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Internal combustion engines cause the engine to vibrate with a certain acceleration due to the
oscillation of many components and combustion events during operation. The resulting vibra-
tions can give information about the regular operation of the engine or a possible mechanical
failure. For this reason, it is very important to measure and interpret these vibrations in a healthy
way.

In this study, a microcontroller-based measurement system was designed and implemented Received  29.08.2022
to examine the vibrations of a 4-stroke, 3-cylinder and water-cooled diesel engine at different ~ Revised  27.09.2022
Accepted  21.10.2022

speeds, under loaded and unloaded conditions. Vibration results for three different measure-
ment points at different engine speeds (900,1200,1600,2000,2400,2800 and 3200rpm) were
recorded in the data recording system for 60s. The recorded data were filtered by the EMA
method and the results were analyzed by the FFT method.

According to the results obtained, it has been determined that there is a close linear relation-
ship between engine speed and vibrations. Results of measurement point 1 (Cylinder head)
Higher vibration harmonics were measured compared to measurement points 2 (engine block)
and 3 (Flywheel housing). The highest vibrations occurred at 3200rpm under loaded and un-
loaded operating conditions. As a result; It has been seen that the measurement system devel-
oped using MEMs-based accelerometers can be successfully applied to measure engine vibra-
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1. Introduction

While designing the internal combustion engine, it is necessary
to take into account the basic consumer demands, such as torque,
power and fuel consumption, as well as the parameters that in-
crease the quality of vehicle use. Today, many engine designs are
out of preference because they create more noise and vibration
than their competitors during normal operation. The general cause
of vibrations during the operation of an internal combustion engine
is the change in in-cylinder pressure, the noise created by the lu-
brication gaps between the components, the piston moving up and
down, the crank-connecting rod mechanism gaps to which it is
connected, and the axial travel gaps in the parts [1, 2]. These vibra-
tions of the engine can be described as typical nonstationary mo-
tion [3]. These vibrations, which occur during the operation of the
engine, cause a decrease in driving comfort as well as fatigue of
the coupling elements as a result of vibration. Acceleration sensors
can detect motion, vibration, impact and shock. detects and
measures acceleration caused by causes [4]. Today, acceleration
sensors are used for many purposes, such as improving safety and
driving characteristics [5]. In the literature, it is seen that a piezoe-
lectric acceleration sensor designed to measure vibrations in the

engine and transmission and the signals of an accelerometer pro-
duced for commercial purposes are compared [4]. In another study,
in which the effects of fuel and oil used in the engine on vibrations
were examined, it was observed that the vibrations that occurred
during the tests were analysed with two 3-axis accelerometers
placed on the crankshaft main bearings [6]. In the literature, it has
been determined that the vibration intensity of the engine increases
with increasing engine speed and load [2, 6-9].

Thanks to the designed measurement system created in this
study, vibration data from 3 different measurement points of a 4-
stroke diesel engine under loaded and unloaded operating condi-
tions were examined. The specifications of the test engine are
given in Table 1, and the technical specifications of the loading sys-
tem are given in Table 2. During the tests, the engine speed was
varied between 900 rpm and 3200 rpm, and the loaded measure-
ments were made under full load conditions. This is done to ascer-
tain the vibration changes at the lowest engine speed (800 rpm) and
highest engine speed (3200 rpm) at which the engine can run when
fully loaded, as indicated by the engine catalog. The lowest engine
speed was increased by 100 rpm, and tests were conducted at 900
rpm, but since the engine occasionally emits smoke at 800 rpm,
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which is the minimum engine speed when the engine is loaded, this
was done. By running testing at 400 rpm changes, it was also
hoped to assess how vibration would vary with major engine speed
changes. It is thought that the working performance of the devel-
oped card was sufficient to meet the requirements of engine tests.

