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ABSTRACT

For the automatic control of soybean harvester header height, this study uses Area array LIDAR for header height
detection. An improved quatrtile range algorithm is used to dynamically remove outliers under crop residue interference.
Linear, quadratic, and cubic nonlinear terrain fitting models are established based on the surface undulation
characteristics of soybean fields. The Huber loss function is introduced to enhance the robustness of parameter
estimation. The balance between model complexity and fitting goodness is quantified using Bayesian information
criterion (BIC), and the model intercept term with the smallest BIC value is selected as the terrain reference height.
Aiming at the hysteresis characteristics of valve controlled asymmetric hydraulic cylinders, a telescopic dual-mode
transfer function model is established, and a Bang-bang switch lead compensation strategy with position threshold is
proposed. By predicting the trend of terrain changes, the electromagnetic directional valve is triggered in advance
when the height error of the header exceeds the set threshold, effectively reducing the system response delay. Field
comparative experiments have shown that at a working speed of 1m/s, the automatic control mode significantly
improves the uniformity of cutting compared to the manual mode. When the cutting threshold is set to 20, 25, and 30
mm, the coefficient of variation of cutting height is reduced by 2.13%, 1.71%, and 0.565%, respectively. Moreover, the
automatic mode maintains a gentle distribution characteristic within the threshold range of 15-35 mm, verifying the
strong robustness and control accuracy advantages of the designed system in complex farmland environments.
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INTRODUCTION

The losses during soybean harvesting mainly include header losses, threshing and separation losses, of
which header losses account for about 80% of the total losses (Lian et al., 2024). Crop cutting and missed
cutting are related to the contour and height adjustment of the header. If the position of soybean pods is low,
the cutting knife is prone to miss the soybean pods, causing loss of harvest on the cutting platform. If the height
of the cutting blade is lowered, it is easy to shovel soil into the cutting table when the blade is in contact with
the ground, causing soil to mix with soybean seeds and resulting in "mud flower face" loss, which affects the
quality of soybean harvest (Liu, 2022). Therefore, during harvesting, the cutting table should be adjusted in a
timely manner according to the height of the soybean bottom pod to achieve cutting table imitation. At present,
the detection methods for the height of the cutting table can be basically divided into contact and non-contact
methods. For the contact detection method, the Cleodolphi team introduced a position sensor in the height
detection of the harvester chassis and used a pressure sensing system to provide real-time feedback on the
contact status of the cutter head with the ground (Cleodolphi et al., 2017). The combine harvester header
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adjustment system developed by Liao Yong achieves dual sensor collaborative detection, capturing crop
height information through E18-D80NK infrared diffuse reflection photoelectric sensor, and accurately
obtaining header height data with KTC pull rod potentiometer displacement sensor (Liao et al., 2018). Li Zerui
improved the traditional cutting table system for soybean harvesting characteristics, and designed a floating
cutter that achieved adaptive adjustment within a small range through mechanical profiling (Li et al., 2022).
Zhou developed an intelligent cutting platform system based on angle sensing for the special cultivation mode
of soybean under film mulching drip irrigation in Xinjiang. Field test data showed that the relative error of height
detection of the device remained stable within 5% (Zhou et al., 2024). Non-contact surface parameter detection
mainly includes ultrasonic waves, machine vision, infrared sensing, etc. Pasi et al constructed a soil wheel
multi ultrasonic sensor fusion measurement system, which controlled the terrain contour detection error within
+ 10 mm through multi-source data fusion algorithm (Pasi et al., 2015). The ultrasonic dynamic plant
measurement system has been validated through orthogonal experiments, and its measurement accuracy is
significantly improved compared to traditional floating wheel devices (Chang et al., 2016). Huang Yiqi's team
proposed a 3D coordinate reconstruction method based on Otsu adaptive thresholding algorithm, which
achieved sub centimeter level (MAE<3 mm) terrain detection accuracy through feature point cloud spatial
registration (Huang et al., 2017). Huang Min proposed a sugarcane ridge height detection scheme based on
frequency modulated continuous wave radar. The device can maintain a maximum error level of 3.02 cm under
complex working conditions with a vegetation cover thickness of 10 cm and a detection distance of 170 cm
(Huang et al., 2021). Its penetrating detection mechanism provides an innovative solution for terrain
measurement under vegetation cover conditions.

