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Analysis and evaluation of vibration characteristics of a new type of
electric mini-tiller based on vibration test

Po Niu, Jian Chen’, Jindou Zhao, Zeyong Luo
(College of Engineering and Technology, Southwest University, Chongqing 400715, China)

Abstract: Now the internal combustion engine mini-tiller has become the main and indispensable agricultural machinery in
vast hilly and mountainous areas of Southwest China. However, its intense vibration may pose a big threat to operators. As
a countermeasure to the tiller vibration, a new type of electric mini-tiller powered with a group of lithium battery and a
brushless DC motor was developed. The vibration signals at the handle of the tiller were tested under 6 conditions as follows:
the tiller was under states of static and working in the field, at slow, medium and rapid speed, respectively. The signals were
processed by means of the time domain eigenvalue analysis and the frequency spectrum analysis. The results show that with
the electric motor rated speed increased from 95 to 140 r/min under static conditions, the RMS values increased 122.54%, and
with the forward speed increased from 0.30 to 0.80 m/s under working conditions, the RMS values increased 201.78%. When
the tiller was working, the first order vibration frequencies were 25.99 Hz, 26.99 Hz and 28.99 Hz at slow, medium and rapid
speed respectively, all not within 37.50-65.00 Hz, the sensitive range of human hands to the vibration frequency. In addition,
according to the results of hand transmitted vibration analysis, it can be found that compared with operating the internal
combustion engine mini-tiller under the same working condition, the onset of vibration-induced white finger can be delayed for
3.70 years to 10.20 years by operation of the new electric tiller.
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1 Introduction

Being small volume, light weight, simple structure and easy
transfer in the farm land, the internal combustion engine mini-tiller
has become the main and indispensable agricultural machinery in
vast hilly and mountainous area of Southwest China, where arable
fields are small, fragmented and rugged, and usually, there are not
roads for tractors traffic!ll. However, intense vibration of the tiller
may cause injuries to sensory nerves, muscles, bones and joints,
influence the operators’ performance capability, or present a
serious health and safety risk to the operators>*!.

Many researches have been done in order to better understand
the mechanism of agricultural machinery vibration transmitted to
human hands from its excitation sources, and find a way to reduce
vibration™® or improve the operator’s working conditionst®'".
Dewangan et al. pointed that the vibration energy absorption (VEA)
may provide a better indication of vibration-induced injuries than
would a measure of the handle vibration spectrum!'®. Sam and
Kathirvel developed a new type of vibration isolators for engine,
handle bar and handle were developed to increase the safe exposure

level of operators!'®). Kalra et al.l'! explored a low-cost system
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for measurement of coupling forces imposed by the hand on a
handle under static and dynamic conditions, and its feasibility for
applications to hand-held power tools. Liang et al.l'”! selected
1Z-105 diesel mini tiller as a prototype, its vibration characteristics
was analyzed in the time and frequency domains and the effects on
the human body were explored, and suggestion was made regarding
the handling comfort of the mini tiller. But these researches have
little effect, the main reasons lie in that both a decrease in the
vibration caused by two coupling effects of the engine and rotary
blade rollers and obstruction of vibration transmission are difficult
without a substantial increases in size, weight and price of the
tiller"®'7).  Such increases, however, are not acceptable to farmers,
because the size and weight involve directly with the convenience
in operation and transfer of the machine and the price influences
the profit.

Therefore, as an alternative one, a new type of electric
mini-tiller was developed. The tiller differs fully from the
majority of those already studied in being able to meet the tillage
depth demand of 10 cm or more, rather than just for shallow tillage
and weeding in greenhouses!'®'*!.

In this study, the vibration characteristics at the handle of the
newly developed electric mini-tiller were studied and analyzed, so
as to provide a valuable reference method and references for the
study of vibration characteristics at handrails of mini-tillers and
similar agricultural machinery.

2 Materials and methods

2.1 Materials
2.1.1 Test time and area

The test was conducted from 10:00 am to 1:00 pm on February
1, 2018 in a farm plot, with a length of 30 m and a width of 15 m,
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located at Longquan village, Zhongliang town, Shapingba district,
Chongqing, China (106°23'45"E, 29°39'45"N, 500 m above sea
level). The soil bulk density, moisture rate and soil compaction in
the middle part of the plot except the ridge around it are relatively
consistent, and the soil parameters were listed in Table 1.

