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ABSTRACT

Aiming at the problems of poor applicability of traditional header height detection mechanism, poor stability
and large lag of automatic control system of combine harvesters, an automatic control system of header height
of combine harvester was designed, which mainly included the profiling mechanism, controller, proportional
valve, manual operation handle and display module. The profiling detection mechanism was composed of
angle sensor, profiling plate, torsion spring and other structures. The key structural parameters of the profiling

mechanism were determined by using the Adams simulation software and its working performance was verified.

The gray prediction PID algorithm of header height was used to reduce the lag of the control model. The control
system detected the height of the header from the ground through the profiling mechanism. After being
processed by the controller, the height of the header was changed by adjusting the expansion of the header
oil cylinder. The field test results showed that the working performance of the header automatic control system
was stable. Under the working conditions of preset header height of 200 mm and 200 mm, the average
deviation of the control system was within 21 mm, which met the real-time control demand of header height
during the normal operation of the combine harvester. This research could provide intelligent design methods
of combine harvesters.

D - a - bghb , W
-7 - L L h ) a L a » & - »p A )
D do a ,Z  Adam® ) 20 i a
vi b , L -7 LD H™ H " , - piD L
: L oL 0 - L , -7
-7 ) L " b , -7 100mm 200mm ° ¥,
L Z 21mm , bz -~ A Ty
tg A
INTRODUCTION

The combine harvester is one of the key links in job production. With the continuous maturity of joint
harvest equipment, the direction of automation and intelligence has gradually become an important
development direction (Bomoi et al., 2022; Golpira et al., 2022; Kim et al., 2021; Mirmahdi et al., 2021). The
automatic control of the header height is an important aspect. As an important parameter in the operation
process of the actual harvester (Shukla et al., 2021; Shojaei et al., 2021), the height of header is easy to cause
ear loss and grain loss too high, and the increase of stubble height will significantly improve the operating
power consumption of the cultivator and increase the operating cost. When the header height is low, it is easy
to touch soil and cause machine failure (Ni et al., 2021).
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At present, the height control of the header of the combine mainly depends on the manual driving
experience. The operation effect and efficiency vary from person to person, and the manipulator has strong
manipulation intensity after working for a long time.

In order to reduce the strength of the driver, and improve the efficiency of the combine harvester,
domestic and foreign scholars have carried out a large number of research on the height automatic control
system of the combined harvesting machine header. Yang et al., (2018) arranged three pairs of ultrasonic
sensors at the bottom of the cutting stage to achieve non-contact measurement of the ground height from the
ground, the measurement effect is susceptible to the influence of the stubble and soil block. Wei et al., (2017)
and Geng et al., (2020) designed contact mechanical feeler mechanism respectively. The mechanical change
was converted into electrical signal output by angle sensor, thereby controlling the ground imitation action, but
did not consider the latency of the system during the actual job. Yang et al., (2022) designed the ground
profiling monitoring mechanism and the header height feedback mechanism based on the angle sensor, and
the height error of cutting stubble was not more than 2 cm, which showed a stable control effect.

Aiming at the above problems, this paper designed a set of automatic control system for header height
of combine harvester. The current height of the header was detected in real time by profiling mechanism and
the mathematical model of the header height and angle sensor signal was established. The header height can
be adjusted automatically by adjusting the stroke of the header cylinder. The field verification test was carried
out, and the reliability of the height adaptive regulation system of the header was evaluated, which provided a
reference for the intelligent design of the combine harvesters.

MATERIALS AND METHODS
Overall Sstructur e

The automatic header height control system provided the operator with manual and automatic operation
modes. The manual operation handle was used to control the lifting of the header during manual operation.
The manual operation handle was equipped with a manual and automatic mode switch. The manipulator can
complete the switching of the working mode according to the actual needs. The automatic control system was
mainly composed of profiling detection mechanism, header lifting cylinder, manual operating handle and other
modules. The overall structure of header height automatic control system is shown in Figure 1.
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Fig.1 - The overall structure of automatic control system for header height
1. Header of combine harvester; 2. Profiling detecting mechanism; 3. Industrial display screen;
4. Manual operating handle; 5. Controller; 6. Header lifting cylinder; 6. Proportional valve