However, the above-mentioned technical systems generally adopt a discrete single point sampling
mechanism, which makes the measurement data susceptible to local random noise interference and unable
to accurately characterize the macroscopic terrain characteristics of the work area. Based on this, this study
proposes a terrain perception system based on area array LIiDAR, which uses fusion point cloud feature
extraction and introduces a Bang-bang switch advance compensation strategy with position threshold: when
the terrain undulation is detected below the preset threshold, the system state remains stable, and only triggers
hydraulic actuator adjustment when significant terrain changes are identified.

MATERIALS AND METHODS
Data acquisition and processing of area array LiDAR

This study used Nooploop's TOFSense-MS surface array LIDAR for header height detection, with a
ranging range of 1.5¢c m ~ 4 m and a distance resolution of 1 mm. The data was transmitted through UART
interface using NLink protocol, and an 8 x 8 spatial height matrix was constructed in real time to generate a
three-dimensional point cloud map. To address the issue of data anomalies caused by crop residues, terrain
changes, and sensor noise in the work environment, an improved quartile range algorithm is adopted for outlier
detection:

0= Pz5(h)a 0= P75(h)= IOR =0, -0, (1)

Keep the data range as [Q1-1.5IQR, Q3+1.51QR], and remove outliers outside the range. Establish three
types of terrain fitting models based on the surface topography characteristics of soybean fields:

Linear model:
2
h=p,+px+p,y+¢e @)
Quadratic model (including curvature term):
2
h=ﬂ0+2(ﬂkxk+ykyk)+ﬂ3xy+g (3)
k=1
Third order model (high-order nonlinearity):
3
h=p, +Z(ﬂkxk +7/kyk)+ﬂ4xy+ﬂ5x2y+ﬂ6xy2+8 4)
k=1

Among them, (x, y) are the coordinates of the LIDAR array, € is the residual term, and the model
complexity dynamically adjusts with the complexity of the crop field terrain. Huber loss function is used for anti-
interference parameter estimation:
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The applicability of the model is evaluated based on Bayesian Information Criterion (BIC):
BIC =nln(&°)+kIn(n) (6)

In the formula, n is the effective data amount, K is the number of model parameters and & is the robust
regression residual variance. The model with the lowest BIC value is selected, and the intercept term of this
model is extracted as the fused height value. The left image below displays the original sensor data, which
contains four noticeable outlier points. After processing using the method described above, the influence of
these anomalies is effectively mitigated.
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Fig. 1 - Comparison of Front and Rear Processing of Area Array LiDAR Data

Figure 2 illustrates a closed-loop position control system based on the STM32F103ZET6 development
board. TOFSense-MS LiDAR data is transmitted to the STM32 master control unit via serial communication.
The microcontroller executes control algorithms to drive the H-bridge module, thereby regulating the on/off
states and fluid direction of the electromagnetic directional valve, which ultimately achieves header height
adjustment. The serial port screen provides a Human-Machine Interface (HMI) supporting parameter
configuration, real-time data monitoring, and status display functions.

TOFSense-MS - .| H-bridge driver
LiDAR " - module
Serial port | STM32F103ZET6 T —
screen ) development board electromagnetic
directional valve
S5V
12V storage power convert > ‘
> 3.3V ST
battery module — hydraulic cylinder

Fig. 2 - Closed-loop position control system

Modeling and analysis of valve controlled asymmetric cylinder system

The height adjustment of the cutting table adopts an asymmetric hydraulic cylinder as the execution
unit, and the lifting control is achieved by an electromagnetic directional valve. Compared to proportional valve
systems, electromagnetic directional valves have significant engineering applicability in the field of agricultural
equipment due to their simple structure, low maintenance costs, and strong resistance to pollution. However,
its discrete switch control characteristics result in inherent delay in valve core switching, directly affecting the
dynamic response performance of the hydraulic cylinder. To optimize the control accuracy of the system, it is
necessary to establish a dynamic model of the valve controlled asymmetric cylinder. The structural diagram is
shown in Fig 3.
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Fig. 3 - Structural diagram of valve controlled asymmetric cylinder system

Assuming the ratio of the two cavity areas is #n, that is:

A
AI
Define the load pressure as P; and the load flow rate as O;. When the hydraulic cylinder enters steady
state, there are:

p,A,—p,A
L:%ZPI_HPZ (8)
0, +nQ
QL=Q1=—1]+H/ 9)

Due to the different open-loop gains of the extension and retraction of asymmetric hydraulic cylinders, it
is necessary to establish basic equations for each case separately. The linear equation for the flow rate of a
four-way valve controlled asymmetric cylinder is as follows (Ye et al., 2015):

O, =Kx,-K.p, (10)
K, =Cw EM, x,>0
K :aQL: p I+n (11)
q
R P X
p 1+n
Kd:dexv\/Ijl, x,>0
K = 9% _ 2p (1+n°)(p,~p,) (12)
P K., =Cwx, L%, x, <0
| 2p (I+n°)(np, + p,)

In the formula: Cy is the valve port flow coefficient; o is the gradient of the throttle area of the solenoid
valve; X, is the displacement of the reversing valve core; p; is the rodless chamber pressure; p: is the rodless
chamber pressure; Ps represents the fuel supply pressure; p represents the density of hydraulic oil.

