derivative
from the system input, whereas the ESO estimates the system
state and overall disturbance. Based on the output of the ESO,
the NLSEF formulates a control law that facilitates the
precise control of the system state (Han, 2009). The
fundamental configuration is illustrated in Figure 7.

Eng. agric., Jaboticabal, v.45, e20240212, 2025
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FIGURE 7. The basic structure of the ADRC.

In this context, the variable "v" represents the input
signal, "d" represents the total external disturbance, and "y"
represents the actual output.

Given the nonlinear nature of NLSEF and the
associated difficulties in analyzing them in practical
applications, they are frequently replaced by linear active

7

Uy

disturbance rejection controls (LADRCs) in engineering.
Gao et al. further refined and optimized the LADRC by
employing linear gains instead of nonlinear gains, thereby
streamlining the implementation and adjustment of the
control algorithm (Gao, 2003; Gao et al., 2024). A
simplified LADRC structure is shown in Fig. 8.

X

O

2>

—

LESO +———

u
—

41

73

FIGURE 8. The basic structure of the LADRC.

In this context, the variable "r" represents the input
signal for the LADRC. As illustrated in the basic structural
diagram of the LADRC, the TD, LESO, and LSEF
components operate in concert to effectively regulate the
system. The TD component defines the desired dynamic
behavior, the LESO component provides real-time
estimates of the system state, and the LSEF component
generates appropriate control signals based on this
information, thereby achieving precise control of the system
dynamics. This method is particularly well-suited to
systems exhibiting unknown or evolving dynamics, as it
does not necessitate the use of an accurate system model.

As illustrated in [eq. (13)], the control object for the
electric rotary tiller can be identified as a second-order
model. Accordingly, the LADRC for a second-order object
can be designed as follows.

y=-ay—a,y+w+bu (14)

In [eq. (14)], u represents the system input, y denotes
the output, w signifies the external disturbance, a; and a,
are the system parameters, and b is the control gain. The

parameters a,, a,, and b are unknown, with by, = b. Let
x; =y and x, =y. The following assumptions were
made.

f,y,w)=—-a;y —a,y +w+ (b—by)u (15)

Equation (15) defines the generalized disturbance of
the system, which includes both internal and external
uncertainties. It is expanded into the state variable of the
system, x3 = f(y,y,w), from which the state equation of
(16) is derived.

.7‘C1 = xZ
.7‘(2 = X3 + bou
Yy =X

Where:

X1, X5, and x3 represent the system state variables,
and £ is defined as f(y,y,w). In light of the
considerations mentioned above, a linear extended
state observer (LESO) is thus established.
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Z1 =2, — P1(z1 —Y)
Zy = 73 — (2, — y) + byu (17)
Z3 = —P3(z, — y)

By selecting appropriate observer gains f;, 8, and
B3, the LESO is capable of achieving real-time tracking of
each variable in [eq. (14)], that is to say, z; = Yy, z, = Y,

z3 = f(y,y,w). Let u be defined as follows: u = %MO
0

Furthermore, let us neglect the estimation error of z; on
f(y,y,w). In this case, (14) can be simplified to a double-

integrator cascade structure.
V=00 w)—2z3) +up = ug (18)

Design of the PD controller:
ug = ky(v —2z1) — kqz, (19)
Where:

v represents the reference signal, while k, and kq denote
the controller gains. The closed-loop transfer function of the
system can be derived in accordance with the principles set
forth in eqgs (18) and (19).
kol

Ga(s) = s2 4+ kqs + kp

(20)

An appropriate selection of the gains (k, and kgq)

can stabilize the system. The characteristic equation of
LESO is as follows:

A(s) = 53+ B15% + Bys + B3 (21)

By selecting the optimal characteristic equation,
A(s) = (s + w,)?3, the result is:

B =3w,, B2 = 30’(2;'53 = (Ug (22)

In this equation, the term w, is defined as the
observer bandwidth. Similarly, the parameters in Eq. (20)
can be selected as follows:

kp = wé kg = 28w, (23)

In the [eq. (23)], w. is represents the controller
bandwidth, while & represents the damping ratio. When the
value of & is set to 1, the LADRC control parameters
configuration simplifies to selecting three key parameters:
the observer bandwidth w,, the controller bandwidth w,
and the control gain b,. This significantly simplifies the
complexity of controller-parameter configuration.

