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Abstract: To promote the germination of rice panicles during the regeneration season, it is necessary to
ensure a stubble height of 300450 mm when mechanically harvesting the first-season rice. However,
due to variations in the depth of the paddy soil and fluctuations in the height of the header during
harvesting, maintaining the desired stubble height becomes challenging, resulting in a significant
impact on the yield during the regeneration season. This study presents the design of an adaptive
profiling header capable of adjusting the height and level of the header adaptively. Based on
the theoretical analysis of the profiling mechanism, a quadratic regression orthogonal rotation
combination experiment is designed. Considering the actual field conditions, the range of each
factor is determined, and simulation experiments are conducted based on the MBD-DEM coupling
to establish a mathematical regression model between each factor and indicator. In the case of the
profiling wheel linkage length of 562 mm, profiling wheel width of 20 mm, and profiling wheel mass
of 3.6 kg, the supporting force of the header on the profiling wheel would be greater than zero, the
supporting force of soil on the profiling wheel and the depth of soil subsidence represent the smallest
values, and the highest sensitivity and accuracy of the profiling wheel are achieved. Bench tests
demonstrated that the header exerts a force on the profiling wheel, confirming the normal functioning
of the profiling. The average magnitudes of forces exerted by the soil on the profiling wheel are
obtained to be 31.98 N, 31.63 N, and 30.86 N, whereas the corresponding average soil subsidence
depths are obtained as 3.4 mm, 5.6 mm, and 8.3 mm, aligning closely with the simulation values. The
results indicate that the profiling mechanism achieves high accuracy in ground profiling and that the
structural design is reasonable. By employing fuzzy PID control to adjust the height of the header,
the average error in adjustment is obtained as 6.75 mm, while the average error in the horizontal
adjustment is derived as 0.64°. The header adjustment is fast, offering high positioning accuracy,
thereby meeting the harvesting requirements of the first season of ratooning rice.

Keywords: agricultural machinery; testing; ratooning rice; adaptive profiling header; MBD-DEM coupling

1. Introduction

Ratooning rice has several advantages, including dual harvest, labor and planting
saving, optimal use of light and temperature resources, increased grain yield and income,
and improved rice quality [1-3]. It has gained rapid popularity in the middle and lower
reaches of the Yangtze River [4-7].

During the mechanized harvesting of the first season of ratooning rice, it is crucial to
maintain a specific stubble height [8,9], typically ranging from 300 to 450 mm, depending
on the rice variety [10-12]. During the harvesting of ratooning rice, the soil depth and
the height of the harvester’s header can vary across different fields. To ensure consistent
stubble height, the harvester driver needs to make real-time adjustments to the header
height. Uneven stubble height can negatively impact the efficiency of the operation and the
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tiller growth during the ratooning season. Thus, an adaptive profiling header is needed
on the ratooning rice harvester, which can automatically adjust the height and level of the
header based on undulating ground conditions. This adjustment ensures consistent stubble
height, leading to improved yield during the ratooning season.

Investigators at home and abroad have researched the automatic adjustment of the
cutting height of a combine harvester’s cutting profile system. Tulpule et al. designed a
combine harvester header height control system based on the integrated robust optimal
design (IROD) method [13], whereas Kassen et al. employed the robust feedback lineariza-
tion (RFL) approach to enhance the robustness of the header height control system while
reducing the control system power consumption [14]. Ni et al. designed an adaptive control
system for the height of the soybean combine harvester based on a soil machine system,
with an accuracy of 92% for the header contour control [15]. The above research works
are mainly focused on the control strategy and control algorithm research of the header
profiling system, rather than structural design. Additionally, due to the complexity of the
planting environment for ratooning rice, the above research has poor adaptability to the
harvesting of ratooning rice.

To achieve higher yield in the rice regeneration season and enable the adaptive profil-
ing control of the header, this paper establishes a design approach for an adaptive profiling
header. Because the movement of soil particles is very complicated and irregular, the soft-
ware EDEM (2020, DEM-Solutions Ltd., Edinburgh, UK) and RecurDyn (VIR2, Function
Bay Ltd., Seongnam, Republic of Korea) were connected. Based on the MBD-DEM coupling,
the motion characteristics of the profiling mechanism were methodically examined, and the
movements and forces of the material and the device were computed using the RecurDyn
(VI9R2, Function Bay Ltd., Seongnam, Republic of Korea). The particle model and the
particle factory were appropriately constructed and the related factors were also set based
on the EDEM (2020, DEM-Solutions Ltd., Edinburgh, UK). Finally, the optimal parameters
for the profiling mechanism were determined. Bench tests were also conducted to verify
the effectiveness of the profiling mechanism, providing a basis and reference for the design
of the profiling header for ratooning rice harvesters.

2. Adaptive Profiling Header Structure
2.1. Structure

The adaptive profiling header is mainly composed of the header support frame,
conveying groove, rotating disc, elevation oil cylinder, leveling oil cylinder, header, and
profiling mechanism, as depicted in Figure la. The key parameters of the header are
provided in Table 1.

(a) (b)

Figure 1. Adaptive profiling header: (1) header support frame, (2) elevation oil cylinder, (3) conveyor
groove, (4) rotating disc, (5) profiling mechanism, (6) header, (7) inclination sensor, (8) leveling
oil cylinder, (9) the angle sensor, (10) four-link mechanism, (11) the linkage of the profiling wheel,
(12) profiling bracket. (a) The structure of the adaptive profiling header. (b) Structure of the profil-
ing mechanism.
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Table 1. Main parameters of the header.