Wor ki ng Principle

The profiling detecting mechanism was symmetrically installed on one side of the header, and the
fluctuation of the ground was converted into voltage signal output through the angle sensor. The controller was
a Bortron Selindro hydraulic controller specially designed for intelligent equipment of agricultural machinery,
which was equipped with CAN bus interface communication function. The lifting of the header was controlled
by a hydraulic system, and the hydraulic valve is a proportional solenoid valve, which can control the position
of the hydraulic cylinder more accurately. The automatic header height control system detected the height of
the header from the ground through the profiling mechanism. The controller output the control signal to the
proportional valve according to the current header height. The proportional valve changed the hydraulic oil to
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push the header lifting cylinder to expand and contract, so as to adjust the header height to the set range.
When the profiling mechanism detected that the current header height was greater than the upper limit of the
set range, the controller output a signal to energize the electromagnet on the right side of the proportional
valve, and the proportional valve spool moved to the right. The piston rod of the header cylinder shrank under
the hydraulic oil pressure, and the header dropped; When the profiling mechanism detected that the current
header height was less than the lower limit of the set range, the controller output a signal to energize the
solenoid on the left side of the proportional valve, the proportional valve spool moved to the left. The header
cylinder piston rod extended under the hydraulic oil pressure, and the header rose. The working principle of
header height control is shown in Figure 2.
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Fig. 2 - Working principle diagram of header height control
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Profiling mechanism design

In order to measure the height of the combine header, a header height profiling mechanism was
designed. In this section, the structure design of the profiling mechanism is carried out, and the structural
parameters were optimized and its operation performance was verified through the multi-body dynamics
simulation software Adams. The profiling detection mechanism for header height was mainly composed of
profiling plate, torsion spring, angle sensor, mounting frame and other structures, as shown in Figure 3. The
profiling plate was always in contact with the ground under the torsion spring pressure and its own gravity. The
end of the profiling plate and the angle sensor were respectively fixed with the shaft through set screws. During
operation, with the fluctuation of the ground, the profiling plate rotated around the axis, thus driving the sensing
shaft of the angle sensor to rotate. Therefore, change of the header height can be obtained according to the
angle sensor detection signal.

Fig.3 - Profiling mechanism structure diagram
1. The mounting frame; 2. Mounting flange; 3. Pin shaft; 4. Angle sensor; 5. Torsional spring; 6. Profiling plate; 7. Shaft
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When the combine harvester is going backwards, a large contact force is produced with the soil by using
straight profiling plate. Therefore, the grounding part of the profiling plate of the profiling mechanism was
designed to be a combination of "straight line-arc curve". According to the actual operation experience of the
operator, when the combine harvester is harvesting crops such as rice and wheat, the stubble height is
generally controlled to be within the range of 50-300 mm (Wang et al., 2015). Therefore, in order to ensure
that the profiling mechanism can detect the header height within this range, the profiling plate was designed
with a length of 110 mm for the straight part, a radius of 200 mm for the arc of the curved part, and an arc
angle of 90°. Considering the influence of the structural strength of the profiling plate and debris such as field
stones on the detection accuracy of the profiling mechanism, the width of the profiling plate was set to 32 mm
and the thickness was set to 4 mm.

When the combine harvester reverses, the linear profiling plate will produce a large contact force with
the soil, which will easily cause deformation or even destruction of the profiling mechanism. Therefore, the
grounding part of the profiling plate of the profiling mechanism was designed as a combination of "straight arc
curve". According to the actual operation experience of the operator, the height of stubble is generally
controlled within 50-300 mm when harvesting rice, wheat and other crops with the combine harvester.
Therefore, in order to ensure that the profiling mechanism can detect the header height within this range, the
profiling plate was designed as a straight part with a length of 110 mm, a curved part with an arc radius of 200
mm and an arc angle of 90 °. Considering the influence of the structural strength of the profiling plate and
sundries such as stones in the field on the detection accuracy of the profiling mechanism, the width of the
profiling plate was set to 32 mm and the thickness was set to 4 mm.