The principal function of the LADRC is to transform
the feedback data from the grating sensor into pulse control
signals that regulate the operation of the stepper motor. This
conversion process is crucial for achieving the precise
control of real-time adaptive tilling-depth systems. During
operation, the grating sensor continuously monitors the
actual tillage depth of the rotary tiller and generates the
corresponding  measurements. Subsequently,  the
measurements were transmitted to the control subsystem,
where they were compared with the preset desired tillage
depth. The system then generates two deviation signals, el
and e2, representing the discrepancy between the actual and
desired tillage depth values (Jin et al., 2020).

The LADRC employs linear state error feedback
control laws to facilitate real-time adaptive adjustments to
the hybrid stepper motor on a rotary tiller sliding platform
based on the deviation signals, thereby enabling precise
regulation of tillage depth changes. This adaptive
adjustment mechanism allows the rotary-tiller system to
effectively mitigate the impacts of uneven surfaces, shocks,
and vibrations from the tilling environment, thus enabling
more stable and precise tillage depth control.

Simulation of the adaptive LADRC tillage depth
control system

A LADRC model was developed in MATLAB
Simulink 2023a software based on the adaptive LADRC
control method for tillage depth. The resulting model is
illustrated in Figure 9. In the simulation, step-response
experiments were conducted with preset tillage depths of
80 mm and 100 mm. The step responses are shown in
Figure 10.

| convert it

Target Depth  Depth To Degreel

¥

LADRC controller
Fuzzy PID controller

SMC controller Tref

Bl

Hybrid Stepper Motor Driver Hybrid Stepper Motor System

—— convert

Depth To Degree2

Attitude Sensor

Aﬁévi‘ude Eengor 1

Extended Kalman Filter

FIGURE 9. Simulation model of the LADRC controller.

Sensor Data Fusion

Vehicle Attitude Sensor Uneven road surface
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FIGURE 10. Step response plots for different tillage depths.

As illustrated in Figure 10, the LADRC shows
superior response speed compared to the fuzzy PID and
SMC controllers. The adjustment time was reduced by
46.4% in comparison with the fuzzy PID controller, with the

Tillage Depth(mm)

140
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200 s SMC
—— LADRC
100
80 F
60 f
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20 F
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Time (s)

(b) 100mm tillage depth step response

LADRC showing no overshoot. The regulation time was
reduced by 33.4% compared to the SMC controller. A
comprehensive comparison of the results is presented in
Table 2.

TABLE 2. Performance comparison of different controllers and tillage depth step response.

Tillage Depth(mm) Controller Type Adjustment Time(s) Overshoot(%)
80 LADRC 0.135 0
80 SMC 0.189 0
80 Fuzzy-PID 0.252 16.3
100 LADRC 0.136 0
100 SMC 0.220 0
100 Fuzzy-PID 0.253 13.5

As illustrated in Figure 11, the random road
unevenness is characterized by a maximum of 50.0 mm above
the reference tillage depth level and a minimum of -18.0 mm
below. Simulation experiments were conducted at preset
tillage depths of 80 mm and 100 mm, and the control effects
were compared with those of the fuzzy PID controller (see
Figure 12). As illustrated in Figure 12, the tillage depth
regulated by the LADRC demonstrated superior tracking

60
50.
40.
30.
20-
10.

0

Disturbing signals (mm)

performance. Compared with the fuzzy PID controller, the
LADRC demonstrated a reduction in the magnitude of errors
in the context of real-time dynamic tillage depth control.
LADRC also outperformed SMC in terms of control
performance, with smaller errors and better follow-up
performance. The LADRC exhibited excellent real-time depth
control performance, even when operating under uneven road
conditions and in the presence of other disturbances.

— Disturbing Signal

Time (s)

FIGURE 11. Randomized Road Disturbance Signal of Unevenness.
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FIGURE 12. Performance of real-time control of different tillage depths under disturbing signals.

