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Abstract: This study addresses the issue of low control accuracy and harvesting efficiency resulting
from the manual adjustment of the header height during the sugarcane harvesting process in hilly and
mountainous regions. An adaptive header height adjustment system was designed and implemented.
A test bench for the sugarcane harvester header was designed and constructed, incorporating a
LiDAR to measure the ground height at the sugarcane growth point in front, and a draw-wire
displacement sensor to monitor the real-time height of the header. I/O ports were allocated, and the
control program was developed in the TIA Portal environment. The PLC control system achieves
the precise adjustment of the cutting height based on the collected data. The experimental results
indicate that the system can quickly respond and adjust the cutting height under complex terrain
conditions. When the cutting height into the soil is 0 mm, the adaptive control system’s average
cutting height error is 0.28 cm, and the average response time is 2.3 s. When the cutting depth into
the soil is 2 cm, the average cutting height error is 0.21 cm, and the average response time is 2.31 s.

Keywords: sugarcane harvester; header height; LiDAR; PLC control

1. Introduction

Sugarcane, a significant economic crop, is primarily cultivated in regions such as
Guangxi and Yunnan in China [1,2]. The terrain of sugarcane fields in these areas is
predominantly hilly and mountainous, with a planting cycle that lasts three years [3]. The
cutting height of current sugarcane harvesters predominantly relies on manual adjustment
by drivers and cannot adaptively adjust to changes in the ground height. If the cutting
height is too low, the blade may damage the root, and the excess soil can increase the
impurity content of the sugarcane and the power consumption of the equipment, potentially
leading to channel blockage and damage to the cutting mechanism. Conversely, if the
cutting height is too high, it will result in harvest losses and an increased rate of breakage,
making the incision susceptible to disease and insect infestations, thereby affecting the
yield of the following year [4]. Therefore, the design and implementation of an adaptive
height adjustment system for sugarcane harvesters is of great significance.

There are three primary types of header height control technologies: mechanical,
electro-hydraulic, and sensor-based systems [5]. In foreign countries, the sugarcane cultiva-
tion areas are large, with small slopes and flat terrain, leading to a low demand for automatic
cutting height control and relatively little research on this subject [6]. In China, sugarcane
harvesters predominantly use mechanical header height control technology, which adjusts
the header height via a parallel four-bar mechanism. This mechanical method requires the
driver to manually adjust the header height according to field terrain changes, and the
parallel four-bar mechanism performs poorly in terms of real-time profiling accuracy and
control stability [7,8]. Currently, other header height control technologies are still under
development. Liao et al. designed and installed an electro-hydraulic adaptive adjustment
system on the 4LZ-1.2 tracked self-propelled combine harvester using infrared photoelectric
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sensors. However, the photoelectric sensors are susceptible to dust, weeds, and complex
working environments, which result in inaccurate detection [9]. Zhang designed an auto-
matic control system for the cutting height using ultrasonic sensors. The height is detected
by ultrasonic sensors, and the position is measured by hydraulic cylinder displacement
sensors. The microcontroller integrates this information to control the proportional direc-
tional valve, adjusting the height. However, ultrasonic sensors are prone to interference
from crop residues, leading to a relatively low measurement accuracy and reliability [10].
Ni et al. designed a floating control system for the cutter head of a sugarcane harvester,
adjusting the header height through an improved hydraulic system in conjunction with an
angular displacement sensor, which remains only in the theoretical stage [11]. Wen et al.
proposed a computer vision method to control the cutting height based on images captured
by the camera, but the camera is susceptible to the lighting conditions [12]. In summary,
the header height control technologies used by sugarcane harvesters in China cannot meet
the actual production needs.

To address the inability of sugarcane harvesters to adaptively adjust the header height
according to ground fluctuations, this study designs an adaptive header height adjustment
system. This system utilizes a LIDAR and draw-wire displacement sensors for the real-
time monitoring and collection of the ground height and cutting height data and employs
adaptive electro-hydraulic control to manage ground changes, achieving real-time ground
height monitoring and automatic header height control.

2. Materials and Methods
2.1. Overall System Structure

Figure 1 illustrates the ground information acquisition and electro-hydraulic system
structure of the sugarcane harvester’s header height adaptive control system. The system
primarily consists of height information acquisition sensors (LiDAR for ground height
information and a displacement sensor for cutting height information), a PLC control
system, and a hydraulic system. The PLC control system is connected to the input end of
the ranging sensors, converting the analog signal transmitted by the sensor into a digital
signal in real time for data reading. The output end, equipped with a relay, is connected to
the hydraulic system, which adjusts the header height based on the control signal sent by
the PLC control system.

