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Abstract. The sugarcane harvester vibration has a bad effect on the sugarcane cutting quality. The
effect of sugarcane field roughness on the sugarcane harvester vibration is much more significant
than those of cutting forces and the engine. In order to simulate sugarcane field roughness, a
simulated sugarcane field exciter (SSFE) was developed to actuate a self-developed sugarcane
harvester experiment platform (SHEP). The dynamics and the mathematical models of the SHEP
were established. Simulations of the mathematical model show these two models are reasonable.
The dynamic characteristic experiment of the SSFE shows it matches characteristics of sugarcane
field roughness, but great lateral oscillations existed when it worked. Then the SSFE II was
developed. The dynamic characteristic experiment of the SSFE II shows it matches characteristics
of sugarcane field roughness and improves the SSFE. The modal test of the SHEP was done to
further study dynamic characteristics of the SSFE II. With the SSFE 11, simulated experiments of
sugarcane harvesters under complete vibration causing conditions can be done in labs instead of
sugarcane fields to avoid the low efficiency, poor security and bad reliability during experiments
in sugarcane fields.

Keywords: sugarcane harvester, simulated sugarcane field exciter, mathematical model
simulation, dynamic characteristic experiment, modal test.

1. Introduction

The mechanized sugarcane harvesting area is only 5 % in the whole planting area [1]. A most
important reason for difficult mechanized sugarcane harvesting promotion is that mechanized
sugarcane cutting brings a poor cutting quality.

Aimed at the poor cutting quality of mechanized sugarcane harvesting, related research was
done by scholars all over the world. Kroes [2, 3] and Mello [4] studied effects of cutting forces,
cutting energies and different cutting-edge positions on the sugarcane cutting quality through
experiments. Kroes [5] studied effects of sugarcane-pressing rollers, cutters, the cutter installing
angle and the space distance among saw teeth of cutting edges on the sugarcane cutting quality
through simulations. Mello [6] studied the effect of penetrating cutting on the sugarcane cutting
quality. Liu Qingting [7, 8] studied broken forms of sugarcanes suffering from tensions,
compressions, bending and torsional moments and kinematics of sugarcanes cut by plain knives.
Liu Qingting [9] explored the cutting mechanism and mechanical properties of the sugarcane stem
material. Yang Jian [10] studied effects of sugarcane fields and machine structural factors on the
sugarcane ratoon breaking rate. Yang Wang [11] studied the sugarcane cutting mechanism through
an emulator of the sugarcane-cutter system with changeable structural and kinematic parameters.

Moreover, Thanomputra [12] used the high-pressure water cutting method with abrasive sands
added to improve the sugarcane cutting efficiency. Mello [13] and Momin [14] used different
blades to carry on experimental research on the sugarcane cutting quality and found
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bending-angle-shape blades with or without saw teeth can improve the sugarcane cutting quality.
Ripoli [15] designed a cutter whose cutting depth into soils can be adjusted according to the
gradient variation of sugarcane fields to reduce the sugarcane wastage and the impurity content.
Johnson [16] and Mathanker [17] studied effects of the sugarcane cutting velocity and the cutting
edge angle on the cutting energy. Kroes [18] designed a double-cutter model to study the kinematic
trajectory of the cutters and calculated the maximum velocity ratio between the sugarcane
harvester moving velocity and the cutter rotation velocity to improve the cutting quality. Silva
[19] evaluated the sugarcane root damage degree caused by cutting height differences through
experiments. Lai Xiao [20, 21] found the sugarcane field excitation has a bad effect on the cutting
system of sugarcane harvesters, causes the vertical cutter frame vibration and deteriorates the
sugarcane cutting quality. Wang Peng [22] designed a cutter vibration model to study the effect
of the bearing clearance on the cutting system vibration. Yang Jian [23] and Pelloso [24] studied
effects of the cutter rotation velocity and the sugarcane harvester moving velocity on the cutting
quality.

It is shown through research mentioned above that sugarcane field roughness has a bad effect
on the sugarcane cutting quality. In the sugarcane cutting process, besides sugarcane field
roughness, cutting forces and the engine also cause vibrations. It is shown through experiments
done by our research group that the sugarcane harvester vibration has a bad effect on the sugarcane
cutting quality and the effect of sugarcane field roughness on the sugarcane harvester vibration is
much more significant than those of cutting forces and the engine. However, none of research
mentioned above was focused on characteristics of sugarcane field roughness and how the
sugarcane field excitation can be obtained in labs instead of sugarcane fields to avoid the low
efficiency, poor security and bad reliability during experiments in sugarcane fields, then to study
how to improve the sugarcane cutting quality under simulated experimental conditions.

