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Abstract: In Thailand, vibration problems often occur with rice combine harvester automatic header height adjusting
systems. This study aimed to identify parameters for reducing the vibration and managing response time for har-
vesting speed configuration. An experimental combine harvester header model was designed to automatically adjust
three parameters: total movement time, time ratio, and final phase distance within vertical movement ranges of 200,
250, or 300 mm. These parameters were controlled using a proportional flow control valve and a professional learning
community (PLC) control unit. The results showed that increased time ratio, final phase distance, and total movement
time significantly reduced average vibration amplitude. Higher time ratios corresponded to lower vibration amplitude
during changing stages but higher amplitude during stopping stages. Vibration amplitudes during starting, changing,
and stopping stages ranged from 0.622 to 1.373 mm, 0.042 to 1.097 mm, and 0.132 to 0.902 mm, respectively, for 200,
250, and 300 mm vertical movement distances. To reduce vibration in the first and second wave phases, precise control
of start and final speeds through time ratio and total movement time was necessary. Minimizing the time ratio and final

phase distance effectively reduced vibration amplitude in the third wave phase.

Keywords: automatic control; rice; vibration amplitude

Thailand is one of the world's major rice pro-
ducers and exporters, with rice being the coun-
try's most important crop and serving as a funda-
mental staple in people's lives. However, several
factors contribute to significant losses during the
harvesting process utilising rice combine harvest-
ers. Among these, vibrations from multiple excita-
tion sources emerge as a prominent issue during
harvesting. Prolonged and intense vibrations can

adversely impact the harvesting efficiency and reli-
ability of the combine harvester (Huang et al. 2019;
Tang et al. 2019a; Chen et al. 2020).

Mechanical vibration is recognised to cause struc-
tural failures in machinery, leading to fatigue dam-
age in the combine harvester frame (Lai et al. 2018;
An et al. 2020). Research by Tang et al. (2019) dem-
onstrated a correlation between the front header's
amplitude and the length distribution of the short
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stalk. With the mean length of the cut stems being
23.60 mm, the up—and—down vibration of the head-
er at 25.36 mm is closely linked to the repeatedly
cut stems. This vibration issue becomes particularly
critical when harvesting native rice paddy varieties,
where the rice paddy grains are more prone to falling
(Chinsuwan et al. 2003).

The significance of the header's function in the
combine harvester is evident, and the factors caus-
ing losses have been well-researched. Vibration dur-
ing combine harvesting increases grain loss (Lash-
gari et al. 2008; Ebrahimi et al. 2013; Wang and Su
2021). The header height is the distance between
the cutter-bar tip and the ground. Ensuring proper
header height during operation is critical. If the
header is too high, stubble height increases, leading
to grain loss (Glancey 1997; Junsiri and Chinsuwan
2009). Conversely, operating the header at too low
a height can cause the header to scratch the ground
and result in machine failure (Xie and Alleyne 2014;
Ni et al. 2021; Ruan et al. 2022). It has been estimat-
ed that approximately 75-80% of harvest losses are
caused by improper height adjustment of the head-
er height (Quick and Buchele 1974; Xie et al. 2010;
Yang et al. 2022).

Several factors contribute to significant losses
to address the vibration challenges in the header dur-
ing combine harvesting. One such method involves
using a perpendicular axis type with a chain—driven
cutter bar, which helps reduce vibration in the rice
combine harvester. However, exceeding the driver's
axial speed of 350 revolutions per minute (rpm) for
the header increases vertical vibration (Chuan-
Udom 2010). Other strategies include developing
the knife driving system to obtain parameters for
balance weights, effectively reducing vibration (Fu-
kushima et al. 2012), and installing vibration isolat-
ing devices in the chassis frame connection position
to minimize vibration (Gao et al. 2017). Many for-
eign combine harvester companies have developed
automatic header height control systems to tackle
this long-standing issue. Automatic header height
control has been used in the combine harvester
to reduce the operator's grain loss and workload
while increasing the combine harvester's efficiency
(Lopes et al. 2002; Baerdemaeker and Saeys 2013).