Parameter Value
Cutting width (mm) 1200
Header auger type Telescopic lateral conveying
Reel type Eccentric gear shifting type
Chopper type Reciprocating type
Feeding amount (kg-sfl) 1000
Mass (kg) 440
Maximum height (mm) 800
Leveling angle range (°) +10

The profiling mechanism mainly consists of profiling wheels, the linkage of the profil-
ing wheel, angle sensors, four-link mechanisms, and profiling brackets, as illustrated in
Figure 1b. The profiling wheel is connected to the angle sensor via a four-link mechanism
and is fixed on the profiling bracket. A single profiling wheel is employed. The elevation
oil cylinder is hinged with the header support frame and the conveying groove. The header
is connected to the conveyor trough through a rotating disc, allowing it to swing at a
specified angle through the expansion and contraction of the leveling oil cylinder. The
header angle adjustment device primarily consists of a rotating disc, rotating cylinder
liner, header, and connecting plate. The connecting plate is securely attached to the header,
and the rotating disc, constrained by four rotating cylinder liners, closely interacts with
the connecting plate, enabling the rotating of the feeding inlet at a specific angle. The
leveling oil cylinder is fixedly connected to the rotating disc through a support frame. As
the leveling oil cylinder expands or retracts, the rotating disc rotates around the feeding
inlet, facilitating the adjustment of the header angle.

2.2. Working Principle

During operation, the profiling wheel comes into contact with the soil surface due
to its own gravity. The undulations on the soil surface are then converted into the actual
height of the header through an angle sensor. When the soil surface is elevated, the profiling
wheel rotates clockwise with the support of the soil surface. Conversely, when the ground
is sunken, the profiling wheel rotates counterclockwise. To monitor and control the header,
the controller continuously gathers real-time data on the height and horizontal angle of
the header through an angle sensor and an inclination sensor. These data are compared
with the set value to calculate the deviation amount, which serves as the system input. The
fuzzy PID control algorithm is utilized to adjust the control parameters, and the opening
of the proportional valve is modified based on the voltage change after the calculation
output [16]. To achieve the adaptive adjustment of the header, a three-position, four-way
proportional valve is employed to control the direction and flow of the liquid. This valve
drives the hydraulic cylinder to extend or shorten accordingly. The system uses PLC as
the control core, angle sensor and inclination sensor input data as the control basis, and a
three-position, four-way proportional solenoid valve as the actuator.

3. Key Component Design
3.1. Profiling Mechanism

The key parameters of the profiling mechanism include the length, width, and mass.
The proper design of these parameters is crucial for optimum functioning. If the length of
the profiling wheel linkage is excessively large, interference may occur. On the other hand,
if the length is too small, it will not meet the requirements for the desired stubble height of
ratooning rice. Similarly, if the width of the profiling wheel under the profiling mechanism
is too narrow, it will cause the profiling wheel to sink into the soil, particularly when the soil
moisture content is high, resulting in inaccurate terrain perception. Conversely, if the width
is too wide, it can crush the rice stubble, affecting measurement accuracy. If the profiling
wheel is heavy, it will sink into the soil, and if it is light, it will cause bouncing. According
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to the harvesting requirements of ratooning rice, the height of the header from the ground
needs to be 300450 mm, and the planting row spacing of ratooning rice is 25-30 mm, the
length range of the profiling wheel linkage (L, ) is designed to be 450-650 mm, the width
range of the profiling wheel is set as 15-30 mm, and the mass range of the profile wheel is
set as 2.5-5 kg.

3.2. Characterization of Header Height

The header profiling mechanism utilizes an angle sensor to measure the height of
the header by measuring the angle. To investigate the angular displacement transmission
relationship between the profiling mechanism and the angle sensor, a complex vector
method was utilized to analyze the relative motion relationship between each member of
the profiling mechanism [17].

As shown in Figure 2, the closed complex vector equation of the profiling mechanism
is expressed as follows:

— — — — —
RQ + QP = RO + OB + BP (1)
Lre™™ + Lope™ = Lroe'™ 4 Loge'? + Lppe'® )

—

— - =
Lrg, Lop, Lro, Lo, and Lpp are the lengths of vectors RQ, QP, RO, OB, and

N

BP, respectively.

y

}/ K Movmg direction of header
R

/ 0 Proﬁlmg wheel

Figure 2. Relative motion relationship of each member of the profiling mechanism. Note: in this
article, BP is 230 mm, PB is 158 mm, and QR is 98 mm.

Expansion is carried out according to Euler’s formula:

Lrgcosfy + Lgopcost3 = —Lro + Lpp cos 6 )
Lgrgsin 04+ Lgpsin 03 = Log + Lppsint,
Elimination 03:
Kicosbfy — Krsinfy + K3 =0
Ky = Lro + Lrg cos by
(4)

K2 = LOB — LRQ sin94

L2op—L?gp—K12—Ky?

K3 = 2Lgp

The universal formula of trigonometric function is substituted into it, based on the
initial position of each member of the profiling mechanism:

Ky — /K12 + K32 — K32

K3 — Ky

0, = 2arctan

)
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According to Figure 2, 81 = 0;, the height of the header can be expressed as follows:

Ky — /K12 4+ Kp2 — K32
h = W) sin 6y :WMsin<2arctan 2 17+ %2 3 )

e (6)

where W) is the total length including the profiling wheel and the profiling wheel linkage.