Table 1. Technical specifications of the test engine

Specifications Units Properties
Model - Lombardini LDW1003
Engine Type - 4 stroke, Direct Injection
Number of cylinders - 3
Cylinder volume cc 1028
Bore—stroke mm-mm 75-77,6
Compression ratio - 22,8:1
Max. Power kW 19,5

Table 2 Engine Test System Features

Manufacturer | NetFren
Type DC Electric Dynamometer
Max. Load Power 22kw

2. Materials and Methods

In this study, a microelectromechanical system (MEMS)-based
measurement system that can measure low amplitude high har-
monic vibration signals occurring during engine operation was de-
signed and implemented. MEMS-based sensors are one of the
most frequently used sensor groups, from military purposes to the
health sector [10, 11]. The vibration detector (ADXL345) block
diagram used in this study is shown in Fig. 1.
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Fig. 1. Block diagram of the ADXL345 accelerometer [12]

The ADXL345 accelerometer is programmable within a meas-
uring range of £2 g, +4 g, +8 g, +16 g. The measured data are saved
as 2n, 2 bytes for each axis, for a total of 6 bytes. Depending on
the selected measuring range, some bits in the most significant bit
(MSB) of the axis data output are reserved as sign bits. The number
of bits that need to be set for registers and read for each axis de-

pends on the selected measuring range. To calculate the actual ac-
celeration (a) from the measured axial acceleration information (g,
the measured values must be expanded by a scaling factor (Sa).
This equation is given below [13].

lla(x,y,zll = g'.S, @)

Two parameters are needed to determine the scale coefficient:
the number of bits representing the original values and the range at
which the measurement was made. The ADXL345 is manufac-
tured with a 10-bit measuring range, but this range can be changed
with appropriate software. The scaling coefficient is found as in Eq.
(1). While “r” given in Eq. (2) is the total scale range, “n” is the
number of resolution bits. However, the use of a scale factor of
3.90625 mg for all “g” values is recommended in the sensor cata-
logue. In this case, when the acceleration information in the X, Y
and Z axes in the “g” unit is calculated for the sample data (11, 13,
256) read from the sensor, it was found to be 0.042 g for X, 0.05 g
for Y and 1 g for Z.

Sa =2 @)

This axis information applies to the accelerometer reference po-
sition where the XY axes are parallel to the ground and the Z axis
is perpendicular to the ground. Therefore, when the accelerometer
is moved in different directions, these values will change depend-
ing on the sensitivity of the accelerometer. (Fig. 2-a).

Using the axis information (X, Y, Z), tilt and angle information
(o, B, v) can also be calculated based on a selected reference axis
position (Fig. 2-b). The reference position of the sensor is usually
the position where the XY axes are parallel to the ground (0 g) and
the Z axis is perpendicular to the ground (1 g). All calculated an-
gles are 0° because at the reference position, 0 g is on the X and Y
axes and 19 is on the Z axis. This situation is shown in Fig. 2.
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Fig. 2. Sensor reference position, a) sensor reference axis infor-

mation, b) angle information between axes.

Sensor sensitivity is determined by a given supply voltage and
is generally expressed in units of mV/g for accelerometers with
analog output and in units of LSB/g or mg/LSB for accelerometers
with digital output, such as the ADXL345. The unit'mg/LSB'
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means milli 'g' per bit. For example, for a 10-bit accelerometer set
in the 4 g measurement range, 10 bits gives a measurement value
of 1023 (21°=1023). Thus, each bit of the output value represents
4/1023 or 0.0039 g (3.9 mg). Thus, the output change for each bit
value will be as seen in Table 3 below.

Table 3. Technical specifications of the test engine

output values of Acceleration
No: the sensor Variables
(bit) )]

1 0000000000 0

2 0000000001 0,0039

3 0000000010 0,0078

4 0000000011 0,0117

5 0000000100 0,0156

6 0000000101 0,0195

7 0000000110 0,0234

8 0000000111 0,0273
1024 1111111111 3,9897

As seen, a one-bit change in LSB will always be reflected in the
measurement result as 3.9 mg. Therefore, this term is expressed as
3.9 mg/LSB (approximately 4 mg/LSB).

The vector R is the combined force vector acting on the acceler-
ation sensor. This force is given as the result of the gravitational
force and the inertia force as a result of gravity or the movement
of the sensor. If the 3 components of the R vector are expressed as
R=[x"\y",z], according to the Pythagorean theorem;

R =.x%?+y?+2z? ©)

written with the relation. In this study, the resultant vector (R),
whose equation is given for the data taken from different measure-
ment points, is calculated and compared.