Table 1 Soil parameters

Soils Parameter value
Soil texture Sandy loam
Soil bulk density/g-cm™ 2.65
Moisture rate/% 20.61
Soil compaction in depth of 0-50 mm/MPa 0-0.196
Soil compaction in depth of 50-100 mm/MPa 0.196-0.438
Soil compaction in depth of 100-150 mm/MPa 0.201-0.467

2.1.2  Structure and parameters of the electric mini-tiller

The newly developed electric mini-tiller, as shown in Figure 1,
is composed mainly of handrail, motor controller, electric motor,
battery pack, rotary blade roller, transmission system, frame, and
depth control device. Among them, handrail, rotary blade roller,
frame, and depth control device are as same as those in the
traditional internal combustion engine tiller. However, a 60 V
20 Ah lithium battery and a 750 W brushless DC motor are
introduced to replace the internal combustion engine. One pair of
bevel gears is used to transmit power from motor to rotary blade
roller.
applied to change tiller speed. The parameters of the tiller were
listed in Table 2.

A motor speed controller is installed on the handle is

1. Handrail 2. Motor controller 3. Electric motor 4. Battery pack 5. Rotary
blade roller 6. Transmission system 7. Frame 8. Depth control device

Figure 1  Electric mini-tiller
Table 2 Parameters of the electric mini-tiller
Item Value
Mass/kg <50
Tillage width/cm 70
Tillage depth/cm >10
Transmission type Direct drive and three forward speeds
Battery model 60V20Ah lithium battery
Electric motor Brushless DC Motor
Rated power of electric motor /kW 0.75
Type of the blade Machete
No. of blades 4x3

2.1.3 Instruments

Soil compaction meter (SC900, Spectrum Technologies, Inc.,
USA), three-dimensional acceleration sensor (356A16, PCB
company, USA), and data acquisition card (N19234, NI company,
USA) were used, as shown in Figure 2. Their key parameters
were listed in Table 3.

b. Three-dimensional
acceleration sensor

a. Soil compaction meter c. Data acquisition card

Figure 2 Test instruments

Table 3 Key parameters of soil penetrometer, sensor and
data acquisition card

Device Parameters Value
Pressure range/kPa 0-7000
SC900 Soil compaction Depth range/mm 0-450
meter Resolution/kPa 35
Depth precision/mm 12.5
Range/g +50
Frequency/kHz 0.3-6
356A16 threﬁe-dlmensmnal Sensitivity/mV-g" 100
acceleration sensor
Transverse sensitivity/% <5
Mass/g 7.4
Dynamic range/dB 102
NI9234 data
acquisition card Input voltage/V 5
Digital signal rate/kHz 51.2

2.2 Methodologies

Figure 3 showed the outline of the study. Firstly, the
vibration acceleration values and vibration frequency obtained
from the vibration signal at the handle of the electric mini-tiller
were collected and processed by NI9234 data acquisition card and
LabVIEW Signal Express. Then, the vibration characteristics of
the tiller were analyzed from the RMS values and the vibration
frequency. Finally, the hand transmitted vibration of the tiller was
evaluated by the exposure duration of vibration-induced white
finger, with the tiller working in the filed 4 h/d and a risk of
probability appearance of 10%.

Field test

Data collection

v v
‘ RMS values analysis ‘ Vibration frequency analysis
| |

Figure 3  Outline of the study

2.2.1 Field test
Six test conditions were chosen, as shown in Table 4.

Table 4 Test plan arrangement

Test Rotation speed of rotary ~ Forward .
condition blade roller/r/min speed/m/s State of mini-tiller
I Slow/52.5 0
I Medium/87.5 0 Static (the r.ote.:lry blade
roller idling)
I Rapid/140 0
v Slow/52.5 0.3 Working in the field (the
\% Medium/87.5 0.5 rotary blade roller cutting

VI Rapid/140 0.8 soil)
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The acceleration sensor was fixed on the handle. The X, Y
and Z directions of sensor correspond to the vertical, the for-and-aft
and the left-to-right direction, respectively, as shown in Figure 4.
The NI 9234 data acquisition card collected the vibration
acceleration signals at the handle from the sensor and transmitted
them to LabVIEW Signal Express. Then vibration acceleration
signals at the handle under six conditions were recorded, and the
duration of each recording was 30 s. The filed test was shown in
Figure 5.