For purposes above, a sugarcane harvester experiment platform (SHEP) was developed by our
research group. On the SHEP, an actuating engine is used to simulate the engine excitation and a
simulated sugarcane field exciter (SSFE) developed based on sugarcane field roughness signals
collected in sugarcane fields is used to simulate the sugarcane field excitation. That is, the
sugarcane field excitation can be obtained in labs, which has never been achieved in previous
research. Thus, simulated experiments of sugarcane harvesters under complete vibration causing
conditions of the engine, cutting forces existing in the sugarcane cutting process and sugarcane
field roughness can be done in labs instead of sugarcane fields.

2. Characteristics of sugarcane field roughness

Characteristics of sugarcane field roughness were obtained through sugarcane field roughness
signals collected in a flat and a hilly sugarcane fields. It is shown by proportion analysis on
frequency bands of flat and hilly sugarcane field roughness signals through MATLAB that their
main excitation frequency band is 1-6 Hz, in which the excitation frequency band with the greatest
contribution is 0.5-3.5 Hz. Therefore, sugarcane field roughness signals are low-frequency
vibration signals which generate great vibration displacements with low frequencies while small
vibration displacements with high frequencies. This founds the theoretical basis for design on the
SSFE.

The piecewise fitting method was used to obtain a fitting equation, &(t) written as Eq. (1)
every 20 seconds to respectively match flat and hilly sugarcane field roughness signals accurately:

8 8

&) = Z a;sin(w;t + @;) = Z a;sin(2nfit + ¢;), €))

i=1 i=1

where: a; — amplitude with the unit of m; w; — the angular frequency with the unit of rad/s; f; —
the frequency with the unit of Hz; ¢; — the initial phase with the unit of rad.
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In this paper, the fitting equation of the hilly sugarcane field roughness signal was used. The
fitting effect of Eq. (1) for the hilly sugarcane field roughness signal in 0-20 s obtained through
MATLAB is shown in Fig. 1(a). The curve of Eq. (1) for the hilly sugarcane field roughness signal
drawn through MATLAB is shown in Fig. 1(b).
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a) The fitting effect of Eq. (1) in 0-20 s b) The curve of Eq. (1)
Fig. 1. The fitting effect and the curve of Eq. (1) for the hilly sugarcane field roughness signal

In Fig. 1(a), blue curves are actual curves of the hilly sugarcane field roughness signal and red
ones are curves of Eq. (1) in 0-20 s. Shapes of red curves coincide with those of blue ones except
that amplitudes of red curves are different from those of blue curves, showing Eq. (1) matches the
hilly sugarcane field roughness signal well every 20 seconds.

The sugarcane field excitation is generated by sugarcane field roughness and calculated
through Eq. (2):

F,(t) = KE(®) + CE®), )

where: &(t) — the first derivative of £(t); K, C — the stiffness and damping coefficients between
wheels of a sugarcane harvester and a sugarcane field.

3. Design and improvement on the SSFE

The SSFE is shown in Fig. 2, where: 1 — the shorter axis; 2 — the axis coupler; 3 — upper
springs; 4 — an eccentric mass block; 5 — the middle support platform; 6 — lower springs; 7 — the
longer axis.

Fig. 2. The SSFE

Lower springs are used to simulate stiffness and damping parts between wheels and a
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sugarcane field to simulate their moving. Upper springs are used to simulate stiffness and damping
parts between wheels and the body frame of a sugarcane harvester. The SSFE vibration is
produced through unbalanced forces generated by the high-speed rotation of eccentric mass
blocks. Unbalanced forces can be changed through the number of eccentric mass blocks.

Lateral oscillations of the SSFE can simulate lateral swings of a sugarcane harvester working
in a sugarcane field. It is found through experiments done by our research group that the vertical
cutter vibration is bad for the sugarcane cutting quality while lateral cutter oscillations are good
for cutting off sugarcanes. Therefore, lateral oscillations of the SSFE are unavoidable and needed,
but they should not be great, or the SSFE may turn over laterally, so the SSFE vibration
displacements along lateral directions should be smaller than that along the vertical direction. The
SSFE with lateral-oscillation-limiting devices (SSFE II) was developed based on the SSFE to
improve it so that much more an accurate simulated sugarcane field excitation can be achieved in
the lab. Lateral-oscillation-limiting devices are external and internal sleeves of the upper and lower
springs. The SSFE 11 is shown in Fig. 3, where: 1, 2 — the external and the internal sleeves of the
upper spring; 3 — eccentric mass blocks; 4 — the axis coupler; 5, 6, 9 — the upper, the middle and
the lower support platforms; 7, 8 — the external and the internal sleeves of a lower spring.