Figure 1. Structure diagram of ground information acquisition and electro-hydraulic control system.

2.2. Design of Sugarcane Cutting Test Bench

To automatically adjust the sugarcane harvester’s header height according to ground
undulations, achieve precise control of the header height, and conduct multiple experiments
and adjustments without affecting actual production, thereby saving time and cost, a
sugarcane harvester header height adaptive adjustment test bench was designed, as shown
in Figure 2.
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Figure 2. Sugarcane cutting test bench. 1. Sugarcane conveyor line; 2. Sugarcane root fixing fixture;
3. Sugarcane; 4. Control box; 5. Lifting guide rail; 6. Cutting header; 7. Oil pipe; 8. Tilting mechanism;
9. Hydraulic system; 10. Lifting oil cylinder; 11. Support base.

The test bench utilizes a gantry structure and is primarily composed of key components
such as the lifting device, hydraulic system, control system, sugarcane fixing fixture, and
chain conveyor line. By incorporating height information acquisition sensors, PLC control
systems, and hydraulic systems, this test bench can collect real-time height data, process
control signals, and adjust the header height. The functions and parameters of each
component are listed in Table 1.

Table 1. Essential components and parameters of the experimental platform.

Components Parameters

Gantry main frame Overall dimensions: length 7.5 m, width 1.5 m
Load: 1200 kg
Material: carbon steel Q235A
Lifting device Maximum load: 2000 kg
Cylinder diameter: 80 mm
Maximum stroke: 300 mm
Tilting mechanism Tilt angle: —15°~+15°
Hydraulic system Hydraulic system flow rate: 120 L/min
Hydraulic pump motor power: 25 kw
Speed: 1200 r/min
Chain conveyor line Length: 6 m
Motor power: 1.5 kw
Conveying speed: maximum 1.38 m/s
Sugarcane fixing fixture Clamping force: 850 N
Clamp sleeve diameter: 20~50 mm
Plant spacing: 150~300 mm

The design principle relies on the hydraulic system for power, driving the lifting
device and cutting mechanism to achieve height adjustment. The control system monitors
the operational status of various components and adjusts the cutting height for different
terrains based on real-time height data collected by sensors. The sugarcane fixing fixture
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and chain conveyor line simulate the actual growth environment and harvesting process of
sugarcane and transport the sugarcane to the cutting mechanism for processing.

2.3. Ground Height Detection
2.3.1. Data Acquisition

To simulate the actual working environment of the sugarcane harvester in single-row
mode, the LIDAR was installed on a table on the left side of the test bench. To ensure that the
indoor simulation experiment conditions are consistent with the sugarcane field experiment
conditions, the LiDAR was installed at a height of 81.2 cm and a horizontal distance of
85 cm from the test bench. The LiDAR collects information at a frequency of 10 Hz. The
layout and testing environment of the test bench are illustrated in Figures 3 and 4.

, ' *f'

Figure 4. Experimental environment setup. (a) Ground without obstruction; (b) ground with weeds;
(c) ground with weeds and sugarcane leaves.

2.3.2. Terrain Inversion

When the ground is obstructed by obstacles such as sugarcane leaves and weeds, parts
of the ground cannot be detected. The terrain inversion method is employed to restore
terrain information in these obstructed areas, achieving the accurate reconstruction of the
ground [13]. Cubic polynomial fitting is suitable for complex terrain due to its mathematical
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properties and flexibility, allowing it to accurately fit terrains with undulations and avoid
overfitting or underfitting issues [14]. For ground points not obscured by sugarcane leaves,
a cubic polynomial is used to fit point cloud data, generating a continuous ground surface
model to capture terrain changes. Firstly, select a polynomial order of n=3 and apply
the least squares method to fit the ground point data, resulting in the following cubic
polynomial function:

P(x,y) = a3x® 4+ axx* 4+ ayx + b3y® + boy* + by + ¢ 1)

where a3, a3, a1, b3, by, by, and c are the fitting parameters, x and y represent the horizontal
coordinates of the ground point, and P(x,y) represents the vertical coordinate of the
ground points. Using the least squares method to determine the fitting parameters of the
polynomial, a ground model of the occluded area can be generated.