3.3. Analysis of Header Height Adjustment Motion

To enable the adaptive adjustment of the header, a simplified geometric model of
the system was established, and force analysis was performed, as depicted in Figure 3.
For automatic height adjustment, the conveying groove rotates around the hinge point by
utilizing the expansion and contraction of the elevation oil cylinder, thereby causing the
header to change its height. Force analysis of the model was performed, and the force at
the hinge point A of the conveyor trough can be decomposed into horizontal force F4, and
vertical force Fy, as follows:

1% = 1,2+ 1% — 21,1, cose )
x4 = lgcos(¢p + 0) (8)
ya =y —lpsin(po +0) )
h=hy+ys—Isinp (10)

where y 4 is the vertical distance between the hinge point A and the gravity center of the
soil tank test truck, mm; y is the vertical displacement of the soil tank test trolley, mm; h
is the height from hinge point A to the ground, mm; and 6 is the inclination angle of the
vehicle body, (°).

Dynamic analysis was conducted:

]1é =—Fs1+Fksy—T— FAXZO sin @Yo — FAyZO COS ¢ (11)

J2B = maglye cos(B + aye) — T (12)

When the force is balanced:

mly: —Fay+ Fysing —mg+F + B (13)
Foy = —mpg + Fycos ¢ (14)

Fay = maype + Frsin @ + mog (15)

Fl = —kl(—519—21 +y) _bl <—Slé—2.1 +]/> (16)
FE=—ky(s20 —zo+y) — by (529 —z+ y) 17)

The height of the header can be expressed as
h(e) = log — Iy - cos(e +d) (18)

where /,; is the projection length of Iy in the vertical direction when the header is at its
lowest point, m.
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Figure 3. Schematic representation of the header model. Note: S; represents the horizontal distance
between the rear wheel of the soil groove test bench and the center of gravity of the vehicle body; S,
denotes the horizontal distance between the front wheel of the soil groove test bench and the center of
gravity of the vehicle body; [y denotes the distance between the hinge point of the conveying groove
and the center of gravity of the vehicle body; T represents the moment between header and body at
the connection of elevation cylinder, N-m; F; and F; are the equivalent elastic and damping forces of
the rear wheel and the front wheel, N; F4, and Fy4, represent the horizontal force and vertical force at
the hinge joint of the conveyor, N; J; and ], are the rotational inertia of the rotating body and header,
kg-m2 ; h is header height, mm; ky, ky, by, and b, are the elastic coefficient and damping coefficient of
the front and rear wheels, respectively; Z; and Z; are the horizontal height of the rear wheel and front
wheel, respectively, m; 0 is the inclination angle of the vehicle body, (°); @y is the angle between the
connecting line, linking the hinge joint of the conveying trough and the gravity center of the vehicle
body, and the straight line parallel to the vehicle body, (°); @ is the angle between the hydraulic
cylinder and the horizontal plane, (°); aj, is the angle between the connecting line between point
a and the header center of gravity and the upper plane of the header, (°); I is the distance from
point A to the gravity center of header, mm; « is the angle between the elevation cylinder and the
conveyor, (°); B is the angle between the header upper plane and the horizontal plane, (°); I, and [
are the distance from point a to the two hinge points of elevation cylinder, mm; I, denotes the length
of elevation cylinder, mm; Fy and Fyy represent the forces exerted by the elevation cylinder on the
vehicle body and header, N; [}, is the distance between the header upper plane and point A, mm; &
is the angle between two hinge points of elevation cylinder, (°); 7 is the angle between the header
upper plane and the conveying trough, (°).

3.4. Analysis of Header Horizontal Adjustment Movement

The header is linked to the conveyor trough through a leveling oil cylinder and a
rotating disc. The leveling oil cylinder retracts and rotates the header around the rotating
disc, enabling the adjustment of the header’s angle. The motion of the header can be
divided into two components: the traction motion of the soil groove test bench and the
rotational motion of the header relative to the soil groove test bench. For the purpose of
analysis, the traction motion is disregarded, and the motion of the header relative to the
soil groove test bench is a plane rotation, as depicted in Figures 4 and 5.

In the x;01y;z¢ coordinate system, the positive direction of x; corresponds to the heading
direction of the header, and the inclination sensing plane is parallel to the horizontal plane.
When the header tilts to the right, the measured inclination is positive, while a leftward tilt
yields a negative inclination. In the x.0.y.z. coordinate system, the positive direction of x,
aligns with the forward speed direction of the header. The mechanism can be simplified as
the connection point between the header and the rotating hinge point, as well as the oil
cylinder. Assuming a positive clockwise rotation angle of the header relative to the soil
tank test bench, the elongation of the leveling oil cylinder rod / and the tilt angle of the
header relative to the soil tank test bench are adjusted as follows:

lmaz + lmb2 - (ll + l))
21mulmb

360°
27T

0, = 180° — (wm + Bm + arccos (19)
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where a,, is the included angle o.05,ct, (°); B is the angle o0;05,cp, (°); lam is the length of oycy,
mm; [y, is the length of o,c;, mm; [ is the shortest length of the oil cylinder, mm; and / is
the displacement elongation of the oil cylinder, mm.

Figure 4. Horizontal adjustment structure of the header: (1) connecting plate, (2) rotating disc,
(3) rotating cylinder liner.

'xe
0,
Hinge point Z, N\ 0 Header
B
Rotating mechanism )\ [+
B
\ Leveling
X, hydraulic
z, \ cylinder
4 /__. )
/?) Vi

Inclination sensor system '

Figure 5. Simplified diagram of the header horizontal adjustment. Note: o0,x.Y.z. corresponds to
the coordinate system of the header center; o;x;y;z; corresponds to the coordinate system of the
soil trough test trolley center; oy, point is the hinge point; o is the hinge point between the rotating
mechanism and the header; C;, is the hinge point between the bottom end of the leveling cylinder and
the rotating mechanism; 6, is the inclination angle of the header relative to the soil trough test trolley,
(°); Ct is the hinge point between the top of the leveling cylinder and the header; a;; is the included
angle 0c0j,ct, (°); Bm is the included angle o0,cy, (°); I; is the length of oj,cy, mm; I, is the length of
opcp, mm; [y is the shortest length of the leveling cylinder rod, mm; [ is the extension of the leveling
cylinder rod, mm.