Intelligent machines offer the potential to sig-
nificantly improve the productivity of conventional
farming, where farmers manually carry out crop
cultivation and management (Xia et al. 2015). Stud-
ies have explored various control systems for header
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height, such as using an ultrasonic sensor as a dis-
tance sensor for effective header height control (Zhu
et al. 2012), an angle sensor—based adaptive control
system for a 5-11 km'h™! harvesting speed range
(Yang et al. 2022). Their results showed that the
height error in cutting stubble was not more than
2 cm. Yong et al. (2018) studied the height of crops
and the header, which were detected using a unilat-
eral infrared reflection device, with the lifting height
of the hydraulic cylinder with the displacement sen-
sor and the response speed of the header in rising
and falling set at 0.22 and 0.16 m's™, respectively.
The rising and falling of the header were controlled
using a fuzzy proportional integral derivative (PID)
algorithm and took the crop's actual cutting height
as the control objective. The test results showed that
the maximum error of the height adjustment was
20 mm, and the error range of the crop height detec-
tor was 0—20 mm.

In the quest to minimise vibration-induced loss-
es during header movement, adjusting the verti-
cal movement of the header is crucial in reducing
vibration amplitude (Chuan-Udom 2010; Tang
et al. 2019b). However, fine—tuning the height
of the header with the existing hydraulic control
system in Thai combine harvesters poses challenges
due to the conventional system's limited response
range and improper flow and pressure settings.
Therefore, developing an automatic header height
system using an electronic directional control valve
and a proportional flow control valve is warranted
to address vibration management effectively. Thus,
this research investigated the parameters involved in
reducing the vibration of the header during move-
ment based on the conventional hydraulic system
of a Thai combine harvester. The parameters stud-
ied were: time ratio, total movement time, and final
phase distance with three levels of vertical height
movement. The study was carried out on a model
of the header of a combine harvester. The working
movement parameters were varied to clarify their
effects and minimize the header's vibration.

MATERIAL AND METHODS

System design. The design of the header and
movement system of a combine harvester used
in the study was based on the scaling method for
the position, linkage, the length corresponding
to a conventional Thai combine header. Figure 1 il-
lustrates a schematic diagram of the combine har-
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LiDAR

Units: m

Figure 1. The schematic diagram for adjusting header height
T, - the total movement time; T, — the time of first step
movement; T2 — the time of the final movement distance;

Df— the final phase distance; Dt — the total vertical distance

vester model. With a scaling factor of 0.4, the header
comprises a 1.05 m linkage bar jointed to the frame
at one end while being supported by a hydraulic rod
at 0.85m and carrying a dead weight at the other
end. The hydraulic cylinder is attached to the frame,
0.58 m below the first joint between the frame and
the header linkage bar. The height of an object was
measured using a LiDAR unit (UST-05LX; Hokuyo
Automatic, Japan) installed at the top of the header
model. A double-acting hydraulic cylinder adjusted
the header height with a proportional flow control
valve controlling the movement speed. A linear
variable differential transformer sensor between
the header and the main frame ensured the system's
measuring output when the harvester header height
was fine-tuned automatically. A 1.0 Hp power pack
unit pack unit powered the header lifting and low-
ering, set the pressure to 10,000 kPa, and the fixed
flow rate of 4.0 L'min~". A 17.0 kg dead weight was
placed 0.2 m away from the tip of the double-acting
hydraulic cylinder (bore diameter 30 mm, rod di-
ameter 20 mm, and stroke 380 mm). A triaxial ac-
celeration transducer (AS—-10TG; Kyowa Electronic
Instruments, Japan) was installed at the bottom end
of the header bar. The vibration acceleration sig-
nal values of the X and the Z axes were summed
as the vector of the vertical vibration acceleration.
The vibration analysis software performed fast Fou-
rier transformation (FFT) on the vibration signal to
obtain the spectrum of the vibration values (vibra-
tion frequency and vibration acceleration). The root
mean square (RMS) value of the vibration amplitude
was calculated using Equation (1) (Buscarello 1994):

_0.707x A

_— 1
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where: D — the vibration amplitude (mm); A — the vibration
acceleration (mm-s~2); f— the vibration frequency (Hz).