Due to its high sensitivity (4 mg/LSB), ADXL345 also allows
the measurement of slope changes smaller than 0.25°. Band width:
To detect acceleration changes in a slow-moving system, it should
be 50 Hz and 100 Hz at high speed. The measuring range of the
accelerometer used in the study was + 157 m/s? (£ 16 g), the sen-
sitivity was 4 mg/LSB, the resolution was 10 bits, and the band-
width was 100 Hz. The supply voltage is 3.3 V, and the current
drawn is 150 pA.

The sampling frequency of the realized measurement system is
20 Hz. Each 10-bit data received consists of x, y and z data packets.
Thus, the amount of data transferred is 20x3x10=600 bits/sec and
is suitable for wireless transmission [14]. As seen in Fig. 3, the
system can be improved.

The measurement system circuit consists of a PIC 16F88 micro-
controller, 2x8 character LCD display, accelerometer sensor
(ADXL345), eeprom memory component (25LC512) and data
transfer circuit board (FT232) [15]. The power required for the
whole circuit is obtained from a circuit containing a 9 V battery
and an LM7805 regulator. In the designed system, the ADXL345

is removed with an extension cable to increase the X-, Y- and Z-
axis acceleration measurement accuracy.
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Fig. 3. Measuring system block diagram
The power required for the whole circuit is obtained from a cir-
cuit containing a 9 V battery and an LM7805 regulator. In the de-
signed system, the ADXL345 is removed with an extension cable

to increase the X-, Y- and Z-axis acceleration measurement accu-
racy.

Record Key

Fig. 4. Measurement System

The vibration measurement system, designed to measure vibra-
tions occurring at different revolutions of the engine (900, 1200,
1600, 2000, 2400, 2800 and 3200), recorded signals from three dif-
ferent points for 60 seconds. In all tests, the engine was tested un-
der full load conditions, and standard diesel was used as the test
fuel. Fig. 5 shows the points where the accelerometer is connected
to the engine.
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1. Measurement point
2. Measurement point

3. Measurement point Coordinate

Orientation

(8) Cylinder head (b) Engine block

The first measuring point (1) is on the cylinder head. The second
measuring point (2) is at a point close to the engine's crankshaft
axis and is on the LBW axis of the 1st cylinder. The third measur-
ing point (3) is in the flywheel housing, which is connected to the
engine block. Since the acceleration sensor is connected in differ-
ent positions at the measurement points, the sensor signals in all
measurements are arranged according to the engine coordinate sys-
tem.

The obtained data were transferred to the computer environment
and analyzed by the Python program. The exponential moving av-
erage (EMA) is used to filter out noise in the measured vibration
signals and identify trends. This method is a widely used method
for filtering noise and identifying trends. In this method, the weight
of each item gradually decreases over time, meaning that the ex-
ponential moving average gives more weight to the final data
points. This is done under the idea that recent data are more rele-
vant than old data. Compared to the simple moving average, the
exponential moving average reacts more quickly to changes, as it
is more sensitive to recent movements [16]. The equation used to
calculate the exponential moving average at time T can be seen in

Eqg. (4):

X t<o0

ax, + (1 — @)EMA,_, t> 0 @)

EMA, = {

where Xg is the monitored value over time period t, EMAL, and t is
the exponential moving average in the time period. a is the smooth-
ing factor. The smoothing factor has a value between 0 and 1 and
represents the weighting applied to the most recent period [17].
Finally, Fast Fourier transform (FFT) analysis, which has been
very successful in recent years, has been performed on mechanical
vibration signals. In this study, the FFT transform was preferred

(c) Flywheel housing
Fig. 5. Measuring points where the accelerometer is fixed

(d) Engine coordinate orientation

because it is the most widely used method in the literature in vibra-
tion analysis [18]. Fourier analysis is a tool used to reconstruct a
periodic waveform using series harmonics, where the harmonic
frequency is defined as a multiple of the fundamental and is used
to convert a signal in the time domain to the frequency domain [19].
FFT is an algorithm that calculates the Discrete Fourier Transform
(DFT) or inverse discrete transform of a sequence. The analytical
equation for the Fourier transform is given below.

+oo
Suip = f x()eIMtdt 5)

Here, Sx, is the output of the Fourier transform in the frequency
domain, X is the time domain function and 2nf is the frequency in
radians per second.