Due to the obstruction of sugarcane leaves, the ground point cloud in Figure 5 cannot
be accurately scanned or displayed, resulting in missing ground contours. Using cubic
polynomial fitting, the occluded terrain was reconstructed, as shown in Figure 6, resulting
in complete and continuous ground contours. Terrain inversion generates a smooth fitting
curve by utilizing surrounding unobstructed ground point cloud data, reconstructing the
originally missing terrain. The reconstructed terrain contours more accurately reflect the
actual height and shape of the ground.

Figure 5. Sugarcane leaves obstruction.

Figure 6. Terrain inversion.

2.3.3. Identification of Sugarcane Growth Point Height

To identify the intersection point between the sugarcane and the ground, first set an
initial minimum Z coordinate value and traverse each point in the sugarcane model to
check if its Z coordinate value is less than the current recorded minimum value [15]. If so,
update the current minimum Z coordinate value and record the point coordinate as the
lowest point until all points are checked. The final lowest point obtained is the lowest point
at the bottom of the sugarcane model. This lowest point is then projected onto the ground
and marked on the ground point cloud, representing the intersection point between the
sugarcane and the ground.

2.4. Control System Design

As shown in Figure 7, the PLC (Programmable Logic Controller) control system is
responsible for the precise control and real-time adjustment of the hydraulic system in
the height adaptive control of the sugarcane harvester header. The LiDAR collects terrain
height data, and Figure 8 shows the draw-wire displacement sensor fixed on the lifting
hydraulic cylinder of the header, which collects data on the height of the test bench. When
the header rises or falls, it drives the rope to stretch and retract. The PLC analyzes and
processes the collected data through its internal structure, ultimately transmitting the
calculation results to the hydraulic valve. The hydraulic valve then controls the opening,
closing, and reversing of the hydraulic pipeline, achieving the adaptive adjustment of the
cutting height to the ground height. The hydraulic system is shown in Figure 9.



Agronomy 2024, 14, 1644

6 of 15

Figure 9. Hydraulic system.

2.4.1. 1/0 Port Allocation

A Siemens CPU 1214C DC/DC/DC, sourced from Siemens in Munich, Germany, is
chosen as the main controller, featuring 14 digital input interfaces and 10 digital output
interfaces. The digital inputs (DIs) and outputs (DQs), represented as 1 and 0, respectively,
are used to control the start and stop of the actuator. These control signals manage the
on/ off states of hydraulic valves by altering their closed and open states, thereby controlling
the on/off and reversing of oil circuits.
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The PLC is also equipped with two analog input ports (Als) to receive continuous
signals from the external sensors [16]. In this system, the signals for the rise and fall of the
header are digital. The LiDAR measures the ground height, and the changes in the length
of the wire in the draw-wire displacement sensor reflect the changes in the header height
as analog signals.

The control module is powered by a 24 V power supply, with external power supply
terminals labeled L and N. The inputs and outputs (I/O) allocation of the PLC in this
system is shown in Table 2.

Table 2. Allocation of I/O points for the header’s adaptive height adjustment control system.

I/0 Type Port Connected Device Description
DI 10.0 Lifting hydraulic cylinder Control the rise manually into position
DI 10.1 Lifting hydraulic cylinder Control the drop manually into position
DQ Q0.0 Left header hydraulic valve Control the left header’s upward movement
DQ Q0.1 Left header hydraulic valve Control the left header’s downward movement
DQ Q0.2 Right header hydraulic valve Control the right header’s upward movement
DQ Q0.3 Right header hydraulic valve Control the right header’s downward movement
Al W64 Draw-wire displacement sensor Receive analog signals of the header height
Al TW100 LiDAR Receive analog signals of the terrain height

The PLC wiring diagram for the sugarcane harvester cutting header test bench is
shown in Figure 10.

Automatic buttons
—SPpIBHoRF
E-STOP button
. 24V
Drop in place

Rise into place
LiDAR input
24V e

o Displacement sensor input
PE e —

L+ é‘LH\/” IM0123456 7012345 2M 0 1
5 b k1

CEEEEE Yl X P lj‘

CPUI214
DC/DC/DC

BQ DOx

o po-
s43mbiz38567010 T

1 |990000000000 é

Right header rise l
'Li&ht header lower]
Left header rise

pe _cTicacCl
Left header lower

w
Figure 10. PLC wiring diagram.