Figure 5 Field test
2.2.2  Signal processing

As the tiller vibration is continuous, it can be described by the
statistical characteristic values. In this study, the RMS
(root-mean-square) values were used to represent the vibration
acceleration values, and they were obtained from the vibration
signal processing by time domain analysis. Then, the frequency
domain characteristics were obtained from the time domain signals
processing by the filtering and Fast Fourier Transforming.
Vibration frequency ranging from 2 Hz to 200 Hz was focused on
for the analysis, with the weighting factor W,; greater than 0.1
within the frequency range (The weighting factor W, is related to
the vibration frequency, and can be derived from ISO 5349-1: 2001
(Table A.2))12021,
2.2.3 Assessment of hand transmitted vibration

According to the previous studies, the hand transmitted
vibration of mini-tiller is usually evaluated by the exposure
duration of vibration-induced white finger, with the operator used
the tiller working 4 h in the field and 8 h per day under usual
conditions, and the risk of vibration-induced white finger
appearance is 10%2°%%,

The vibration total value ay, (m/s?) is the comprehensive of
the vibration value of all three axis (x, y, z), can be calculated by:

_ [ 2 2
ahv - ahwx + ahwy + ahwz (1)

where, anyy, @nyy and ay,. are frequency weighted acceleration
values for the x, y and z axis respectively, and can be calculated by:

Anwk = A Whi 2
where, g, is the RMS values in k axis, m/s’, (k is one of x, y, z axis);
Wi is the weighting factor.

The daily vibration exposure is expressed in terms of the daily
energy-equivalent frequency-weighted vibration total value as:

T
A(0) ah{ . } 3)
where, A(0) is vibration total value, m/s%; T is the total daily
duration of exposure to the vibration ay,, h; and 7} is the reference
duration, h.

In this study, 4 h working in the field in 8 h per day under
usual conditions was chosen for analysis, the daily vibration
exposure A(8) as:

V2

A(8)=7ahv “4)

If the risk of vibration-induced white finger appearance is 10%,
the exposure duration can be calculated by:
D,=31.8[4(8)] " ()
where, D, is exposure duration, year.

3 Results

3.1 RMS values

The vibration acceleration signals at the handle were recorded
under six test conditions, and the signals in X direction under
condition IV were shown in Figure 6. The RMS values under
different conditions were shown in Table 5.
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Figure 6 Vibration acceleration signals at the handle in X
direction under condition IV

Table 5 The average RMS values at the handle for each

condition
o Test condition
Direction 2 2 B 2 2 2
I/m-s I/ms 1l/m-s IV/ms V/m's VI/m-s
X 0.94 1.26 1.42 2.32 493 5.04
Y 0.71 1.18 1.39 2.52 5.25 7.14
4 1.06 1.39 1.58 3.67 6.13 7.21

From Table 5, the RMS values trend were as follows: when the
tiller under static conditions, with the electric motor rotation speed
increased from 95 r/min to 140 r/min, the RMS values increased
from 0.94 m/s? to 1.42 m/s’, or increasing by 51.06% in X direction,
increased from 0.71 m/s® to 1.39 m/s%, or increasing by 95.77% in
Y direction, and increased from 1.06 m/s® to 1.58 m/s’, or
increasing by 49.06% in Z direction, which increased the most in X
direction, and the least in Z direction; when the tiller under working
conditions, with the forward speed increased from 0.3 m/s to
0.8 m/s, the RMS values increased from 2.32 m/s? to 5.04 m/s in X
direction, increasing by 117.24%, increased from 2.52 m/s’ to
7.14 m/s? in Y direction, increasing by 183.33% and increased from
3.67 m/s® to 7.21 m/s” in Z direction, increasing by 96.46%, which
increased the most in Y direction, and the least in Z direction.