LAT216 high-precision digital angle sensor was selected as the angle sensor in the profiling mechanism,
with a range of 0-120 ° and a linear output of 0-5 V analog voltage signal to meet the requirements of the
profiling mechanism designed to detect the stubble height.

ADAMSIi mul ati on

The profiling mechanism designed should be able to detect the height of the header close to the
undulating ground. The interaction between profiling plate and mounting frame, header and soil involves multi-
body dynamics theory. In order to verify whether the profiling mechanism can meet the above functions, Adams
multi-body dynamics simulation software was used to optimize the structural parameters of the profiling
mechanism.

The multi-body dynamics model shown in Fig. 4 was established in the Adams software. In order to
improve the efficiency of the simulation experiment, the profiling mechanism was simplified when establishing
the simulation model (Vahedi et al., 2021). The simplified model consisted of the header, mounting frame,
profiled plate and ground. The ground model material was selected as soil, which set the density as 7.801x10-
8kg/mm3, the Young's modulus as 2.07x10°N/mm?, the Poisson's ratio as 0.29, and the profiling mechanism
material was set to ordinary carbon steel. After the model was established, the rotation pair was added to the
mounting frame and profiling plate. A moving pair was added on the header and mounting frame, and a
translational drive was added on the moving pair. The set drive speed was set to 1 m/s, and the profiling
mechanism moved forward when simulating work. A spring flexible connection was added between the profiling
plate and the mounting frame to analog the spring. The simulation model is shown in Figure 4. The simulation
time was set to 5 s, and the step size was 0.01.
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Fig. 4 - Adams simulation model of the profiling mechanism
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In order to verify the ground copying ability of the profiling mechanism designed and determine the
optimal torque of the torsion spring, the torsion spring torque was took as the influencing factor. We took four
levels of torsion spring torque as 0 (no torque applied), 15 Numm, 25 Numm, 35 Numm, and recorded the
displacement curve of the Y-axis direction of the centroid point of the profiling plate. The corresponding
displacement curve is shown in Figure 5.
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Fig. 5 - Displacement curves of Y-axis of centroid of profile plate under different torques

Analyzing the results shown in Figure 5, it is found that when the profiling plate was not affected by the
torque of the torsion spring, there was a significant fluctuation in the displacement of the profiling plate's
centroid in the Y-axis direction. With the increase of the torque of the torsion spring, the fluctuation decreased.
When the torque is 35Nimm, the fluctuation decreased significantly. Considering that increasing the torque of
the torsion spring will increase the resistance and cause the profiling mechanism to sink during wet field
operation, the torque of the torsion spring is determined to be 35Nimm. Combined with the size parameters of
the profiling mechanism, through the calculation formula (1) of the torsion spring, it was finally determined that
the wire diameter of the torsion spring was 2 mm, the pitch diameter was 18 mm, and the effective number of
turns was 6.

_Eda
3660D ™)
where: the P is load, N; Ris the force arm length, mm; E is the elastic modulus, MPa; d is a line diameter, mm;

a is the torsion angle, °; n is the number of effective turns of spring; D is the middle diameter of the spring,
mm.

M =PR

Aut omatic Regul ation Strategy

The height regulatory system of the header needs to adjust distance between header and ground
according to the ground undulation, and the choice of the highly regulated strategy of the header will directly
affect the control performance of header. Because the height detection and profiling mechanism of the header
designed in this paper is installed behind the cutter, the highly regulated process has the characteristics of
nonlinearity and time lag, easy to be interfered by external factors. Traditional PID control effect is relatively
poor. In order to improve control accuracy and stability, the header height is regulated using a gray prediction
PID control algorithm, and the advantages of information-based gray prediction and easy-to-real PID control
techniques were combined, and the parameters of the PID controller were adjusted online according to the
prediction error and the change rate of the error output by the header height control system.