4. MBD-DEM Coupling

In recent years, multi-body dynamics (MBD) and the discrete element method (DEM)
have been widely used in agricultural engineering [18-21]. The motion of the profiling
wheel incorporates the multi-body dynamics theory, while its interaction with soil in-
volves dynamics theory and discrete element theory. As a result, the MBD-DEM coupling
simulation method is used for analysis.

4.1. Multi-Body Dynamics Modeling

A multi-body dynamic model of the adaptive profiling header is established in Re-
curDyn. The motion pair settings between each component are outlined in Table 2; the
material of all components is assumed to be steel. Additionally, a sliding pair is introduced
between the header and the ground to simulate the forward movement of the harvester,
with a header movement speed of 0.8 m/s. To analyze the interaction forces, marker point
I is placed at the bearing of the profiling wheel to measure the action force Y; exerted
by the header on the profiling wheel. A General Force is added between the profiling
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wheel and the soil to measure the action force Y, exerted by the soil on the profiling wheel.
Furthermore, marker point Il is positioned at the contact position between the profiling
wheel and the soil to measure the depth of soil subsidence Y.

Table 2. Kinematic pair configuration table of the multi-body dynamics model.

No. Part 1 Part II Kinematic Pair
1 Header Ground Translate
2 Header Profiling wheel Revolute
3 Profiling bracket Four-link Revolute
4 Four-link Angle sensor Revolute

4.2. Discrete Element Modeling

A soil tank model was constructed in EDEM, where soil particles were randomly
generated, and the size of the soil tank was set to 2000 mm x 1000 mm X 100 mm
(length x wide x height), as represented in Figure 6.

Figure 6. A discrete element model: (1) soil particle bed, (2) header, (3) marker point I, (4) marker
point II and General Force.

The contact model plays a crucial role in the discrete element method, and it is
necessary to establish different contact models for different simulation objects. The EEPA
contact model includes the plasticity and viscosity of particles, making it suitable for
simulating farmland soils with strong plasticity [22]. Therefore, the EEPA contact model
was chosen for the soil particle contact model. The Hertz Mindlin with JKR contact model
was also selected as the contact model. According to the relevant literature [23,24], the
simulation parameters of soil particles are shown in Table 3.

Table 3. Parameter configuration table of discrete elements for soil particles.

No. Parameters Value
1 Soil particle radius/mm 5
2 Soil particle density/(kg-m~2) 2600
3 Poisson’s ratio of soil particles 0.38
4 Static friction coefficient between soil particles 0.6
5 Rolling friction coefficient between soil particles 0.26
6 Shear modulus between soil particles/MPa 1
7 Recovery coefficient between soil particles 0.37
8 Contact adhesion energy of soil particles/J-m? 15.6
9 Soil particle adhesion strength/N —0.001
10 Soil particle contact plasticity ratio 0.36
11 Soil particles—profiling wheel static friction coefficient 0.31
12 Soil particles—profiling wheel rolling friction coefficient 0.13
13 Soil particles—profiling wheel recovery coefficient 0.54
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Table 3. Cont.

No. Parameters Value
14 Cohesive modulus/ (kN /m™*1) 42.538
15 Internal friction modulus/(kN/m"*2) 9.004
16 Soil deformation index 0.8227
17 Soil moisture content/ % 37.3
18 Soil compaction/kPa 3093.5

5. Simulation Result Analysis
5.1. The Three-Factor Quadratic Regression Orthogonal Rotational Combination Method

A three-factor quadratic regression orthogonal rotation combination experiment was
conducted to investigate the impact of profiling wheel linkage length, profiling wheel
width, and profiling wheel mass on the performance of the profiling mechanism. The
evaluation criteria used in this experiment were the support force Y; of the header to
the profiling wheel, the support force Y; of the soil to the profiling wheel, and the depth
of soil subsidence Y3. Y; was employed to assess whether the profiling mechanism was
functioning correctly. When Y; < 0, it indicates that the profiling wheel is off the ground,
indicating a failure of the profiling mechanism. Conversely, Y; > 0 indicates that the
profiling wheel is not off the ground and the profiling mechanism is operating normally.
When the profiling mechanism is operating, if the profiling wheel is not constantly rolling,
but sometimes rolling and sometimes sliding, it will increase the sinking depth of the
profiling wheel, making the height measurement inaccurate. The profiling wheel linkage
length, profiling wheel width, and profiling wheel mass will all affect the rolling of the
profiling wheel. Sensitivity is used to indicate whether the profiling wheel is rolling
throughout the entire process. When Y is large, a larger soil force is required to force
the profiling wheel to roll, indicating that the profiling wheel is not constantly rolling; the
profiling mechanism is more “slow” in perceiving field terrain changes. Conversely, a lower
value of Y; indicates that the profiling mechanism is more “sensitive” in detecting terrain
changes. Y3 represents the profiling accuracy of the profiling mechanism. When Y3 is small,
it indicates that the soil sinks less under the action of the profiling wheel, thus indicating a
higher accuracy in profiling the field terrain. The coding of experimental factors is shown
in Table 4, and the simulation results are presented in Table 5.

Table 4. Coding of factors and levels.