There are one upper spring and four lower springs in it.

@ Sy AP f%\—~' :
Fig. 3. The SSFE II

The SHEP with two SSFE IIs is shown in Fig.4, where: 1 — the sugarcane-feeding device;
2 — the sugarcane-clamping device; 3 — the sugarcane-feeding pathway; 4 — the actuating engine;
5 — the cutter frame; 6 — a vibration absorber; 7 — the body frame; 8 — the SSFE II; 9 — a cutter.

Two SSFE IIs are in the front of the SHEP while two vibration absorbers are at the back. The
actuating engine is at the top. The SHEP is equivalent to a sugarcane harvester working in a
sugarcane field.

4. The dynamics and the mathematical models of the SHEP

The dynamics model of the SHEP is simplified as a spring-mass system shown in Fig. 5. The
body frame of the SHEP, two cutters and the actuating engine are simplified as mass blocks. Two
SSFE IIs and two vibration absorbers are simplified as spring dampers, equivalent to four wheels
of a sugarcane harvester. The positive direction of the z axis is the upward vertical direction. The
x axis is along radiuses of two cutters with the positive direction pointing to the left of the SHEP.
The y axis is along the sugarcane-feeding pathway with the positive direction pointing to the back
of the SHEP. The x and the y axes are along two lateral directions vertical to the z axis.
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Fig. 5. The dynamics model of the SHEP

In Fig. 5 m;, m,, m; — masses of the body frame, a cutter and the actuating engine, m; =
3600 kg, m, = 70 kg, mg = 400 kg; Iy, L, I;,, L, I,, — rotational inertias of the body frame and
a cutter around the x, the y and the z axes, I, = I, = 3.4x10° kg-n’, I, = 65.39153867 kg-m?,
I, = 23.05961249 kg-m?, I, = 54.79386107 kgm?; K, K,, C;, C, — stiffness and damping
coefficients between two front wheels and the body frame, K; = K, = 3.52x10° N/m, C; = C, =
2.686x10° N/((m/s)); K3, K4, C5, C, — stiffness and damping coefficients between two rear wheels
and the body frame, K3 = K, = 5.28x10° N/m, C; = C, = 2.218x103 N/((m/s)); Ks, Cs — the
stiffness and the damping coefficients between two cutters and the body frame,
Ks = 9.093x10° N/m, Cs = 6.3 N/((m/s)); Kq, Cg — the stiffness and the damping coefficients
between the actuating engine and the body frame, K, = 5.98x10° N/m, Cy = 1.57x10° N/((m/s));
E,., Ey,» Fv,» By, —sugarcane field excitations acting on the four wheels, as are calculated through

Eq. (3) according to Eq. (2):
F,.(0) = KE(®) + CE(D), i=1.234, 3)

F,, F; — periodical forces acting on the body frame by the engine and the engine by its internal
structures, as are calculated through Eq. (4):

F,(t) = 55.17sin(2m X 40.0207006¢), @
F/(t) = 2493cos(2 X 21 X 29.1799363t), )

Fy, F,, F, — cutting forces along the x, the y and the z axes, as are calculated through Eq. (5):

F.(t) = 517.2sin(2m X 19.0666667t),
E,(t) = 414.2sin(27 x 19.0666667¢), (5)
F,(t) = 373.2sin(27 X 19.0666667¢t),

a, a', L, R — halves of the front wheel distance, the rear wheel distance, the length of the body
frame and the center distance of two cutters, a = 0.68 m, a’ = 0.605m, L =2.5m, R = 0.27 m;
L, — the distance between front wheels or rear wheels and the mass center of the body frame,
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L; = 1.5 m; L, — the distance between the mass center of the cutter frame and that of the body
frame, L, = 0.9 m; L, y, — distances between the mass center of the body frame with the action
line of F, observed along the x axis and the y axis, L; = 0.1 m, y, = 0.3025 m; r — the length of
the cutter axis, r = 0.5 m; z,, z,, zZ3, Z, — vertical displacements of connection points of four
wheels and the body frame; z5 — vertical displacements of connection points of two cutters and
the body frame. They are calculated through Eq. (6):

a
Z1 = Z7 _592 +T92 - L291,

a
Zy Zy +§92+7’92—L291,

al
Z3 =Z7_?02_T02+L201, (6)

a

Zy = Zy +?02 - T02 + L291,

Zy = Zy + T@z - ngl’