The header had three movement height levels
(200, 250, and 300 mm) corresponding to the ad-
justment of the header during actual rice harvest-
ing. The standing stubble height was approximately
25-30 cm (Parihar et al. 2023), allowing optimal
performance moving between cutting fallen rice and
standing rice with high harvest efficiency. The head-
er movement was controlled using two steps to sim-
ulate the total height adjustment, as done manually
by a combine harvester driver. Therefore, the verti-
cal movement in the current study was determined
by two factors: D, which represented the total verti-
cal distance (200, 250, or 300 mm), and Df, which
represented the final step movement distance with
three fixed vertical distances (50, 70, or 90 mm),
as shown in Figure 1. These setting movements re-
sulted in the time parameter needed to define the
movement of the header, including time ratio, total
movement time, as in Equations (2) and (3), and the
speed ratio, as in Equation (4):

Ti=—L (2)
Ti=T, +T, (3)

where: T, - the time ratio; T,

movement (s); T, - the time of the final movement dis-

— the time of first step

tance (s); T, - the total movement time (s)

si- 2By @
D, xT,
where: S, — the speed ratio; D, — the total vertical moving
distance (mm); Df— the final phase distance (mm).
Operation principle header adaptive control
system. The adaptive header control system's struc-
ture is shown in Figure 2. When the adaptive header
control system starts, the operator must move the
header to the start point to set the zero level. The
closed loop of the header control system monitors
the real-time header height. The object height value
is measured using a LiDAR sensor with a microcon-
troller control system converted to a voltage signal
(0-5V at 0-1 500 mm) and sent to the professional
learning community (PLC) controller to adjust the
hydraulic actuator speed and header height level.
The hydraulic actuator speed is controlled using
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Figure 2. Header adaptive control system structure

PLC - professional learning community; LVTD - linear variable differential transforme

the proportional flow control valve. Figure 3 illus-
trates the working principle of the header speed
control diagram, which includes components such
as a pump, relief valve, proportional flow control
valve, proportional valve, flow control valve, and
hydraulic cylinder. The hydraulic circuit operates
at a pressure of 10 000 kPa with a fixed flow rate
of 4 L-min~!, The control principle is to generate the
corresponding magnetic field by energizing a so-
lenoid coil of the proportional flow control valve
to control the speed. Directional and proportional
flow control valves control the vertical movement of
the header. The amount of voltage signal supplied to
the proportional flow control valve is set according
to determined parameters, including the total verti-
cal movement (D), the final phase distance (Df), the
entire movement time (Tt), and the time ratio (Tl.).
The movement control process starts with opening
the directional and proportional flow control valves
by setting the voltage to a pre-determined value. The
supplied voltage is changed at the final step moment
and set back to 5V in the stopping stage, waiting for

Header cylinder
=
=

Flow control valve
]

Directional
W control valve

Proportional
flow

control valve ¢ . !
{ Relief valve

Pump
)

Figure 3. Hydraulic control diagram for header speed
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the next loop, as shown in Figure 4. A change in di-
rection (rising and falling of the hydraulic cylinder)
is generated by energizing the solenoid coil of the
direction valve. The feedback of the actual header
height is also used as a linear variable differential
transformer sensor (distance sensor). All data are
sent to the PLC controller in real-time.