3. Results and Discussions

As aresult of the tests performed, the resultant acceleration values
with the engine speed under loaded conditions are presented in Fig.
6 (a, b and c). According to the filtered acceleration data, the meas-
urement point where the highest harmonic signal is taken is point
1. The highest acceleration value was measured at 3200 rpm for all
measurement points. For point 1, a nearly linear variation is ob-
served between the engine speed and acceleration results. For point
2, although the acceleration results show a variable course at low
engine speeds, linear vibration data are obtained at high speeds. In
the results obtained from the 3-point data, irregular acceleration
changes were observed. However, after the 20th second, the accel-
eration values became more linear. According to the loaded vibra-
tion results, the increase in engine speed caused the measured g-
force to increase as well.
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Fig. 6. Filtered acceleration results in loaded and unloaded conditions

The engine speed and vibration changes under no-load condi-
tions are given in Fig. 6 (d, e and f). According to these results, the
point where the highest vibrations are measured is point 1. In gen-
eral, the vibration values show harmonious changes depending on
the engine speed. However, acceleration values at low speeds
(900-1200 and 1600) at points 2 and 3 under no-load conditions
were quite close to each other. Acceleration results for 3200 and
2800, 2400 and 2000 rpm at point 2 showed close changes.

In Fig. 7, changes in engine torque, engine speed and average
acceleration are given. Vibration averages increased as the engine
speed increased for both loaded and unloaded conditions. Under
load conditions, the engine vibrates at a higher rate. The accelera-
tion measured at point 1 is higher than the values taken from points

2 and 3. This is because the sensor connection point is at the

longest distance relative to the distance the engine is fixed to the
test bench. The lowest acceleration changes were detected at 2
points. In addition, the change in engine speed affected the vibra-
tions more than the torque changes. Vibration values under load
conditions were higher than vibration values under no load condi-
tions. However, for point number 2, this change can be ignored.
The number 2 point is because the engine is closer to the connec-
tion point to the test bench compared to other points.
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Fig. 7. Engine speed vibration relationship

Looking at the average vibration data, it is clearly seen that the
average vibration value order of each point is 1>3>2. FFT analysis
of the vibration data of point 1 under the loaded conditions where
the highest vibration acceleration occurs is presented in Figure 8.

1-L-3200rpm 262 823

300
200

100

-100

-200

Fig. 8. Signal FFT at point 1 with engine loaded

The FFT value of the 3200 rpm rpm signal measured at point 1
under loaded conditions in Figure 8 shows a large peak at 945 Hz,
resulting in an unpleasant sound. It is thought that this noise origi-
nates from the gap between the engine shaft and the dynamometer
coupling connection point when loaded at high speeds. Low am-
plitude harmonics caused by high speed operation are seen on the
graph.

In addition, the engine may resonate at high speed, and the en-
gine and bearing may be damaged and fail. As a result, it was con-
cluded that the signal cannot be analyzed without frequency spec-
trum analysis as a result of the difficulty of interpreting raw sensor
data in vibration analysis. In future studies, we plan to develop a
modern fault detection and diagnosis system based on vibration
data by using machine learning methods.

4. Conclusions

In this article, a microcontroller-based measurement system has
been designed and implemented to examine the vibrations of a 4-
stroke, 3-cylinder and water-cooled diesel engine at different
speeds under loaded and unloaded conditions. Vibration results
were recorded in the data recording system for 60 s for three dif-
ferent measurement points at different engine speeds (900, 1200,
1600, 2000, 2400, 2800 and 3200 rpm). The recorded data were
filtered by the EMA method, and the results were analyzed by the
FFT method.

According to the results obtained, it has been determined that
there is a close linear relationship between engine speed and vibra-
tions. With the results of measurement point number 1 (Cylinder
head), higher vibration harmonics were measured compared to
measurement points number 2 (engine block) and number 3 (Fly-
wheel housing). The highest vibrations occurred at 3200 rpm under
loaded and unloaded operating conditions. As a result, it has been
seen that the measurement system developed using MEM-based
accelerometers can be successfully applied to measure engine vi-
brations. In future studies, it is planned to analyse engine vibration
data with different artificial intelligence methods and to develop a
measurement system for the detection of mechanical failures of en-
gine components.
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