Code Length of Profiling Width of Profiling Profiling Wheel
Wheel Linkage (mm) Wheel (mm) Mass (kg)
—1.682 450 15 2.5
-1 490.54 18.04 3.01
0 550 225 3.75
1 609.46 26.96 4.49
1.682 650 30 5
Table 5. Simulation result.
Parameters Value
No. L.e Pgth of WIdF}} of Profiling Wheel
Profiling Wheel Profiling Mass X5 (ke) Y1 Y, Y3
Linkage X; (mm)  Wheel X; (mm) 3 8
1 -1 -1 -1 449 38 6.5
2 1 -1 -1 45.7 68 1.8
3 -1 1 -1 44.6 28 7.9
4 1 1 -1 45.6 32 5.6




Agriculture 2024, 14, 105 10 of 20
Table 5. Cont.
Parameters Value

No. L.e f‘gth of Wldﬂ} of Profiling Wheel

Profiling Wheel Profiling Mass X5 (k) Yy Y, Y;
Linkage X; (mm) Wheel X, (mm) 3 K8

5 -1 -1 1 445 65 44
6 1 -1 1 458 72 1.2
7 -1 1 1 43.6 47 8.1
8 1 1 1 449 49 5.3
9 —1.682 0 0 44.0 25 9.4
10 1.682 0 0 45.1 83 1.5
11 0 —1.682 0 47.1 38 1.9
12 0 1.682 0 452 21 7.5
13 0 0 —1.682 46.1 22 5.6
14 0 0 1.682 44.6 87 2.0
15 0 0 0 46.7 27 3.8
16 0 0 0 46.3 29 44
17 0 0 0 47.1 15 43
18 0 0 0 46.7 25 4.0
19 0 0 0 47.3 16 3.8
20 0 0 0 46.7 34 3.2
21 0 0 0 46.6 39 29
22 0 0 0 46.8 26 3.7
23 0 0 0 47 28 3.2

5.2. Result Analysis

The Design-Expert 8.0.6 software was used to fit and analyze the tests and the quadratic
polynomial regression models between the header support force Y;, the soil support
force Yp, and the soil subsidence depth Y3. Each factor was established as presented in
Equations (20)—(22):

Y, = —48.32903 + 0.26508X; + 0.72654X, + 7.35186 X3
+0.0000942809 X1 X5 + 0.002262X; X5 — 0.0527 X, X3 (20)
—0.0002436X72 — 0.0148X,2 — 1.04720X32

Y, = +885.01 — 2.6644X; + 0.0764X, — 100.117X3
—0.0146 X1 X5 — 0.0707X7 X3 + 0.18856 X, X3 (21)
+0.00312X72 + 0.11902X,2 + 20.285X3>

Y; = +111.199 — 0.26797X; — 1.54586X, — 5.23591X3
+0.00131993X; X, + 0.002828X; X3 + 0.098X, X3 (22)
+0.000178X72 + 0.018X,2 + 0.08X32

The significance test of the regression equation is shown in Table 6. As can be seen from
Table 6, the fitting degree of the above models was extremely significant (p < 0.01). At the
same time, the mismatch terms were not significant (p > 0.05), indicating that the predicted
values of the regression equation fit well with the actual values. There are no other major
factors influencing the indicators. Hence, this regression model can be effectively utilized
for analyzing and optimizing the design parameters of the profiling mechanism.
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Table 6. Variance analysis of regression equation.

Variance

The Header Support Force Y

The Soil Support Force Y,

The Soil Subsidence Depth Y3

Source Square Degree F Square Degree F Square Degree F
Sum of Freedom P Sum of Freedom P Sum of Freedom P
Model 21.45 9 15.82 <0.0001 ** 8145.21 9 6.80 0.0030 ** 102.10 9 20.96 <0.0001 **
X1 2.86 1 18.99 0.0014 ** 1446.35 1 10.86 0.0081 ** 50.59 1 93.46 <0.0001 **
Xz 2.13 1 14.15 0.0037 ** 978.35 1 7.35 0.0129 * 36.80 1 67.98 <0.0001 **
X3 1.50 1 9.94 0.0103 * 2276.33 1 17.09 0.0020 ** 5.74 1 10.60 0.0086 **
X1 Xz 0.005 1 0.033 0.8591 120.13 1 0.90 0.3646 0.98 1 1.81 0.2082
X1 X3 0.080 1 0.53 0.4829 78.13 1 0.59 0.4614 0.13 1 0.23 0.6412
XoX3 0.24 1 1.63 0.2310 3.13 1 0.023 0.8813 0.84 1 1.56 0.2400
X312 10.69 1 70.98 <0.0001 ** 1753.01 1 13.16 0.0046 ** 5.68 1 10.49 0.0089 **
X2 1.26 1 8.36 0.0161 * 80.75 1 0.61 0.4542 1.89 1 3.50 0.0909
X532 4.82 1 32.02 0.0002 ** 1809.66 1 13.59 0.0042 ** 0.028 1 0.052 0.8237
Residual 1.51 10 1331.74 10 541 10
Lack of fit 0.89 5 1.43 0.3522 1052.41 5 3.77 0.0859 4.49 5 4.83 0.0544
Error 0.62 5 279.33 5 0.93 5
Sum 22.96 19 9476.95 19 107.52 19

Note: * significant (p < 0.05) and ** extremely significant (p < 0.01).
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In the Y; regression model, the primary terms Xj, X5, and X3 and the secondary terms
X12, X522, and X32 have a significant impact (p < 0.05). In the Y, regression model, the
primary terms X, Xp, and X3 and the secondary terms X;2 and X532 have a significant
impact (p < 0.05). In the Y3 regression model, the effects of primary terms Xj, X, and X3
and secondary term X;2 were extremely significant (p < 0.01). To ensure that the model
is significant and the mismatched items are not significant, the regression model after
removing insignificant factors is expressed as follows:

Y1 = —49.708 + 0.27568 X7 + 0.758041X, + 7.40843X3

—0.0002436X;2 — 0.0148X,2 — 1.04720X52 (23)
Y, — +1111.3756 — 3.185X; — 1.898X, — 131.575X; o
+0.003053X,2 + 19.859X52

Ys = +67.56 — 0.216X; + 0.368X, — 0.8723Xs 5)

+0.000167X;2

Through regression coefficient testing, it was found that the primary and secondary
orders of factors influencing the support force of the header on the profiling wheel are
the mass of the profiling wheel, the width of the profiling wheel, and the length of the
profiling wheel linkage. Similarly, the primary and secondary orders of factors affecting
the soil’s support for the profiling wheel are the mass of the profiling wheel, the length of
the profiling wheel linkage, and the width of the profiling wheel. In terms of the depth of
soil subsidence, the primary and secondary orders of factors are the mass of the profiling
wheel, the width of the profiling wheel, and the length of the profiling wheel linkage.