2.4.2. Data Acquisition and Processing

The draw-wire displacement sensor is installed on the lifting oil cylinder on both
sides of the cutting header, measuring the real-time height of the cutting header via the
displacement of the wire. The data measured by the sensor are voltage signals that need
to be converted into analog signals via the analog input interface before the PLC can
process them.
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(1) The analog address of the sensor input to the PLC is IW64, and the data type is INT
(integer type), representing the current header height analog signal [17].
(2) Conversion of voltage signal into analog signal: Vinalog = Vinput X %.

(3) Conversion of analog signal into integer type: Current height analog = int <Vana10g) .

The ground height data collected by the LiDAR are transmitted to the PLC through a
communication interface, representing the simulated ground height ahead. The ground
height data are stored in the PLC’s analog input register, with the analog address being
IW100 and the data type being INT.

2.4.3. Design of Cutting Header Height Control Logic

The header height control program is illustrated in Figure 11. “Header up 1” and
“Header up 2” represent the upward movement of the left and right headers, while “Header
down 1” and “Header down 2” represent their downward movement. To ensure safe and
reliable control, the program for raising and lowering the header height is designed in
interlock mode [18].

%IW64
“Current header height
analog signal”

| -

%0Q0.1 % Q0.3 %M1.0 %Q0.0
“Header down 17 “Header down 2* “Height in place” “Header up 1”

Int

%IW100
“Front ground height
analog signal™

%IW 64
“Current header height
analog signal™

=

U —

{ 3} I
{ ) |
%Q0.2

“Header up2™

(a) Raising the cutting header

%Q0.0 %Q0.2 9% ML.0 %Q0.1
“Header up 1% “Header up2” “Height in place” <«Header down 17

Int

%% IW100
“Front ground height
analog signal™

T

D —

%Q0.3

“Header down 2™

(b) Lowering the cutting header

Figure 11. Logic design of cutting header height control.

In the control logic, comparison instructions are introduced to compare the current
header height with the front ground height measured by the LiDAR to determine the
operation of the cutting header.

Ah = hg — he )

where hg is the ground height measured by the LiDAR, and /. is the header height measured
by the draw-wire displacement sensor.

If Ah > 0, it indicates that the cutting header is lower than the ground and needs to be
raised. The PLC will output a signal to Q0.0 or Q0.2 to control the corresponding hydraulic
valve to rise.

If Ah > 0, it indicates that the cutting header is above the ground and needs to
be lowered. The PLC will output a signal to Q0.1 or Q0.3 to control the corresponding
hydraulic valve to lower.
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If Ah > 0, it indicates that the current height is appropriate, and the PLC will not make
any adjustments.

2.4.4. Target Height Error Range Program

The height adjustment of the sugarcane harvester cutting header test bench utilizes
a hydraulic control system. Unlike motor control, hydraulic control makes it difficult to
achieve the precise control of each analog signal. The program that determines the current
height and the front ground height can achieve the stop of the header. However, due to the
inertia of the hydraulic system, the current height’s analog signal may slightly exceed the
front ground height [19]. In theory, the cutting header should stop at this point, but the
system will issue a descent command, and the PLC executes the lowering operation. Due
to inertia, the current height analog signal may be lower than the ground height ahead,
prompting the PLC to immediately execute the raising command.

This repetition can cause the header to oscillate near the target height, leading to
unsatisfactory control effects. Therefore, it is necessary to introduce a program for the
target height error range so that when the cutting header reaches the specified height range,
the PLC no longer executes up or down commands, thus achieving more stable control.
The program for the target height error range is illustrated in Figure 12.

IN_RANGE 96M1.0
" Int “Height in place signal”
( )—
%MWIS2 _ MIN
“Lower limit height”
%IW64 _ yAL
“Current header height”
%MWI50 — MAX
“Upper limit height”
ADD
Int
ENl — ENO/—™
9
%IWI00 — SR @R MWISZ
“Front ground height” Lower limit height’
—0 — IN2
ADD
Int
EN — ENO——
9IWI100 %6MW150
“Front ground height” — INL - OUT —— g o yinsse poighe
20 — N

Figure 12. Design of target height error range program.

The meaning of this program is that once the current height analog signal reaches the
error range of the target height, the PLC sends a height-in-place signal to the up and down
commands. As the normally closed contacts of the height-in-place signal are connected
in series within the header lifting and lowering program, once the PLC sends the height-
in-place signal, both the raising and lowering commands will stop, achieving adaptive
height adjustment.

2.4.5. Cutting Height Adaptive Control Process

The workflow of the adaptive control system for the cutting header of the sugarcane
harvester test bench is illustrated in Figure 13.
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Obtain the current
header height
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header height
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The header remains stationary Raise the header

Lower the header

End

Figure 13. Workflow of cutting height adaptive control system.