3.2 The vibration frequency
As an example, the vibration spectrogram at the handle in X

direction condition IV is shown in Figure 7. The first order
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vibration frequencies and amplitude values at the handle under
static and working conditions were listed in Table 6.
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Figure 7 Vibration spectrogram at the handle in X direction
under condition IV

Table 6 The first order vibration frequencies and amplitude

values
Direction X' Direction Y Direction Z
cor?jistiton vf\r];;;f;t; Amplitgde Xégﬁ::;; Amplitl;de I}:;z;?:s; Amplitgde

Hz /m-s JHz /m-s JHz /m-s
I 45.98 0.68 45.98 0.34 45.98 0.62
I 47.99 0.81 47.99 0.52 47.99 0.73
111 48.97 1.01 48.97 0.59 48.97 0.86
v 25.99 0.72 25.99 0.38 25.99 1.45
\% 26.99 1.11 26.99 2.54 26.99 1.78
VI 28.99 1.81 28.99 4.01 28.99 2.43

As can be seen from Table 6, the first order vibration
frequencies were 45.8 Hz, 47.99 Hz and 48.97 Hz when the tiller
under conditions of I, II and IIIl. The amplitude values increased
from 0.68 m/s® to 1.01 m/s? in X direction, 0.34 m/s* to 0.59 m/s” in
Y direction and 0.62 m/s” to 0.89 m/s? in Z direction, and the value
in X direction was the biggest in all directions under each
condition.

When the tiller was under conditions of IV, V and VI, the first
order vibration frequencies were 25.99 Hz, 26.99 Hz and 28.99 Hz
respectively. The amplitude values increased from 0.72 m/s* to
1.81 m/s? in X direction, 0.38 m/s” to 0.41 m/s? in Y direction and
1.45 m/s* to 2.43 m/s® in Z direction. Under condition IV, the
amplitude value 1.45 m/s® in Z direction was the biggest in all
directions; under condition V, 2.54 m/s*> was the biggest in Y
direction; under condition VI, 4.01 m/s* was the biggest in Z
direction.

The rotary blade roller cutting soil increased the damping of
the tiller, which resulted in the vibration frequencies of static
conditions higher than those of working conditions and the
amplitude values lower at the same rotation speed. Under slow
speed, the vibration frequencies decreased from 45.98 Hz to
25.99 Hz, the amplitude values increased from 0.68 m/s* to
0.72 m/s” in X direction, 0.34 m/s to 0.38 m/s” in ¥ direction and
0.62 m/s* to 1.45 m/s? in Z direction, which increased the most in Z
direction, 133.87%, and the least in X direction, 5.88%; under
medium speed, the vibration frequencies decreased from 47.99 Hz
to 26.99 Hz, the amplitude values increased from 0.81 m/s® to
1.11 m/s? in X direction, 0.52 m/s? to 2.54 m/s* in Y direction and
0.73 m/s* to 1.78 m/s? in Z direction, which increased the most in ¥
direction, about 388.46% and the least in X direction, 37.04%;
under the condition of rapid speed, the vibration frequencies
decreased from 48.97 Hz to 28.99 Hz, the amplitude values
increased from 1.01 m/s® to 1.81 m/s? in X direction, 1.59 m/s® to

4.01 m/s” in Y direction and 0.83 m/s” to 2.43 m/s® in Z direction,
which increased the most in Y direction, about 152.20% and the
least in X direction, 79.21%.
3.3 Exposure duration
The vibration frequencies (Table 6) were processed by
one-third-octave band magnitudes, according to ISO 5349-1: 2001
(Table A.2), the weighting factor Wy; took 0.647 when the tiller
was operated at slow and medium speed, and 0.519 at rapid speed.
The vibration total value ay,, the daily vibration exposure A(8),
and the exposure duration Dy can be calculated by Table 5 and
(Equations (1), (2), (4) and (5)), and the results under working
conditions were listed in Table 7.