5.3. Response Surface Analysis

By analyzing the data using Design-Expert 8.0.6, the effects of the profiling wheel
linkage length, profiling wheel width, and profiling wheel mass on Y, could be obtained.
The response surface is presented in Figure 7. To understand the interactions between the
factors, a certain factor was arbitrarily fixed, and the interaction between the other two
factors on Y, was analyzed based on the response surface graph:

(1) Interaction between the profiling wheel linkage length and the profiling wheel width

Figure 7a displays the response surface of the interaction between Y, and the profiling
wheel linkage length and the profiling wheel width, with a fixed mass of 3.75 kg. As shown
in Figure 6, it can be observed that when the length of the profiling wheel linkage is fixed,
Y, decreases as the width of the profile wheel increases. When the width of the profiling
wheel is fixed, Y, first decreases and then increases as the length of the profiling wheel
linkage increases.

(2) Interaction between the length of the profiling wheel linkage and the mass of the
profiling wheel

Figure 7b shows the response surface of the interaction between the length of the
profiling wheel linkage and the mass of the profiling wheel and Y, when the width of the
profiling wheel is 22.5 mm. As depicted in the figure, when the length of the profiling wheel
linkage is fixed, Y5 first decreases and then increases as the mass of the profiling wheel
increases. Similarly, when the mass of the profiling wheel is constant, Y, first decreases
and then increases as the length of the profiling wheel linkage increases.

(38) Interaction between the width of the profiling wheel and the mass of the profiling wheel

Figure 7c presents the response surface of the interaction between the width and mass
of the profiling wheel and Y, when the length of the profiling wheel linkage is 550 mm. As
shown in the figure, when the width of the profiling wheel is constant, Y first decreases
and then increases as the mass of the profiling wheel increases. Likewise, when the mass of
the profiling wheel is constant, Y, decreases as the width of the profiling wheel increases.
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Figure 7. Effects of interactive factors on the optimization index: (a) interaction between the profiling

wheel linkage length and the profiling wheel width, (b) interaction between the profiling wheel
linkage length and the profiling wheel mass, and (c) interaction between the profiling wheel width
and the profiling wheel mass.

5.4. Optimization of Optimal Parameters

To enhance the sensitivity of the profiling mechanism in perceiving changes in terrain
fluctuations, it is desirable to minimize the support force Y, exerted by the soil on the
main profiling plate. Additionally, to improve the accuracy of the profiling mechanism
in detecting the height of the header, it is required to minimize the soil subsidence depth
Y3 and optimize the parameters. The optimal parameters were determined as follows:
profiling wheel linkage length of 562 mm, profiling wheel width of 20 mm, and profiling
wheel mass of 3.6 kg. Under these parameters, the support force of the header on the
profiling wheel is 47.1 N, the support force of the soil on the profiling wheel is 30.3 N, and
the soil subsidence depth is 2.9 mm.

6. Control System Design

After determining the structural parameters of the adaptive profiling header, the
control system was designed. Fuzzy rules were used to dynamically adjust the PID
controller parameters, which can achieve the adaptive tuning of PID parameters and
enhance the dynamic response ability of the system [25-27]. The fuzzy PID controller of
the header adaptive profiling system mainly consists of an incremental PID controller and
a fuzzy controller [28-30]. The fuzzy controller, based on fuzzy rules, is the key component
of the whole controller. The fuzzy controller completes the parameter adaptive tuning
through different processing, including fuzzification, fuzzy reasoning, and defuzzification.
The fuzzy PID block diagram of the header adaptive profiling system is illustrated in
Figure 8. The hydraulic cylinder linear displacement sensor takes the actual hydraulic rod
displacement c(k) value as the actual value of the controller. It externally inputs the given
values of the header height and angle r(k) to obtain the error e(k)(e(k) = r(k)—c(k)) and the
change rate of the error after differentiation Ae(k)(Ae(k) = de(k)/dt).
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E
Fuzzification Fuzzy inference
EC

Solving fuzzy

Header height/angle
e

;I PID controller Control a\g(_)nthm Hydraulic Header a_c_iapﬂve
l analysis actuator profiling

de/dt H Kec l

Position feedback

Hydraulic cylinder linear
displacement sensor

Figure 8. Block diagram of fuzzy PID Controller. Note: ¢ is the position error, mm; de is the change
rate of the position error; K and Kg¢ are quantization factors of e and de; AKp, AKj, and AKp are
online modification values of scale coefficient Kp, integral coefficient K; and differential coefficient
Kp; E and EC are the language variables of e and de.