Test procedures and instrumentation. The
tests were conducted using three levels of total ver-
tical moving distance (200, 250, or 300 mm). For
each test, the experiments were carried out based
on a factorial statistical design with the three vari-
ables being: time ratio (0.75, 1, or 1.5), total move-
ment time (1.5, 2.0, or 2.5 sec), and final phase dis-
tance (50, 70, or 90 mm) with three replications.
To monitor vibrations during the testing process,
a triaxial acceleration transducer (AS—-10TG; Kyo-
wa Electronic Instruments, Japan) was securely at-
tached to the bottom end of the header bar. This
transducer provided measurements of vibration
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Figure 4. Typically supplied voltage to proportional flow
control valve during vertical movement of the header
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acceleration along the X and Z axes, which were
combined to calculate the vector of vertical vibra-
tion acceleration. The obtained data was divided
into three distinct phases: the initial phase, the
phase during speed change at the final step, and the
phase when motion ceased. For each phase, values
of the first three vibration waves were extracted to
calculate the magnitude of the vibration. The data
were then analysed for header vibration by examin-
ing the spectrum of the vibration values over the
entire movement. This analysis was further divid-
ed into the three aforementioned phases to bet-
ter understand vibration patterns. The evaluation
of vibration amplitude specifically focused on the
first three waves, which represent periods of high
vibration. The average vibration amplitude was de-
termined across the entire range of the total move-
ment time. Duncan's multiple range tests in the
results indicated statistical differences at a prob-
ability test level of 5%.

Figure 5 shows a schematic diagram of an instru-
mentation system to measure vibration accelera-
tion. The device consisted of a triaxial acceleration
transducer for measuring acceleration, a linear vari-
able differential transformer sensor (distance sen-
sor) for feedback control, a data acquisition card
(NI cDAQ-9171: National Instruments, Hungary)
for acquiring acceleration and module NI (NI 9237
and NI 9205; National Instruments Hungary) for
reading signals at a sampling rate of 400 Hz. All data
were stored in the internal memory of the laptop.

https://doi.org/10.17221/53/2023-RAE

Figure 4. Typically supplied voltage to proportional flow
control valve during vertical movement of the header

1 — triaxial acceleration transducer; 2 — laptop; 3 — module
NI9237; 4 — module NI 9205; 5 — linear variable differential

transformer sensor; 6 — data acquisition card NI cDAQ-9171

RESULTS AND DISCUSSION

Characteristic of vibration. Figure 6 shows the typ-
ical vertical distance during movement in the model
of the harvester header. The start time was 0.92 sec
with a constant speed that changed at 1.78 sec and
stopped at 2.24 sec. This was the result of an experi-
ment under a total movement time (7)) of 1.5 sec,
a time ratio (7'/T,) of 0.75, and a final phase distance
(D,) of 50 mm. Figure 7 shows the corresponding ver-
tical speed during the movement of the header. The
start speed was 16.67 cm's™!, and the final speed was
8.33 cm's™!. There were three—speed changes dur-
ing moving, causing accelerations of 1 280.8 mms™>
(al), —740.8 mm's™? (42), and —585.7 mm's~? (a3)
at initial movement, entering the final movement
distance, and the stopping stage, respectively. Ac-
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Figure 6. Vertical moving distance during movement of combine harvester header model

T1 — the time of first step movement; T2 — the time of the final movement distanc ; Df— the final phase distance
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Time (s)

Figure 7. Corresponding vertical speed during movement
of the header
al — the initial movement distance; a2 — the final movement

distance; a3— the stopping stage
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cording to all test results, the acceleration and decel-
eration values increases were related to the difference
in changing speed during movement.

Power spectrum of vibration. The moving pat-
tern of the header with two steps generated three
wave phases of vibration: the first at the start, the
second when getting to the final movement distance,
and the third at the stop, as shown in Figure 8A. The
first wave had the highest vibration amplitude, fol-
lowed by the second and third, respectively. Typical
results are shown in Figure 8, where the vibration
occurred during the vertical movement of 300 mm.
The final movement distance likely affected the mag-
nitude of the vertical acceleration. The second and
third waves differed under different final movement

Final phase distance (50 mm)