Calibration of profiling mechanism
This section first studied the relationship model between the header height of the combine harvester
and the sensor signal. In order to establish the function relation between the output signal of the angle sensor
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of the profiling mechanism and the actual header height, the calibration test of the profiling mechanism was
carried out. The header height was changed by manually adjusting the operating handle, and the height of the
cutting knife from the ground was measured, that is the header height, with a tape measure, and the output
voltage value of the angle sensor corresponding to different header height was recorded. Since the output of
the angle sensor was linear, the relationship between the deflection angle of the copy plate and the output
voltage is as follows:
U=k ® )

where:

U is the output voltage of the angle sensor, V;

B is the rotation angle of the profiling plate, (°);

kiis the calibration factor of voltage and angle.

According to the test calibration, the relationship model between the header height and the rotation
angle of the copy plate is as follows:

H =Kk, cosb+c
. ®)
where: H is the header height, m; kz is the calibration coefficient between the header height and the rotation

angle of the profiling plate; Cis a constant. From this, the functional relationship between the output voltage
of the angle sensor and the header height is calculated, as in formula (4).

H =k, cos! +cC
(4)

Gray prediction PID controller
Usually, the gray model is represented by GM (M, N), where M represents the order of the model
equation, and N represents the number of variables in the model equation (Nurcan et al., 2021). The
establishment of the grey prediction model of header height in this paper was based on the most widely used
GM (1, 1) model. The sampling period is 0.5 s, the length is n=4, and the prediction step is p=5. Each sampling
was brought into the formula (4) to obtain the height of the header (1), and the original sequence can be

obtained as:

H© ={H 1), H9(2),H ©(@3),H “(4)} (5)

The header heights were all positive, so the regularization was not required (Cai Muzhen et al, 2021).
The original sequence was accumulated, and then the accumulated generated sequence was obtained.

H® ={H™!(®), H(2), H “(@).H ®(4)}

(6)
Where:
HOM =8 HO(m)  (k=12,3,4
m=1
Background values: z (k) :
ek = 2,729(2) =20.5H® 1) HY (2))
1k=3,29(3) 20.5H® (2) H® (3)
tk=4,29(4) 20.5H" (3) H® (4) -
References get the development coefficient a and grey input u (Asgari et al., 2021):
CD E
a=——
F-C (8)
_F® € E
F-C? 9)

574



Vol. 68, No. 3 / 2022 INMATEH - Agricultural Engineering

Where:
é _ .‘.1 1)
iC=8a (kK
i k=2
T._:2 0
iD=a H" (k)
\: k=2
n 4
1E=8 (K 6(R
1 kz2
iF=a @y

k=2 (10)
After the above parameters are obtained, the predicted value of the header height after p steps is

obtained H" (4+ p):

H”(4+p) =§H<°>(4> : fva e "

The header height automatic control system detected the height of the header from the ground through
the profiling mechanism. After the gray prediction, the control deviation e (t) was obtained by comparing the
height with the given height. The PID control algorithm was used to calculate the system output. The control
system drives the electromagnetic reversing valve through the solenoid valve drive module to control the
expansion and contraction of the header hydraulic cylinder, thus realizing the automatic control of the header
height. The control principle was shown in Figure 6.

PID controller [—* Solenoid valve drive module [~ Solenoid valve, hydraulic cylinder [~ Header —

0
Gray detection Profiling mechanism detection [«
Fig. 6 - Schematic diagram of gray prediction PID control of header height
Matl ab Simulink analysi s

In order to further verify the proposed header height control strategy, optimize the working parameters
of the header height automatic control system, and observe the dynamic response of the system in real time,
a simulation model was built in the Matlab Simulink module, which is shown in Figure 7.
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Fig.7 Simulation model of header height regulation in Matlab

In the simulation process, the setting time was 5 s, and the sampling time was 0.01 s. After calculation
optimization, when the proportional coefficient K,=1.57, the integral coefficient K=0.78, the differential
coefficient K¢=0.8, and the input was 200 mm, the maximum output value of the PID controller was 210.6 mm,
the steady state value was 194.7 mm, and the overshoot was 5.3%, the stabilization time was 0.9 s, the
response speed was fast, and the overshoot is small, which can meet the design requirements of the automatic
control system for the header height, The step response curve is shown in Figure 8. It can be seen that the
control effect of the gray prediction PID control technology was significantly better than that of the PID control
technology, the response time was relatively short, and the overshoot was relatively small, thus improving the
control stability of the header height and obtaining a good control effect.
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Control system programming