Assuming that the initial volumes of the two chambers of the piston are the same and the leakage is
ignored, the flow continuity equation can be derived:

d
0,=4%0 Vi dp (13)
dt  2U+n> p, dt
d’y  , dy
AP, =m +B —+Ky+F (14)
TR ar? a
AK x, —(K +LS)F
ey < 2(1+n’)B, (15)
xp= %

K +—s)Yms’+Bs+K)+ A’s
2(1+n2)ﬁe )( c ) 1
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Neglecting elastic load, viscous damping, and external load forces, it can be obtained:

Kq
xV
XP = VA[quv = % AI 1% (16)
(K, + 55— s)(ms2)+A12s S(—— ‘m2 2+ C’le+])
2(1+n7)p, 24;(1+n")p, 24;

Table 1
Valve-controlled asymmetric cylinder power structure parameters

Parameter Name Symbol Parameter Parameter Name Symbol Parameter

Value Value
Effective ig‘fl‘iatyd rodless A, 1.2566x103m? | Discharge Coefficient |  C, 0.61

Effective area of rod cavity A 0.8765%103m? Area gradient w 0.0047

Area ratio n 0.6975 Liquid elastic B, 6.85%10°Pa

modulus
Energy pressure P 8x108Pa Oil density p 850kg/m?®
Return oil pressure Py 0 Effective volume Vv, 1.2566%x10*m3

According to the technical manual, the opening time of the 4WE6J61B solenoid valve is 20-45 ms and
the closing time is 10-25 ms, both of which are 25 ms. Other parameter settings are shown in Table 1.
Therefore, the transfer function when the hydraulic cylinder is extended can be:

271.0481
H S — —0.025s (17)
) = S 6 I3x 107 +0.00157 +5
Similarly, the transfer function when the hydraulic cylinder retracts is:
HS)= 226.3698 0.025 (18)

58613x107°s° +0.0012s% + 5

Analysis of Bang-Bang switch lead compensation strategy with position threshold

The input of an electromagnetic directional valve can be represented as the set U={U+, 0, U -},
corresponding to the hydraulic cylinder rising, holding, and falling respectively. Set the height of the header as
ho(t), measure the height value of the sensor as 4(?), and the header elevation error e is defined as ho(t) - ().
When | e | is less than the position threshold ¢, the electromagnetic directional valve does not operate. When
e is greater than the position threshold ¢, it indicates that the ground elevation increases and the header
position is lower, and the header needs to rise. When e is less than the position threshold - &, it indicates that
the ground elevation decreases and the header position is higher, and the header needs to descend. The
algorithm flow chart is shown in Fig. 4.

The control algorithm expression is:

U, e>¢
U=:0 |e|<g (19)
U e<-¢
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Fig. 4 - Algorithm flow chart

Set the header height to 20 cm and simulate ground height changes using a filtered white noise time-
domain road input model, the expression is as follows (Li et al., 2016):

q(t) = =27, uq (1) + 27, |G, (1, JulV (1)

In the formula, 7, is the lower cut off spatial frequency, taken as 0.011m-'; w1 is vehicle speed;

(20)

4(?)is random elevation displacement for road surface; no is reference spatial frequency; G, (n,)is the
roughness coefficient of the road surface; W(t) is Gaussian white noise with a mean of 0.
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Fig. 5 - Ground elevation (random variation) and cutting height curve

Matlab is used to simulate the variation of the header height and the results are shown in Fig. 5. The
position threshold ¢ is selected as 20 mm. During the time period of 0-0.8 s, due to the fact that the header
height is less than 20 cm above the ground, the hydraulic cylinder rises. From 3.9 to 6.817 s, although the
ground elevation changes between 2.8 cm and 6.9 cm, the magnitude of the change does not exceed the
threshold. At this time, the header height remains at 24.54 cm and does not move. Overall, it shows a control
effect of not adjusting the small undulating road surface, and only adjusting it for large undulations.