Tillage Depth Control System Experiment in Oolong Tea Plantations

Experimental method

Fuzzy PID, SMC, and LADRC control systems were employed to regulate the rotary-tilling depth of an electric rotary
tiller under varying operational conditions. The efficacy of the three control strategies in the automatic tillage depth control
systems was subsequently assessed. The uniformity and stability of rotary tillage under each control mode were assessed to
determine with the required precision standards (Kim et al., 2021; Liu et al., 2023b).

FIGURE 13. Electric Tiller Working Experiment.

As illustrated in Figure 13, electric rotary tillers are
primarily used for intercropping tea trees and soybeans in tea
plantations. The length of the test tea plantation was 20 m,
and the average rotary speed of the rotary tiller was set to 150
r/min (Chen et al., 2021). Due to the lightweight and low-
power design of the electric rotary tiller, the rotary speed may
exceed the optimal range, resulting in potential slippage of
the tiller. Furthermore, an excessive tillage depth may have

The oolong tea plant |

contributed to this phenomenon. Incomplete tillage operations
and other abnormal operating conditions may also occur. To
mitigate these risks, two average operating speeds were tested:
0.5 km/h and 0.8 km/h. The recommended planting depth for
soybeans is 50 mm, while the ideal soil tillage depth ranges
between 80 and 100 mm. Therefore, the preset tillage depths
were set at 80 mm and 100 mm for each operating speed,
leading to four test conditions outlined in Table 3.
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TABLE 3. Combination of test conditions of the tiller.

Working condition number Target tillage Target tillage Working
depth/mm Working speed/km-h-1 depth/mm speed/km-h!
1 80 0.5
2 100 0.5
3 80 0.8
4 100 0.8
The tillage-depth adjustment system was tested 3. The timer was started, allowing the electric rotary
under these four operating conditions. Furthermore, the tiller to begin operation, and the tiller unit was adjusted to
rotary tiller was considered stable within a 20 m test zone, reach the target depth.

with an additional 5 m on either side required to reach the
desired tillage depth. Each experiment was repeated three
times under different operating conditions, and the
average value was recorded as the final result. The micro
tiller was tested using two control systems: LADRC,
SMC, and fuzzy PID. The following tests were conducted

independently:

1. The machine status was verified to ensure that the
control, walking, and rotary-tiller systems operated
correctly.

2. Configure the fuzzy PID control algorithm, SMC
control algorithm, or LADRC algorithm.

4. Sampling points at 25 cm intervals along the path of the
rotary tiller, and a total of 40 sampling points were selected.
5. Once the electric rotary tiller completed its operation,
the actual tillage depth at the marked points was measured
manually.

Experimental results and analysis

Experiments were conducted following the outlined
methodology, and the results are shown in Fig. 14. The
figure displays tillage depth values at each marked point
under varying working conditions. The tillage depth curves
for different working conditions after organizing the data
are shown in Figure 15.

FIGURE 14. Data collection on the depth of rotary tillage.
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FIGURE 15. Rotary tillage depth under different control methods.

The experimental results demonstrated that
fluctuations throughout the rotary-tilling process remained
within a stable range. The outcomes varied based on
specific working conditions, including the preset tillage
depth and operating speed. As shown in Figure 15 and Table
4, the self-propelled electric rotary tiller employing fuzzy
PID, SMC, and LADRC rapidly attained the desired tillage
depth during actual operations. As illustrated in Figure 15,
the maximum discrepancy between the actual and preset
tillage depths across diverse operational conditions was 23
mm, while the minimum discrepancy was 16 mm. The mean
standard deviation of the tillage depth was 3.2 mm, and the
mean coefficient of variation in the tillage depth stability
was 3.7%. The maximum deviation between the actual and
preset tillage depths under different working conditions
was 8 mm when the LADRC method was employed, with a
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minimum deviation of 6 mm. The mean standard deviations
of the tillage depth, as measured using the SMC and Fuzzy
PID control strategies, were 5.9 mm and 10.5 mm,
respectively. Similarly, the mean coefficients of variation in
tillage depth stability were 6.7% and 11.9%, respectively.
The coefficient of variation of the tillage depth stability of
the LADRC was reduced by 44.8% compared with that of
the SMC. However, compared with the fuzzy-PID control
method, the coefficient of variation of the depth of tillage
stability for the LADRC strategy decreased even more,
reaching 68.9%. Furthermore, the LADRC-based rotary-
tiller equipment significantly reduced fluctuations in tillage
depth while maintaining stability. This led to a reduction in
the rate of tillage depth variation and an enhancement in the
quality of rotary-tillage operations.
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TABLE 4. Performance parameters of tillage depth for different control strategies.