Zy7, Zg, Zg — vertical displacements of the body frame, a cutter and the actuating engine; 6, 6, —
rotation angles of the body frame around the x and the y axes; 0, 03, 65 — rotation angles of a
cutter around the x, the y and the z axes. They are calculated through given parameters above.

According to the D’ Alembert principle, the mathematical model of Fig. 5 is written as Eq. (7)
in a matrix form:

MZ+CZ+KZ=F, (7)
where:

rmy

le 91

| ms
- E+F, +F, +F,+E,

FL; +Fy L, +F, L1 +F,,Li + E,, L,
Ey,—F, a+F,a—F,a+FE,,6aa

F = F
FeL,
—F,L, + Fyr
—-E.r
L F, i
Ci+Cy+ Cy+ Cy +2Cs + Cq —L,Cy = LyCy + LyCs + LyCy — 2L,Cs
—CyLy = CyLy + C3Ly + Cyly + Coly — 2L,Cs  LoLyCy + LyLyCy + LyLyCs + LyLy Cy + 2L,Cs
—Cia + C,a — Ca’' + Cya’ + Cgy, L,aC, — L,aC, — L,a'C3 + L,a’C,
— —Cs L,Cs
¢= 0 0
GsL, ~L5Cs
CsR —L,RCs
—C, 0
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—%Cl+rCI+§CZ+rCz—%C3—TC3+%C4—1”C4+2TC5 -2 0 0 0 —C, |
ngcl —rL,C — SLlc2 —7L,C, — a—L1C3 —rLCs + a—L1C4 —7LCy —2L,7Cs 2L,Cs 0 0 0 —Cylsy
a? a? L@ ) @) )
5 G —ral +—C +rat; + C+ra'C;+—-C,—ra'C, 0 0 0 0 —GCeye
—rCS GG 000 o0 [
0 0 0 0 0 0
rL,Cs —CL, 000 0
TRCq —CGR 0 0 0 0
0 0 00 0 C
K+ K, + K3 + K, + 2Ks + K, —L,Ky — LK, + LKy + LK, — 2L,Ks
—KyLy — KoLy + KLy + KyLy + KoLy — 2L,Ks  LyLyKy + LyLyKy + LyLi Ko + LyLy Ky + 2L, K
—Kia + K,a — Kza' + K,a' + Kgy, LyaK, — LyaK, — L,a'K; + Ly,a'K,
- —K; L,Ks
k= 0 0
KsL, —12K,
KsR —L,RKs
—K, 0
a a a' a' 1
— 5Ky 41Ky 4 5K + 7Ky = — Ky = 1Ky + — Ky = 1K, + 21K, —2K; 0 0 0 —K,
a a a' a'
S LaKy = TLyKy = S LyKy =LKy = — LKy = TLyKy +— LiKy = 11y Ky = 2LyrKs 2L,Ks 00 0 0 =Kl
a2 aZ ar 2 ( n2
71(1 —rak; +7K2 +rak, + 2 ——K;+ra'K; + 2 ——K,—rad'K, 0 0 0 0 —Kgye
—7Ks Ks 000 0
0 0 0 0 O 0
rL,Ks —KsL, 0 0 0 0
TRK, KR 0 0 0 0
0 0 00 0 K,

Curves of z,, 27, 26, 01, 0,, 03, 61 and 8, changing with time drawn through MATLAB are
shown in Fig. 6.
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Fig. 6. Curves of z, z, zg, 64, 65, 03, 01 and 6, changing with time

According to Fig. 6, z4, 27, Ze, 01 and 6, become smaller and smaller, that is, convergent along
with time, showing the dynamics and the mathematical models of the SHEP are reasonable.
Finally, they change with time in approximately periodical variation laws in that F,,, F, and F, are
periodical excitations, showing displacements of two cutters, the body frame and the engine of a
sugarcane harvester along the z axis finally change approximately in periodical variation laws
along with time. 6; and 65 become greater and greater along with time in that two cutters keep
rotating around their axes in the sugarcane cutting process.