When the test bench for the sugarcane harvester header is ready to operate, the system
first activates the LIDAR ground height detection function. The operator can choose to
activate the cutting height adaptive control system. If not activated, the system enters
manual operation mode. If activated, the control system initializes and sets the target
cutting height. If the ground height exceeds the cutting header height, the system issues a
raise command, and the header rises. If the ground height is less than the header height,
the system will issue a descent command, and the header will descend.

3. Results and Discussion
3.1. Ground Height Acquisition with LiDAR
Figure 14 illustrates the effect of terrain inversion. The red dots indicate the boundary

points between the sugarcane and the ground. As shown in the figure, the ground point
cloud forms continuous linear structures that represent the ground contours.

(a) Ground unobstructed (b) Ground with weeds (c) Ground with weeds and sugarcane leaves

Figure 14. Terrain inversion point cloud.

To verify the accuracy of terrain inversion and ground height recognition, a compara-
tive analysis was conducted between the ground height obtained from terrain inversion
and the actual ground height in the presence of weeds and sugarcane leaves on the ground.
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The LiDAR was fixed and placed at a height of 81.2 cm, with this set as the zero-
horizontal plane. According to Figure 15¢, the boundary point between the sugarcane and
the ground identified by the LiDAR is located 8.83 cm below the zero-level plane, so its
corresponding actual height is 72.37 cm. To verify this result, a measurement tool was used
to measure the actual ground height at the same sugarcane growth point. As shown in
Figure 15d, the height obstructed by sugarcane leaves was 74.61 cm, and the actual ground
height was approximately 72.33 cm.

(a)LiDAR coordinate system (b)LiDAR zero-level actual height (c)Coordinates of sugarcane growth (d)Actual measured height
measurement point in the point cloud map

C X:-0.88572
X | Y: 0.50275

Z 088298

Color: 0 255 255
Intensity: 37

Figure 15. Measurement of sugarcane growth point height in simulation experiment.

To further quantify the effectiveness of terrain inversion, a detailed comparison was
conducted between the actual measured ground height, the height obstructed by sugarcane
leaves and weeds, and the height before and after terrain inversion. The specific results
are presented in Figure 16. When comparing the position height of the terrain inversion
point cloud map with the actual measurement height, the error range was within £0.17 cm,
with an average error of 0.09 cm. These results indicate that LIDAR height recognition has
high accuracy.

0.12% [ A ctual terrain height 0.14% 5 190,
‘ [ 1 errain inversion height *
78 7 467757

0.230/;7 3%717.28 77.1571‘07

77.37

0.09%
75 0.08% 0.16%;5 37347 #
74.6374'56
73.573.36 73.7673.88 0.06%
0.07%)
0.1%
72 : 0.11%

72337237

0.13%,
7095709 70927085
70.517043

69.8569.94

69

66

Sugarcane growing point height (cm)

63

60 1 2 3 4 1 2 3 4 1 2 3 4

T
Ground with weeds and
sugarcane leaves

T ' ) T
Ground unobstructed Ground with weeds

Sugarcane growing point
Figure 16. Height error statistics for sugarcane growth points.

3.2. Control Accuracy

To assess the reliability and control accuracy of the adaptive control system for the
header of the sugarcane harvester test bench, indoor sugarcane harvesting experiments
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were conducted at Guangxi University. Three ground points with varying levels of ob-
struction in the sugarcane growth area were selected as measurement points, with the
harvesting speed set to 1.5 km/h. The cutting height of the header was measured, and the
response time was recorded to evaluate the performance of the header height adaptive
adjustment system.

When the average absolute error of the system is less than 0.7 cm, the error can be
considered acceptable [20]. The experimental results are shown in Tables 3 and 4, with the
deviation being the difference between the actual cutting height and the set height.

Table 3. Adaptive control performance test results for ground-level cutting.

Cutting Actual Cutting Time to
Obstruction Measurement . Ground . Reach Deviation
o . Depth into . Height
Condition Point Soil Height Steady (cm)
oil (cm) (cm)
(cm) State (s)
1 0 70.95 71.02 2.78 0.07
. 2 0 77.46 77.86 2.28 0.4
No obstruction 3 0 70.92 70.13 2.39 ~0.79
4 0 73.50 73.79 2.25 0.29
1 0 70.51 70.84 2.23 0.33
Obstructed by 2 0 73.76 73.62 2.02 —-0.14
weeds 3 0 75.30 75.55 2.15 0.25
4 0 77.39 77.04 2.07 —0.35
Obstructed by 1 0 77.16 77.59 2.98 0.43
weeds and 2 0 72.33 72.46 2.24 0.13
sugarcane 3 0 69.85 69.79 2.16 —0.06
leaves 4 0 74.63 74.73 2.08 0.1

Table 4. Adaptive control performance test results for soil penetration depth.