Table 7 The ay,, A(8) and D, for working conditions

Test condition v \'% VI
apy/mes” 3.24 6.12 5.87
A(8)/m-s™ 2.29 433 415
Dyly 132 6.7 7.1

As can be seen from Table 7, under condition IV, the vibration
total value and the daily vibration exposure were minimum,
324 m/s> and 229 m/s’, and the exposure duration of
vibration-induced white finger was the longest, for 13.2 years.
Under condition V, the vibration total value and the daily vibration
exposure were maximum, 6.12 m/s* and 4.33 m/s’, the exposure
duration of vibration-induced white finger was the shortest, 6.7
years. Under condition VI, the vibration total value and the daily
vibration exposure were maximum, 5.87 m/s® and 4.15 m/s%, the
exposure duration of vibration-induced white finger was the
shortest, 7.1 years.

4 Discussions

The vibration frequency at the handle of internal combustion
engine mini-tiller can be obtained from the previous studies.
Yang and Meng obtained the first vibration frequency at the handle
of GN31 mini-tiller (diesel engine, rated power 3.8 kW) was
43.9 Hz by dynamic simulation of the virtual prototype model™.
Li et al. obtained the first order vibration frequency at the handle of
1Z-105 mini-tiller (the most popular type in Southwest China,
diesel engine, rated power 3.5 kW) was 43.05 Hz**. According
to the relatively sensitive range of human hands to vibration
frequency (37.5-65 Hz)!**), all the vibration frequencies of the
mini-tillers in above studies were within the sensitive range.
While the first order vibration frequencies at the handle of the
electric mini-tiller were 25.99 Hz, 26.99 Hz and 28.99 Hz (Table 6)
when the tiller was operated at slow, medium and rapid speed,
These frequencies were not within the sensitive
range of human hands to the vibration frequency.

respectively.

Tewari et all' and Ragni et al.” pointed out that hand
transmitted vibration of the mini-tiller was very strong and the
operator had a high risk of vibration-induced white fingers. Ragni

(2] evaluated the vibration level at the handle for several

et al.
mini-tillers based on ISO5349, drawing the conclusion that if the
risk of pathology appearance was 10%, the vibration-induced white
finger will appear after 3 years of continuous use of these machines,
under usual working conditions.

The exposure duration were 13.2 years, 6.7 years and 7.1 years
(Table 7) when the electric mini-tiller was operated at slow,
medium and rapid speed respectively, and delayed 10.2 years, 3.7
years and 4.1 years compared with 3 years of the internal
combustion engine mini-tiller.
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5 Conclusions

When the electric mini-tiller was under static conditions, with
the electric motor rated speed increased from 95 r/min to 140 r/min,
the RMS values at the handle increased 122.54% (from minimum
0.71 m/s® to maximum 1.58 m/sz).

When the electric mini-tiller was working, with the forward
speed increased from 0.3 m/s to 0.8 m/s, the RMS values increased
201.78% (from minimum 2.32 m/s* to maximum 7.21 m/s*). The
maximum vibration total value was 6.12 m/s*> when the tiller was
operated at medium speed, and the minimum was 3.24 m/s*> when
the tiller was at slow speed.

The rotary blade roller cutting soil increased the damping of
the tiller, which resulted in the vibration frequencies of static
conditions higher than those of working conditions and the
amplitude values lower than those at the same rotation speed.
Under working conditions, the vibration frequencies decreased
43.74%, 43.76% and 40.8%, and the amplitude values increased
326.47%, 388.46% and 579.66% at slow, medium and rapid speed
compared with those at the same rotation speed under static
conditions.

The first order vibration frequencies of internal combustion
engine mini-tiller working in the field within the sensitive range of
human hands to vibration frequency 37.5-65 Hz, while the first
order vibration frequencies of the electric mini-tiller working were
25.99 Hz, 26.99 Hz and 28.99 Hz which were not within the
sensitive range of human hands to vibration frequency. At the
same time, the exposure durations of vibration-induced white
finger delayed 10.2 years, 3.7 years and 4.1 years, compared with
the exposure duration of 3 years for the internal combustion engine
mini-tiller, under the same condition. Therefore, the vibration at
the handle of the electric mini-tiller was reduced greatly compared
with the internal combustion engine mini-tiller.
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