Surface diagrams of z,, z7, ze, 64, 0,, 03, 61 and 8, changing with a; during continuous time
drawn through MATLAB are shown in Fig. 7.

According to Fig. 7, the greater a; is, the greater z,, Z7, Zs, 01, 6,, 63, 61 and 6, will be,
showing the sugarcane field excitation is a kind of displacement excitations, that is, the hillier a
sugarcane field is, the more severe the sugarcane harvester vibration will be.
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Fig. 7. Surface diagrams of z4, z;, Z, 6, 6, 03, 61 and 8, changing with a; during continuous time

Surface diagrams of zg, z,, zg, 01, 8,, 05, 61 and 8, changing with f; during continuous time
drawn through MATLAB are shown in Fig. 8.
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Fig. 8. Surface diagrams of z,, z;, z¢, 6, 0;, 63, 61 and 8, changing with f; during continuous time

According to Fig. 8, The greater f; is, the greater 8,, 8,, 65, 61 and 6; will be. When f; is
2-3 Hz, in the excitation frequency band of sugarcane field roughness signals with the greatest
contribution, 0.5-3.5 Hz, z,, z, and z, are the greatest, further showing the dynamics and the
mathematical models of the SHEP are reasonable and the SHEP can simulate a sugarcane
harvester working in a sugarcane field.

5. Materials and methods
5.1. Design on the SSFE and the SSFE II output frequency calibration experiments

The SSFE and the SSFE II output frequency calibration experiments were done to obtain their
output frequencies. The SSFE and the SSFE II input frequencies were controlled through a digital
frequency convertor (Model: F1000-G0055T3B). Corresponding to every input frequencies of the
SSFE and the SSFE 11, a laser tachometer (Model: DT-2234B) was used to measure eccentric axis
rotation velocities of the SSFE and the SSFE II which were used to calculate output frequencies
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corresponding to their input frequencies at this moment.
5.2. Design on dynamic characteristic experiments of the SSFE and the SSFE I1

Dynamic characteristic experiments of the SSFE and the SSFE II were designed as vibration
displacement measuring experiments to study their dynamic characteristics and verify whether
they match characteristics of sugarcane field roughness and whether lateral-oscillation-limiting
devices can limit lateral oscillations of the SSFE II. The block diagram of dynamic characteristic
experiments of the SSFE and the SSFE II is shown in Fig. 9.

In Fig. 9, the laser displacement sensor was used to measure the SSFE and the SSFE II
vibration displacements along the x, the y and the z axes. The SSFE and the SSFE II vibration
displacement measuring experiments were designed as complete cross grouping experiments. The
SSFE and the SSFE II input frequencies and eccentric masses were two experimental factors.
Levels of the SSFE and the SSFE II input frequencies were 5-15 Hz and 8-25 Hz (The step size is
1). Levels of the eccentric mass were 1-4 kg (The step size is 1).

The power transformer

The controller
Model: LK-G3001A Model: MS2-150
i
n

The SSEE or the SSEE 11 The digital frequency convertor
B

(with different eccentric masses) Model: F1000-G0055T3

Fig. 9. The block diagram of dynamic characteristic experiments of the SSFE and the SSFE II
5.3. Design on the LMS modal test of the SHEP

The LMS modal test of the SHEP was done to further study dynamic characteristics of the
SSFE II. The LMS modal test system of the SHEP and its block diagram are shown in
Figs. 10-11. The force hammer was used to knock on the SHEP to obtain its modal information.
Three-axis acceleration sensors were pasted on the SHEP according to the paste point arrangement
diagram drawn through Geometry of LMS Test.Lab, as is shown in Fig. 12.

The stEP

WA
Fig. 10. The LMS modal test ~ Fig. 11. The block diagram of the Fig. 12. The paste point
system of the SHEP LMS modal test system of the SHEP arrangement diagram
6. Analysis on experiment results

6.1. Analysis on the SSFE and the SSFE II output frequency calibration experiment results

The SSFE and the SSFE II output frequency calibration curves drawn through Excel are shown
in Fig. 13.
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According to Fig. 13, the SSFE output frequencies range from 1.3 Hz to 4.81 Hz and the
SSFE 11 output frequencies range from 2.24 Hz to 7.35 Hz, approximately in the main excitation
frequency band of sugarcane field roughness signals, 1-6 Hz, showing the SSFE and the SSFE II
input frequencies were chosen reasonably.

m
x
7}
7]

2

The SSFE

4 5 6 7 8 9 10 11 12 13 14 15 16 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
The SSFE input frequency (Hz) The SSFE II input frequency (Hz)

a) The SSFE output frequency calibration curve b) The SSFE II output frequency calibration curve
Fig. 13. The SSFE and the SSFE II output frequency calibration curves

6.2. Analysis on the dynamic characteristic experiment result of the SSFE

Under every eccentric mass, curves of the SSFE vibration displacements along the three
directions changing with the SSFE input frequency drawn through Excel are shown in Fig. 14.