Cutting Actual Cutting Time to
Obstruction Measurement . Ground . Reach Deviation
o . Depth into . Height
Condition Point . Height Steady (cm)
Soil (cm) (cm)
(cm) State (s)
1 -2 68.32 65.94 2.17 —2.38
. 2 -2 76.84 74.55 2.82 -2.29
No obstruction 3 -2 71.25 69.41 2.03 —1.84
4 -2 78.63 76.14 2.27 —-2.49
1 -2 75.72 73.35 2.62 -2.37
Obstructed by 2 -2 68.57 66.79 2.35 —1.78
weeds 3 -2 78.28 76.08 2.17 -2.20
4 -2 73.15 70.89 2.50 —2.26
Obstructed by 1 -2 76.81 74.47 2.14 —2.34
weeds and 2 -2 70.36 68.52 2.17 —1.84
sugarcane 3 -2 78.28 75.92 2.32 —-2.36
leaves 4 -2 73.64 71.23 2.15 —2.41

The experimental results in Figure 17 indicate that when the soil penetration depth is
set to 0 cm, the average cutting height error of the adaptive control system is 0.28 cm, with
an average response time of 2.3 s. With a soil penetration depth of 2 cm, the average cutting
height error is 0.21 cm, and the average response time is 2.31 s. Across different excavation
depths and ground obstructions, the above height errors are within a reasonable range,
meeting practical usage requirements.
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Figure 17. Cutting error and response time at different soil penetration depths.

3.3. Discussion

This study’s innovation lies in addressing the terrain adaptability and height adjust-
ment issues of sugarcane harvesters by proposing a comprehensive solution based on
LiDAR and draw-wire displacement sensors, achieving precise control through a PLC
control system. However, this paper still has some shortcomings that need to be addressed,
mainly in the following aspects:

(1) The collection of ground height data can be further improved by integrating
multiple methods such as LiDAR, laser rangefinder, and machine vision to obtain data.

(2) The control system has not yet been integrated into an actual sugarcane harvester
and has only been tested on the constructed test bench.

(3) Due to hardware limitations, control algorithms have not been integrated, pre-
venting a more precise adjustment of the header height by controlling the hydraulic valve
opening. In the future, an expansion module with analog output can be introduced, al-
lowing for the integration of control algorithms such as fuzzy PID (Proportional Integral
Derivative) and MPC (Model Predictive Control). These algorithms can be programmed
based on the expansion module to achieve more accurate and efficient hydraulic valve
control [21,22].

4. Conclusions

This study aims to resolve the challenges of low control accuracy and harvesting
efficiency resulting from manual header height adjustments in sugarcane harvesters. A
height adaptive adjustment system for the sugarcane harvester header test bench was
designed and implemented to enhance the precision and efficiency.

(1) A height adaptive adjustment test bench for the sugarcane harvester header was
designed and constructed. It integrates critical components such as the tilting mechanism,
electro-hydraulic control system, clamping device, and chain conveyor line. The bench
simulated the terrain changes and sugarcane growth status in actual operations, providing
convenience for testing in different scenarios.

(2) A ground height extraction method based on LiDAR has been proposed. Data
were collected from sugarcane fields under different conditions, such as with sugarcane
leaves and weeds on the test bench. The obstructed ground was reconstructed using terrain
inversion, and the ground height at the sugarcane growth points was obtained based on
the 3D coordinates of the point cloud. The average error between the terrain inversion
point cloud heights and the actual measured heights was verified to be 0.09 cm, providing
reliable data support for the adaptive adjustment of the header height.

(3) Developed an automatic header height adjustment system. The I/O ports were
allocated, and control programs were designed and written in the TIA Portal development
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environment. The experimental results demonstrated that the designed adaptive adjust-
ment system could quickly respond and accurately adjust the header height under complex
terrain conditions. When the soil penetration depth is 0 mm, the average height error of
the adaptive control system is 0.28 cm, with an average response time of 2.3 s. At a soil
penetration depth of 2 cm, the average cutting height error is 0.21 cm, with an average
response time of 2.31 s.
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