(B) 10 2.5
5 l 2.0 X 9.861
Y 2.081
0 M\m_/ 1.5
i 1.0
_10l 1 ‘ 0.5
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-15 0 e 1
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Figure 8. (A) Vertical acceleration at a vertical moving distance of 300 mm, and (B) magnitudes of vibration in the three phases

X — frequency; Y — vertical acceleration magnitude
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distances of 50, 70, and 90 mm. A fast Fourier trans-
form on the vibration acceleration signal of each
measure using the MATLAB program to obtain the
amplitude and frequency of acceleration is shown
in Figure 8B. The vibration frequency over the total
movement time was 8.5-11 Hz for all results. The

https://doi.org/10.17221/53/2023-RAE

RMS values of the amplitude vibration ranged from
0.166 to 0.597 mm.

Effect of the parameter pattern. Tables 1-3
shows the results of the vibration amplitude ex-
periments using the harvester model and testing
the parameters of time ratio, total movement time,

Table 1. Vibration amplitudes in 1%, 2", and 3" phases for vertical moving distance of 200 mm

Final phase Total moving  Time ratio Vibration amplitude Average vibration
Parameter distance time (T,/T,) 1% phase 2™ phase 3" phase amplitude
(mm) (s) (mm)
1.50 0.899 0.707 0.797 0.589
1.50 1.00 0.923 0.710 0.132 0.324
0.75 0.841 0.600 0.240 0.439
1.50 0.855 0.177 0.548 0.295
50 2.00 1.00 0.877 0.707 0.436 0.279
0.75 0.963 0.371 0.368 0.358
1.50 0.710 0.267 0.339 0.224
2.50 1.00 0.741 0.271 0.312 0.318
0.75 0.819 0.366 0.277 0.418
1.50 0.880 0.338 0.793 0.408
1.50 1.00 0.867 0.612 0.816 0.401
0.75 0.983 0.721 0.728 0.543
Vertical moving 1.50 0.632 0.214 0.655 0.215
distance 70 2.00 1.00 0.713 0.290 0.672 0.341
(200 mm) 0.75 0.906 0.520 0.312 0.374
1.50 0.622 0.117 0.467 0.166
2.50 1.00 0.669 0.231 0.398 0.192
0.75 0.805 0.210 0.356 0.274
1.50 0.707 0.204 0.790 0.338
1.50 1.00 0.941 0.257 0.504 0.421
0.75 1.124 0.370 0.664 0.460
1.50 0.651 0.135 0.618 0.310
90 2.00 1.00 0.701 0.182 0.608 0.205
0.75 0.644 0.181 0.527 0.282
1.50 0.587 0.188 0.354 0.168
2.50 1.00 0.627 0.169 0.325 0.216
0.75 0.799 0.042 0.394 0.193
‘ 50 - - 0.847° 0.464¢ 0.383° 0.361¢
Ei::npc};ase 70 - - 0786  0.361 0.577" 0.324b
90 - - 0.753 0.192° 0.532° 0.288°
- - 1.50 0.727 0.261° 0.596" 0.302°
Time ratio - - 1.00 0.784*>  0.381° 0.467% 0.299?
- - 0.75 0.776P 0.376° 0.429? 0.371°
- 1.50 - 0.907° 0.502¢ 0.607¢ 0.436¢
Total mov. time - 2.00 - 0.7712 0.309° 0.527° 0.296"
- 2.50 - 0.709 0.207° 0.358° 0.241°

&b Letters in upper index indicates significant difference at 5% level; T, - the time of the first step movement; T, — the

time of the final movement distance; Df— final phase distance
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Table 2. Vibration amplitudes in 1%, 2", and 3" phases for vertical moving distance of 250 mm