6.1. Fuzzy Controller Design

According to the harvesting characteristics of the ratooning rice, the feasible intervals
for setting the height error e and ec of the cutting platform are [-50 cm, 50 cm] and
[-10 cm/s, 10 cm/s], respectively. The feasible intervals for AKp are [—0.5, 0.5], AK] are
[—0.15, 0.15], and AKp are [—0.2, 0.2]; the fuzzy subset quantization of input and output
variables is seven levels, represented as NB, NM, NS, ZO, PS, PM, and PB; the basic domain
of discourse is {—6, =5, —4, =3, =2, —1,0, 1, 2, 3, 4, 5,6}; based on the principle of PID
parameter adjustment and the actual adjustment process and experience of the height of
the harvesting machine for ratooning rice, a fuzzy control rule is established, as shown in
Table 7. The principle of PID parameter self-tuning is as follows:

(1) When the deviation is large, to eliminate the deviation as soon as possible, improve
the response speed, and avoid overshoot in the system response, it is necessary to
increase Kp and reduce Kp, with K; usually set to zero.

(2) When the deviation is small, to further reduce the deviation and prevent excessive
overshoot, oscillation, and deterioration of stability, Kp and Kj should be increased to
ensure the steady-state performance of the system.

(3) When the deviation and deviation rate of change are the same sign, the controlled
quantity changes in the direction of deviation from the predetermined value. There-
fore, when the controlled quantity approaches a fixed value, the proportional effect
of the inverse sign hinders the integral effect, avoiding integral overshoot and subse-
quent oscillations, which is beneficial for control.

(4) When the deviation change rate is large, Kp should be reduced and K; should
be increased.

Table 7. Fuzzy rule table.

Parameters ec ¢
NB NM NS 70 PS PM PB
NB PB PB PM PM PS 70 70
NM PB PB PM PS PS Z0 NS
NS PM PM PM PS Z0O NS NS
Kp Z0 PM PM PS 70 NS NM NM
PS PS PS ZO NS NM NM NM
PM PS Z0 NS NM NM NM NB

PB ZO ZO NM NM NB NB NB
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Table 7. Cont.
e
Parameters ec
NB NM NS 70 PS PM PB
NB NB NB NM NM NS Z0 Z0
NM NB NB NM NS NS Z0 Z0
NS NB NM NS NS Z0O PS PS
K; Z0O NM NM NS ZO PS PM PM
PS NM NS Z0O PS PS PM PB
PM ZO ZO PS PS PM PB PB
PB Z0O Z0O PS PM PM PB PB
NB PS NS NB NB NB NM PS
NM PS NS NB NM NM NS ZO
NS Z0O NS NM NM NS NS Z0
Kp Z0 Z0O NS NS NS NS NM Z0
PS ZO ZO ZO ZO Z0O Z0O ZO
PM PB NS PS PS PS PS PB
PB PB PM PM PM PS PS PB

6.2. Fuzzy PID Control Simulation

Based on the developed system model, a fuzzy PID control simulation model is
established using the Simulink simulation module in MATLAB. The step signal is employed
as the system input, and the transfer functions of each link of the adaptive profiling control
system are substituted into the Simulink simulation platform to construct the system
simulation model, as illustrated in Figure 9.

i

Derivative Ke
N
Gain2

| . = x .

l 103541
Step Gsind Corstanté + 2 Trarsfes Fon Scope

,4, Fuzzy Logic
Controller M

Kec Ad2 .
h -
Gain3 n =

Add

=
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&

a
8
q
H

H

o
g
i
4

Figure 9. Fuzzy PID simulation model. Note: Step represents a step signal module; Integrator
denotes the integration module; Derivative signifies the differential module; Fuzzy logic controller
represents the fuzzy controller; Constant stands for the input constant module; Transfer Fcn denotes
the transfer function; Gain represents the gain module; Add denotes the addition function; Scope
signifies the oscilloscope.

Compared with traditional PID control, the simulation time of the system was set
to 10 s. When the position of the header was adjusted from 0 to 350 mm, the simulation
curve of the header response characteristics is as shown in Figure 10a. As shown in the
figure, traditional PID control reaches a steady state at 4.9 s, with a maximum overshoot
of 46 mm; fuzzy PID control reaches a steady state at 0.9 s. Compared with traditional
PID control, the system’s rise time is reduced by 78.9%, the time required for the system to
reach a steady state is reduced by 81.6%, and the system overshoot is 8.2 mm. The system
stability is stronger. With any set initial angle and a simulation time of 10 s, the simulation
curve of the header leveling response characteristics is as shown in Figure 10b. It can be
seen that using fuzzy PID control, the system overshoot is less than 1°, and it can reach a
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steady state within 2.8 s. The average response speed of the header leveling to the left is
about 2.38°/s, and the average response speed of the header leveling to the right is about
3.22°/s. The adjustment speed can meet the usage requirements.

500 Fuzzy PID control 61 Right leveling

450 — = Traditional PID control 41 == Leftleveling

400 F it L
£ il 2
£ 350 R
= > -
5 300 3
5 1
% 250 <
= 200

150

100

50
| L ! | ) L | L )
0 2 4 6 8 10 4 6 8 10
Time/s Time/s
(a) (b)

Figure 10. Response comparison experiments: (a) simulation results of the header height control
based on the traditional PID and fuzzy PID and (b) fuzzy PID header leveling response diagram.

7. Tests

To validate the actual effect of the adaptive profiling header, bench tests were con-
ducted at the Zengcheng Teaching and Research Base of South China Agricultural Univer-
sity. The header used the 4L-1.0 II-type rice wheat combine harvester produced by Sichuan
Gangyi Technology Group Co., Ltd. (SICHUAN GANGYI TECHNOLOGY GROUP,
Chongzhou, China). The header was fixed to the soil tank test truck with bolts. To simulate
the undulating conditions in the field, soil was collected in the field without interfering
with the intact structure of the soil, it was placed on a soil tank test bench, and the height of
the soil was adjusted according to the amount of soil. The travel speed of the soil tank test
bench was set at 0.8 m/s, as illustrated in Figure 11.