Field experiment testing

A comparative experiment of soybean harvesting was conducted at the Taigu Shenfeng Experimental
Base. The experiment set up a manual and automatic dual-mode control group. The cutting height was used
to invert the dynamic changes in the cutting table height, with a constant operating speed of 1 m/s, a preset
cutting height of 200 mm, and a working interval length of 30 m. In manual mode, the cutting height will remain
at the preset value and will not be adjusted in real-time during the operation process. In automatic mode, the
cutting threshold is set to 15 mm, 20 mm, 25 mm, 30 mm, and 35 mm respectively.
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Extract 50 sets of cutting height samples continuously from the stable operation section of the harvester,
and select the average cutting height and cutting height coefficient of variation (CV). The kurtosis coefficient &
is used as a measurement indicator, and its calculation formula is as follows:

LA SN £ A HEN L e

(a) Soybean Harvest Experiment (b) Measurement of cutting height

Fig. 6 - Field experiment on height control of soybean sun cutting machine cutting table

(21)

(22)

DS ~LY -3 (L ~L)YP(n—1
k:n(”+ );( ,—L) [;( —L)YT(m-1) (23)

(n—D(n-2)n-23)s"*
In the formula: n; is the total number of measured cuttings; L; is the i-th measurement of cutting height,

mm; m; is the i-th weighing mass, kg.

RESULTS
Some measurement data are shown in Table 2, and the distribution of cutting height is shown in Fig. 7.

Table 2
Measurement values of cutting height (top 10 groups)
Cutting Measurement point cutting height /mm
threshold /

mm 1 2 3 4 5 6 7 8 9 10

15 175 180 175 190 200 170 190 220 220 225

20 190 200 185 210 185 210 210 200 195 200

25 198 220 200 180 200 180 190 200 220 180

30 210 180 210 180 185 230 195 220 190 195

35 200 190 185 190 200 220 180 190 180 210
Manual mode 195 205 200 195 215 185 200 190 195 185

The experimental data processing results are shown in Table 3. In manual mode, the absolute error
between the average cutting height and the preset cutting height is less than 8 mm, while in automatic mode
it is reduced to 5 mm. Compared with manual mode, when the cutting threshold is set to 20, 25, and 30 mm,
the coefficient of variation of cutting height is reduced by 2.13%, 1.71%, and 0.55%, respectively. The kurtosis
coefficient analysis further reveals that manual mode presents a peak distribution (kurtosis=3.4635), while
automatic mode maintains a gentle distribution feature within the threshold range of 15-35 mm (kurtosis interval:
-1.2306 to -0.6541), indicating that the system effectively suppresses the occurrence of extreme deviation values.
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Fig. 7 - Distribution of cutting height
Table 3
Analysis of Experimental Data Processing Results
Cutting threshold / ] ) I Coefficient of variation of Kurtosis coefficient
mm Average cutting height cutting height C.V / %
15 199.7 8.49% -1.2306
20 195.88 6.04% -0.6541
25 199.36 6.46% -0.701
30 198.12 7.62% -0.6658
35 198.3 8.35% -1.1811
Manual mode 192.08 8.17% 3.4635
CONCLUSIONS

(1) By integrating the high-resolution 3D terrain detection capability of Nooploop TOFSense-MS area
array LIDAR, combined with an improved quartile range algorithm, outliers caused by interference
sources such as crop residues and sensor noise are dynamically removed. Linear, quadratic, and
cubic terrain fitting models are constructed based on Huber robust regression framework. By
quantifying the trade-off between model complexity and terrain adaptability using Bayesian
Information Criterion (BIC), the intercept term with the smallest BIC value is selected as the
reference height to achieve accurate representation of complex farmland terrain.
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(2) Aiming at the nonlinear hysteresis characteristics of valve-controlled asymmetric hydraulic

cylinder systems, a telescopic dual-mode transfer function model is established, and a Bang-
Bang switch lead compensation strategy based on position threshold is proposed. By predicting
the trend of terrain changes, the electromagnetic directional valve is triggered to act in advance.

(3) Field comparative experiments show that at a working speed of 1 m/s, the coefficient of variation

of cutting height in automatic control mode is significantly reduced compared to manual mode
(when €=20mm, C.) V=6.04%, The automatic mode maintains a gentle distribution feature within
the threshold range of 15-35 mm, with a decrease of 26.1%. The research results provide
theoretical support and engineering practice paradigm for intelligent control of high-precision
agricultural equipment, which can be further extended to the optimization of imitation systems in
multi crop harvesting scenarios such as corn and wheat.
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