Final phase Total moving  Time ratio Vibration amplitude Average vibration
Parameter distance time (T,/T) It phase 2" phase 3" phase amplitude
(mm) (s) (mm) (mm) (mm) (mm)
1.50 1.018 0.635 0.517 0.328
1.50 1.00 1.005 0.737 0.649 0.453
0.75 0.932 0.797 0.451 0.417
1.50 1.205 0.817 0.612 0.439
50 2.00 1.00 0.930 0.845 0.528 0.520
0.75 1.131 0.884 0.310 0.594
1.50 0.790 0.822 0.338 0.318
2.50 1.00 0.784 0.669 0.571 0.464
0.75 1.031 0.742 0.372 0.449
1.50 0.921 0.601 0.603 0.520
1.50 1.00 0.987 0.757 0.673 0.503
0.75 0.929 0.576 0.825 0.494
Vertical moving 1.50 0.894 0.231 0.643 0.339
distance 70 2.00 1.00 1.080 0.575 0.773 0.597
(200 mm) 0.75 0.738 0.592 0.601 0.481
1.50 0.790 0.116 0.642 0.307
2.50 1.00 0.828 0.611 0.267 0.405
0.75 0.941 0.342 0.357 0.442
1.50 0.898 0.160 0.882 0.479
1.50 1.00 0.993 0.500 1.093 0.589
0.75 1.033 0.762 0.859 0.507
1.50 0.895 0.172 0.628 0.386
90 2.00 1.00 0.887 0.442 0.729 0.566
0.75 0.791 0.605 0.831 0.462
1.50 0.821 0.199 0.808 0.245
2.50 1.00 0.784 0.175 0.619 0.248
0.75 0.949 0.562 0.445 0.384
. 50 - - 0.981a 0.772° 0.483° 0.442°
filigtaalnpc tase 70 - - 0.901*  0.489° 0.598" 0.454°
90 - - 0.895° 0.398° 0.766" 0.430°
- - 1.50 0.915 0.417° 0.630° 0.373%
Time ratio - - 1.00 0.920? 0.590P 0.656% 0.483"
- - 0.75 0.942? 0.651° 0.561? 0.470"
- 1.50 - 0.968" 0.614° 0.728° 0.476"
Total mov. time - 2.00 - 0.949*>  0.574P 0.628° 0.487°
- 2.50 - 0.858° 0.471° 0.491° 0.362°

&b Letters in upper index indicates significant difference at 5% level; T, - the time of the first step movement; T, — the

time of the final movement distance; Df— final phase distance

and final phase distance variables for three ranges
of vertical movement (200, 250, and 300 mm). There

plitude in the 2nd wave phase from 0.464 to 0.192,
0.772 t0 0.398, and 0.772 to 0.579 mm in the vertical

was a significant effect of the final movement dis-
tance on the vibration amplitude in the 2"¢ and 3™
wave phases. An increase in the final movement
distance from 5 to 9 cm reduced the vibration am-
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movement distances of 200, 250, and 300 mm, re-
spectively. However, the vibration amplitude in the
3rd phase reversibly increased from 0.383 to 0.577,
0.483 to 0.766, and 0.382 to 0.551 mm, respectively.
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Table 3. Vibration amplitudes in 1*, 2%, and 3 phases for vertical moving distance of 300 mm