(a) (b)

Figure 11. Header test: (a) side view, (b) front view. (1) Header; (2) soil tank test trolley;
(3) control panel.

7.1. Test Plan

The actual profiling effect of the adaptive profiling header was verified by taking the
adjustment accuracy of the header, the support force of the header on the profiling wheel,
the support force of the soil on the profiling wheel, and the depth of soil subsidence as
indicators. The target height and angle of the header were set on the header control panel,
and the automatic adjustment mode of the header was activated. The controller generated
a control signal to adjust the valve opening of the three-position four-way proportional
solenoid valve, thereby activating the elevation cylinder and leveling cylinder. After each
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experiment, ten points along the trajectory of the profiling wheel were selected at intervals
of 1 m, and the depth of soil subsidence was measured using a tape measure. The average
value was then calculated.

7.2. Analysis of Test Results

The adjustment accuracy serves as an important indicator for evaluating the effec-
tiveness of the header profiling mechanism. A higher adjustment accuracy corresponds to
more accurate stubble height for the first season of rice, leading to a better yield and quality
of the rice during the regeneration season. The target height of the header was set in the
control panel, and the displacement elongation of the oil cylinder, detected by the linear
displacement sensor, served as the feedback signal of the system. The control algorithm
promptly corrected the error signal to achieve the precise positioning of the header height.
The actual height of the header was measured using a tape measure, and the relative error
was calculated using the following formula:

Z,=X-T (26)

E, = % x 100% (27)
where T is the set height, mm; X is the actual height of the header, mm; Z, is the error
amount, mm; and Ej is the relative error of height, %.

Taking the header height data measured by the angle sensor as a reference, the angle
sensor output data could accurately represent the height between the header and the
ground in real time. During the movement, the header height was always maintained at
around 450 mm, with an average error of 6.75 mm and a maximum error of 11.63 mm. The
header height control effect was good; the output angle measured by the inclination sensor
was the inclination angle of the undulating road surface. The header remained horizontal
throughout the movement, with an average error of 0.64° and a maximum error of 2.35°.
The control effect was ideal and had a high control accuracy, indicating that the design of
the profiling mechanism is reasonable and can accurately reflect the undulating conditions
of the ground. The real-time data collection results are shown in Figure 12.

Inclination sensor output angle/(° )
—— Angle sensor output height
soor Header height 20 4

Header inclination/(° )

15
q

;”00 | l MU “‘\, | Mml ’K' ild‘»“ ° E n"w ? mmimw

400 “l W fr\'m ‘

Height/mm
S

Angle/(° )

300 5]

0 2 4 6 8 10 ~20

Times/s 0 1 3 5 7 9 11
Time/s

(a) (b)
Figure 12. Test result: (a) height test and (b) header leveling test.

The values of Y; and Y, during the movement of the header were measured using a
digital transmitter and pressure sensor, as shown in Figure 13. The average values of Y7 in
the three experiments were 46.61 N, 47.26 N, and 48.63 N. It can be observed that Y; was
always greater than 0, indicating that the profiling wheel is in normal working condition
during movement. The average values of Y, were 31.98 N, 31.63 N, and 30.86 N, with
similar values to the simulation results of 30.3 N, indicating reliable simulation results and
a sensitive profiling wheel to the perception of ground undulation changes. The average
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values of soil subsidence depth Y3 were 3.4 mm, 5.6 mm, and 8.3 mm, indicating that
the soil subsidence depth was relatively small during operation. The profiling wheel can
accurately perceive changes in the soil surface height.

Force/N
Force/N

T T T T T 25 T T T T T
0 20 10 60 80 100 0 20 40 60 80 100
Measurement point Measurement point

(@) (b)

Force/N
I
=]

1

25 T T T T
0 20 40 60 80 100
Measurement point

(©)

Figure 13. Results: (a) first test, (b) second test, and (c) third test.

8. Discussion

Due to the inability to crush rice piles during the harvesting of ratooning rice, there
is a high requirement for the grounding area of the profiling mechanism. The installation
position of the profiling mechanism on the header also has a significant impact on the
effectiveness of the profiling mechanism. The next step is to determine the position of the
profiling mechanism on the header. Ground information is mainly collected through the
four-link mechanism of the profiling mechanism. How to choose the length and installation
angle of each link in the four-bar linkage mechanism to ensure the accuracy of ground
information collection is also the focus of the next step of work.

9. Conclusions

e Anadaptive profiling header was designed, including the profiling mechanism and
control system of the header. Geometric modeling and mechanical analysis models
were established. Real-time measurements of the header height were achieved through
the profiling mechanism, and the height and angle of the header were adjusted by the
expansion and contraction of the cylinder to achieve the adaptive leveling control of
the header.

e  The MBD-DEM coupling method was used to analyze the motion characteristics of
the adaptive profiling header. A three-factor quadratic regression orthogonal rotation
combination experiment was conducted using the profiling wheel linkage length,
profiling wheel width, and profiling wheel mass as experimental factors. The results
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indicated that the optimal profiling effect was achieved when the profiling wheel
linkage length, profiling wheel width, and profiling wheel mass were 562 mm, 20 mm,
and 3.6 kg, respectively.

e  The test results indicate that the header profiling mechanism can accurately perceive
changes in field terrain with high profiling accuracy. It can effectively meet the harvest-
ing and usage requirements of ratooning rice. The experimental results are basically
consistent with the mathematical model and MBD-DEM coupled simulation results.
That is to say, adjusting the height and horizontal angle of the header through PID
fuzzy control is a feasible method. This is of great significance for further improving
the yield of ratooning rice.
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