0.6 14

o

o
S

o
<

°
o

The SSFE vibration displacement (mm)

The SSFE vibration displacemer

4 5 6 7 8 2 10 11 12 13 14 15 16 4 5 6 8 9 10 11 1. 13 14 15 16
The SSFE input frequency (Hz) The SSFE input frequency (Hz)
a) Under a 1 kg eccentric mass b) Under a 2 kg eccentric mass

w

—&—X axis —@—y axis

—e—x axis| —e—y axis

©

°

The SSFE vibration displacement (mm)
The SSFE vibration displacement (mm)

—o=—F —
0 = - 0
4 5 6 7 8 9 10 1 12 1 14 15 16 4 5 6 7 8 9 10 11 12 13 14 15 16
The SSFE input frequency (Hz) The SSFE input frequency (Hz)
¢) Under a 3 kg eccentric mass d) Under a 4 kg eccentric mass

Fig. 14. Under every eccentric mass, curves of the SSFE vibration displacements
along the three directions changing with the SSFE input frequency

According to Fig. 14, under the same eccentric mass, the SSFE vibration displacements along
two lateral directions are greater than that along the vertical direction, so the SSFE may turn over
laterally. Therefore, the SSFE needs improvement.

Along every direction, curves of the SSFE vibration displacements changing with the SSFE
input frequency under different eccentric masses drawn through Excel are shown in Fig. 15.

According to Fig. 15, along the same direction, the greater the eccentric mass is, the greater
the SSFE vibration displacement will be. According to Figs. 14-15, under the same eccentric mass
or along the same direction, the greater the SSFE input frequency is, the greater the SSFE vibration
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displacement will be, verifying the discovery obtained through Fig. 8.

Moreover, according to Figs. 14-15, the SSFE vibration displacement has an obvious
increasing trend when the SSFE input frequency is greater than 8 Hz. According to Fig. 13(a), the
SSFE output frequencies corresponding to 8-10 Hz are 2.58-3.16 Hz, in the excitation frequency
band of sugarcane field roughness signals with the greatest contribution, 0.5-3.5 Hz and the SSFE
output frequencies corresponding to 11-15 Hz are 3.53-4.81 Hz, in the main excitation frequency
band of sugarcane field roughness signals, 1-6 Hz, making the SSFE vibration displacement have
an obvious increasing trend. Besides, the SSFE output frequencies are smaller than 10 Hz, so with
low output frequencies, the SSFE generated vibrations along the three directions. Therefore, the
SSFE can generate low-frequency vibration signals, matching characteristics of sugarcane field
roughness.

The SSFE vibration displacement (mm)

The SSFE vibration displa

The SSFE input frequency (Hz) The SSFE input frequency (Hz)

a) Along the x axis b) Along the y axis

—— kg 2kg 3kg kg

The SSFE vibration displacement (mm)

—————— ¢

" ———¢

4 5 6 7 8 9 10 11 12 13 14 15 16

The SSFE input frequency (Hz)
c¢) Along the z axis
Fig. 15. Along every direction, curves of the SSFE vibration displacements changing
with the SSFE input frequency under different eccentric masses

6.3. Analysis on the dynamic characteristic experiment result of the SSFE II

Under every eccentric mass, curves of the SSFE II vibration displacements along the three
directions changing with the SSFE II input frequency drawn through Excel are shown in Fig. 16.

According to Fig. 16, under the same eccentric, the SSFE II vibration displacements along two
lateral directions are smaller than that along the vertical direction, so lateral-oscillation-limiting
devices can limit lateral oscillations of the SSFE II, that is, the SSFE was improved. Therefore,
the SSFE 1I simulates the sugarcane field excitation much more accurately and makes the SHEP
much more similar to a sugarcane harvester working in a sugarcane field.