Final phase Total moving _ Time ratio Vibration amplitude Average vibration
Parameter distance time (T,/T,) 1% phase 2" phase 3" phase amplitude
(mm) (s) (mm) (mm) (mm) (mm)
1.50 0.881 0.769 0.450 0.399
1.50 1.00 1.194 0.992 0.437 0.503
0.75 1.125 0.985 0.482 0.558
1.50 0.962 0.506 0.417 0.376
50 2.00 1.00 1.079 0.804 0.620 0.377
0.75 0.744 0.715 0.301 0.374
1.50 0.862 0.522 0.330 0.276
2.50 1.00 1.160 0.826 0.241 0.396
0.75 1.104 0.810 0.162 0.356
1.50 0.964 0.575 0.879 0.355
1.50 1.00 1.272 0.552 0.895 0.498
0.75 1.373 1.079 0.456 0.513
Vertical moving 1.50 0.910 0.576 0.518 0.315
distance 70 2.00 1.00 1.051 0.704 0.276 0.335
(200 mm) 0.75 0.975 0.707 0.324 0.387
1.50 0.749 0.601 0.506 0.308
2.50 1.00 0.879 0.397 0.324 0.320
0.75 1.133 0.642 0.220 0.361
1.50 1.045 0.709 0.897 0.366
1.50 1.00 1.034 0.885 0.593 0.374
0.75 1.060 0.598 0.534 0.432
1.50 0.801 0.550 0.902 0.406
90 2.00 1.00 1.045 0.541 0.543 0.416
0.75 1.167 0.532 0.311 0.313
1.50 0.959 0.497 0.420 0.233
2.50 1.00 0.967 0.511 0.376 0.333
0.75 0.982 0.384 0.386 0.336
‘ 50 - - 1.0122 0.772° 0.4832 0.442°
Ei:;npctase 70 - - 1.034*  0.648° 0.489" 0.377%
90 - - 1.0072 0.579 0.551° 0.356°
- - 1.50 0.904° 0.589° 0.591°¢ 0.337°
Time ratio - - 1.00 1.076P 0.690° 0.478° 0.395"
- - 0.75 1.074P 0.717° 0.353? 0.403"
- 1.50 - 1.105° 0.794° 0.625¢ 0.444¢
Total mov. time - 2.00 - 0.970? 0.626% 0.468° 0.366"
- 2.50 - 0.977 0.577° 0.330? 0.324°

&b Letters in upper index indicates significant difference at 5% level; T, - the time of the first step movement; T, — the

time of the final movement distance; Df— final phase distance

The reduced difference in speed at starting and en- The final movement distance did not significantly
tering the longer final movement distance may have affect the vibration amplitude in the 1st wave phase;
distributed the reduction of vibration in the 2" wave ~ when increasing the final phase distance (50, 70,
phase and vice—versa in the 3rd wave phase since and 90 mm), the average vibration amplitudes in
greater extended final movement allowed for a high-  the 1st wave phase for the three vertical movement
er speed in the stop stage. distances were 0.795, 0.926, and 1.002 mm, respec-
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tively. However, the final movement distance af-
fected the average vibration amplitude of the whole
wavelength, with a more extended period of the final
movement reducing the average value of the whole
vibration amplitude. Considering the effects on the
three—wave phases, managing the final phase dis-
tance could help make the vibration amplitude more
uniform. The final movement distance should not
be over one-half of the vertical moving distance;
otherwise, the higher deceleration in the stopping
stage causes a greater vibration amplitude in the 3rd
phase. The time ratio influenced the vibration am-
plitude because an increase in the time ratio under
the same total movement time significantly reduced
the vibration amplitude in the 2nd wave phase. Op-
erating under an increasing time ratio from 0.75 to
1.50 for vertical movement distances of 200, 250,
and 300 mm decreased the average vibration am-
plitudes in the 2nd wave phase from 0.376 to 0.261,
from 0.651 to 0.417, and from 0.717 to 0.589 mm,
respectively. The higher the time ratio, the lower the
speed obtained at the starting point, decreasing ac-
celeration and reducing the difference between the
start speed and the final speed, resulting in a lower
vibration amplitude in the 2nd phase for the same
final phase distance. However, there was a signifi-
cantly increased effect on the vibration amplitude
in the 3rd phase due to a higher declaration value
in the stopping stage. When the header model op-
erated under a time ratio increasing from 0.75 to
1.50 in the vertical moving distance of 200, 250, and

14 4
12 7

10 - --.