The input signal of the automatic control system of the header height included 2 analog signals (2
profiing mechanisms), and the output signal consisted of 2 electromagnetic reversing valves and 1
electromagnetic relief valve. The flow chart of the automatic control system for the header height is shown in

Figure 9.
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Fig. 9 - The header height control flow chart

When the system startup, the operator initialized the header height in manual mode and set the ideal
header height range. In the automatic mode, the profiling mechanism performed signal monitoring, and after
eliminating the wrong data, the current header height was obtained according to the functional relationship
between the detection data of the profiling mechanism and the header height, and the predicted value of the
header height was obtained according to the gray prediction model of the header height.

Compared with the given value, after analysis and processing by the controller, the on-off of the solenoid
valve was controlled after the operation and amplification of the solenoid valve drive module, so as to realize
the automatic regulation of the header height. When the header height was higher than the upper limit of the
set range, the oil cylinder of the header was drive to lower position to reduce the header height. When the
header height was lower than the limit of the set range, the oil cylinder of the header was driven to increase

the header height.

RESULTS
On November 10, 2021, the field test of automatic control of the header height was carried out at

Dafeng farm, Yancheng City, Jiangsu Province. The experimental rice varieties were Jiangfeng NO.1. The
properties measured before harvesting were shown in Table 1. The test site is shown in Figure 10.
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Table 1
Properties of experimental wheat crops
Project Natural height 1000-grain weight Grass to valley ratio Production
/ [cm] [9] / [kg/hm?]
Value 76 39 1.28 8000

) B ot P B %
Fig.10 - Field experiment site of combine harvester

During the experiment, after the combine harvester entered a stable operation state, the
manual/automatic control switch of the header height to the automatic state was pushed, and the header height
was regulated by the automatic control system. The display terminal collected and saved the header height
information in real time.

In the test, two sets of header heights were set 100 mm and 200 mm, respectively, and the harvesting
was 10 meters under the automatic control mode of the header height. During the harvesting process, the
software recorded the header height in real time. After harvesting, each sampling position was set every 0.5
meters along the forward direction of the harvester, and 5 sampling points were set along the vertical direction
of the harvester through each sampling position. With a total of 100 sampling points, the height of the stubble
after harvesting, representing the actual height of the header was measured.

The actual measured header height was compared with the set header height to evaluate the automatic
control system of header height. The test data are shown in Fig.11.

300 1

270
240 4

Actual value:200mm Set value:200mm

Set va]u&;; 100mm

Height value of rice
stubble/mm
-828888E
1
|
1 i
|
|
>
2
1 &
3 !
=
@
4 = |
=
=]
8

1 1 21 31 41 51 61 7 81 91
Sampling point

Fig. 11 - The actual stubble height when the height of the header was set to 100 mm or 200 mm

The test results show that when the header height was set to 100 mm, the average height of the actual
stubble was 104.6 mm, the average deviation was 14.7 mm, and the maximum deviation was 31 mm. When
the header height was set to 200 mm, the average actual stubble height was 192 mm, the average deviation
was 20.6 mm, and the maximum deviation was 43 mm. The test results showed that the designed automatic
control system for the header height has strong reliability under different setting of the header height. In general,
the average deviation between the actual header height and the set header height can be controlled within 21
mm, which met the needs of field work.

CONCLUSIONS

1) Aiming at the problem that the header height of the domestic combine harvester mainly depends on
manual operation by manual experience, a set of adaptive control system for the header height of the combine
harvester was designed in this study, which provides users with two modes of manual operation mode and
automatic control mode. The research on the height control of the harvester header provides a reference.
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2) In order to detect the header height, a profiling mechanism was designed, and the parameters of the
torsion spring were optimized by Adams simulation. At the same time, the simulation proves that the designed
profiling mechanism can detect the header height closely to the undulating ground.

3) In order to realize the automatic control of the header height, the geometric relationship of the combine
harvester header was analyzed, and the header height control model based on the grey prediction algorithm
was established. The field test results show that the error between the actual header height and the set header
height is within 21 mm, which meets the field operation requirements of the combine harvesters.
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