Along every direction, curves of the SSFE II vibration displacements changing with the
SSFE II input frequency under different eccentric masses drawn through Excel are shown in
Fig. 17.

According to Fig. 17, along the same direction, the greater the eccentric mass is, the greater
the SSFE II vibration displacement will be. According to Figs. 16-17, under the same eccentric
mass or along the same direction, the greater the SSFE II input frequency is, the greater the
SSFE II vibration displacement will be, verifying the discovery obtained through Fig. 8.
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Fig. 16. Under every eccentric mass, curves of the SSFE II vibration displacements
along the three directions changing with the SSFE II input frequency
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Fig. 17. Along every direction, curves of the SSFE II vibration displacements changing
with the SSFE II input frequency under different eccentric masses

Moreover, according to Figs. 16-17, wave crests of the SSFE II vibration displacement appear
when the SSFE II input frequencies are 16 Hz, 17 Hz, 20 Hz, 21 Hz, 23 Hz and 24 Hz and the
SSFE 11 vibration displacement has an obvious increasing trend when the SSFE II input frequency
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is greater than 16 Hz. According to Fig. 13(b), the SSFE II output frequencies corresponding to
these six input frequencies are 4.69-7.04 Hz, approximately in the main excitation frequency band
of sugarcane field roughness signals, 1-6 Hz, making peak values of the SSFE II vibration
displacement appear and the SSFE II vibration displacement have an obvious increasing trend.
Besides, the SSFE II output frequencies are smaller than 10 Hz, so with low output frequencies,
the SSFE II generated vibrations along the three directions. Therefore, the SSFE II can generate
low-frequency vibration signals, matching characteristics of sugarcane field roughness.

6.4. Analysis on the LMS modal test result of the SHEP

Seven stages of natural frequencies and correlation coefficients of the SHEP obtained through
Modal analysis of LMS Test.Lab are shown in Table 1.

Table 1. Seven stages of natural frequencies and correlation coefficients (%) of the SHEP

Stage | Natural frequency (Hz) 1 2 3 4 5 6 7
1 6.819 100 16.086 | 2.807 | 2.407 | 6.679 | 1.105 | 2.334
2 11.514 16.086 100 12.663 | 5.295 | 16.233 | 0.826 | 4.441
3 23.198 2.807 | 12.663 100 | 0.038 | 3.645 | 0.643 | 4.271
4 43.048 2.407 | 5.295 | 0.038 100 6.913 | 3.305 | 4.455
5 44314 6.679 | 16.233 | 3.645 | 6.913 100 | 0.456 | 4.776
6 53.481 1.105 | 0.826 | 0.643 | 3.305 | 0.456 100 | 5.353
7 62.185 2334 | 4441 | 4271 | 4455 | 4.776 | 5353 | 100

According to Table 1, low correlation coefficients exist between every two natural frequencies
of the SHEP, showing these seven stages of natural frequencies have high accuracy and reliability.
Besides, the first natural frequency of the SHEP is 6.819 Hz, making the sympathetic vibration of
the SHEP appear when the SSFE II output frequencies were 5.86 Hz, 6.14 Hz, 6.74 Hz and
7.04 Hz close to 6-7 Hz, then making peak values of the SSFE vibration displacement appear
according to Figs. 16-17.

7. Conclusions

1) Simulations of the mathematical model show the dynamics and the mathematical models of
the SHEP are reasonable and the SHEP can simulate a sugarcane harvester working in a sugarcane
field.

2) The dynamic characteristic experiment of the SSFE shows it matches characteristics of
sugarcane field roughness, but great lateral oscillations existed when it worked, so it needed
improvement. Then the SSFE II were developed.

3) The dynamic characteristic experiment of the SSFE II shows it matches characteristics of
sugarcane field roughness and lateral-oscillation-limiting devices can limit lateral oscillations of
the SSFE 11, so the SSFE was improved.

4) The LMS modal test of the SHEP shows its first natural frequency is 6.819 Hz, making the
sympathetic vibration of the SHEP appear when the SSFE II output frequencies were 5.86 Hz,
6.14 Hz, 6.74 Hz and 7.04 Hz close to 6-7 Hz, then making peak values of the SSFE vibration
displacement appear.

With the SSFE II, simulated experiments of sugarcane harvesters under complete vibration
causing conditions of the engine, cutting forces and sugarcane field roughness can be done in labs
instead of sugarcane fields to avoid the low efficiency, poor security and bad reliability during
experiments in sugarcane fields.
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