Speed ratio
[ ]
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300 mm, the average vibration amplitudes decreased
from 0.370 to 0.299, from 0.470 to 0.373, and from
0.403 to 0.337 mm, respectively, over the total move-
ment time; analyzing the interaction between the
time ratio and the final phase distance in the verti-
cal movement distance of 200, 250, and 300 mm af-
fected vibration amplitude. With an increase in both
the time ratio (from 0.75 to 1.50) and in the final
movement distance (from 50 to 90 mm), the average
vibration amplitude was reduced in the range 0.487
to 0.263 mm, with 1.144 to 0.648 mm in the 1st wave
phase and 0.874 to 0.176 mm in the 2nd wave phase
but this increased from 0.295 to 0.772 mm for the 3rd
wave phase for the vertical movement distance from
200 to 300 mm. These results suggested that manip-
ulating two parameters could manage the vibration's
amplitude and help keep it consistent over the entire
range of motion. The control system should keep the
time ratio and the final movement distance minimal
to optimize the relationship between the excitation
parameters to minimize the vibration amplitude in
the 3rd wave phase. On the other hand, to reduce the
vibration amplitude in the 1st and 2nd wave phases,
the system must control the start speed and final
speed by more closely managing the time ratio and
the total movement time.

The total movement time also significantly affect-
ed the vibration amplitude. The experimental results
showed that increasing the total movement time
from 1.5 to 2.5 s for vertical movement distances
of 200, 250, and 300 mm significantly reduced the

0 T T T
0 1 2 3

4 5 6 7

Vibration amplitude (mm)

........... Vibration 1% phase amplitude

Vibration 2" phase amplitude

Vibration 3™ phase amplitude

Figure 9. Correlations between speed ratio and vibration amplitude
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vibration amplitude in all wave phases. The vibration
amplitude in the 1st, 2nd, and 3rd wave phases de-
creased from 0.197 to 0.110 mm, 0.295 to 0.143 mm,
and 0.295 to 0.237 mm, respectively, with the vibra-
tion amplitude in the second wave phase having the
most significant reduction. However, the total move-
ment time must be carefully considered in conjunc-
tion with the travel speed in rice harvesting situa-
tions in a field to avoid incorrect rice cutting in the
changing area between lodging and standing rice.

Figure 9 shows the effect of the speed ratio on
the vibration amplitude in the 1°, 2", and 3" wave
phases. The vibration amplitude had a positive lin-
ear relationship with the speed ratio in the 1st and
274 wave phases but a negative linear relationship
in the 3™ wave phase. Increasing the speed ratio
with the same total movement time produced
a greater difference between the start and final
speeds, resulting in increased vibration amplitude
in the 2nd phase. On the other hand, this reduced
vibration amplitude in the 3'¢ phase. Therefore, se-
lecting the appropriate speed ratio could help to
lower the vibration amplitude and make it more
consistent. For a control header with a vertical
movement distance of 200 mm or less in the field,
setting the speed ratio to 1 can help reduce the
vibration amplitude in the 1 and 2" wave phas-
es. However, a higher start speed is necessary for
a vertical movement distance of 250 mm or more
to make the corresponding response fast enough
to cut the rice accurately.

CONCLUSION

The natural frequency of the harvester model was
in the range of 8.5-11 Hz, and the root mean square
of the vibration amplitude was in the range of 0.166—
0.597 mm.

The harvester header models investigated param-
eters (time ratio, total movement time, and final
movement distance) significantly influenced the vi-
bration amplitude.

The vibration amplitude was affected by the inter-
action of two parameters (time ratio and final phase
distance) for all vertical movement distances (200,
250, and 300 mm). Increases in the time ratio and
the final phase distance decreased the vibration am-
plitude in the 1** and 2"¢ phases.

Using the minimum time ratio and final phase dis-
tance resulted in the minimum vibration amplitude
in the 3" phase. The closer the start speed and final
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speed, the smaller the vibration amplitude in the 1%
and 2" phases.

An increase in the total movement time signifi-
cantly lowered the vibration amplitude.

The speed ratio increased the vibration amplitude
for the 1°t and 2" wave phases but reduced it for the
3" wave phase.

When operating at a vertical movement distance
of 200-300 mm, a time ratio of 0.75 and a final
phase distance of 50 mm are recommended. These
adjustments effectively reduced the vibration am-
plitude in the 3" wave phases, resulting in more ac-
curate rice cutting.
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