Working Target tillage Average tillage Standard deviation of Tillage depth stability

No. ?noeltlltll::ll speed depth depth tillage depth coefficient of variation
(km/h) (mm) (mm) (mm) (%)
1 Fuzzy PID 0.5 80 77.8 11.2 14.4
2 SMC 0.5 80 77.7 9.1 11.7
3  LADRC 0.5 80 80.4 4.3 53
4  Fuzzy PID 0.5 100 97.7 9.5 9.7
5 SMC 0.5 100 103.7 7.5 7.2
6 LADRC 0.5 100 100.7 3.0 3.0
7 Fuzzy PID 0.8 80 83.1 10.6 12.8
8 SMC 0.8 80 82.4 3.9 4.7
9 LADRC 0.8 80 79.7 3.1 3.9
10 Fuzzy PID 0.8 100 97.9 10.5 10.7
11 SMC 0.8 100 98.7 32 3.2
12 LADRC 0.8 100 100.2 2.6 2.6

To verify the stability of the field test results,
multiple experiments were conducted across multiple tea
gardens. The soil hardness was assessed using a soil
firmness testing instrument (model: IN-JSD-3) from AIYIN
TEST, as shown in Figure 16. Most tea gardens exhibited
soil hardness values ranging from 50 MPa to 150 MPa. The
data from 500 field experiments were compiled to construct
an error probability distribution curve (Fig. 17). Notably,
the error distribution of the LADRC method was the most
concentrated, with its peak centered at approximately 0°,

FIGURE 16. The soil firmness tester.
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indicating its exceptional reliability, robustness, and
superior anti-interference performance.

As shown in Table 5, a quantitative analysis of the
cost and energy consumption of the LADRC system was
performed. The overall cost of the tillage depth control
system was $172.27, keeping it below $200. The overall
energy consumption of the system is approximately 100 W,
demonstrating its energy-saving advantage. These factors
indicate that the system demonstrates strong economic
viability across a wide range of practical applications.
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FIGURE 17. Error probability distribution curves of different control strategies.
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TABLE 5. Tillage control system costs and energy consumption statistics.

Items Price/Energy consumption
Controllers $1.63
Hardware Costs Sensors $22.48
Actuators $60.74
Other Modules $27.42
System Integration $30.0
Software Costs i
System Testing $30.0
Overall cost of the tillage control system $172.27
Controller Energy Consumption 0.33~1.0 W
Energy consumption Sensor energy consumption 0.25~1.0 W
Actuator energy consumption 90~100 W
Overall system energy consumption 90.58~102 W

CONCLUSIONS

This paper proposes a novel tillage depth control
system incorporating body posture sensors, grating sensors,
control units, and hybrid stepper motors, with the aim of
addressing the issue of uneven tillage depth control in
electric rotary tillers. The STM32 microcontroller served as
the control unit, and the LADRC strategy was innovatively
applied to a tillage depth control system. The system
achieves a control response time of 0.14 s, ensuring high
precision, rapid response speed, and minimal fluctuation in
tillage depth control. An electric rotary tiller utilizing the
LADRC strategy is capable of maintaining stable tillage
depth throughout the operational cycle. Compared to the
fuzzy PID and SMC controls, the LADRC strategy
demonstrated a 68.9% reduction in the variation in tillage
depth stability, thereby meeting the consistency
requirements for tillage depth. The system achieved a fully
adaptive closed-loop control process for the tillage depth by
collecting real-time signals from the grating sensor and
comparing the actual tillage depth with the target value.
This control system is highly practical and has significant
value in research on tillage depth control in electric rotary
tillers. However, the selection of LADRC parameters, such
as bandwidth and gain, relies on experimental experience.
Future work will further explore the use of optimization
methods such as particle swarm optimization (PSO) and
deep learning to adaptively select LADRC parameters,
thereby enhancing the adaptability of the system.
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