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Abstract: Vibration monitoring and fault diagnosis are based on highly precise and sophisticated instrumentation and
hardware-software computer systems. The knowledge behind using this technique is based on the vibration signature
analysis. To diagnose the engine’s faults using this technique, there should be a general guideline and spectrum for each
fault. Consequently, the faulty component can be identified from its spectrum. Moreover, identifying the optimum location
of the vibration sensor is essential for measurements. Building such map will assist in setting up this technique for
reciprocating engines. Extracting useful information from frequency signals is especially difficult in the case of
reciprocating engine because there are many vibration sources and the rotation speed is not constant. The vibration
analysis of a carbureted, spark ignition, and 4 cylinders engine has been proposed. The engine block vibrations are
acquired in the three basic directions at different locations on the top of the cylinder block using accelerometer. The
waveform of the vibration signals has been synchronized with the crankshaft angle using a trigger signal mounted on the
output pulley of the crankshaft. The data are then transformed into the frequency domain using Fast Fourier
Transformation (FFT). New software is developed to measure the vibration of the cylinder block. Some known faults, such
as misfire, delaying spark timing, and advancing spark timing have been analyzed. The faulty signatures have been
compared with the normal signatures for these cases using different locations for sensor. According to the measurements, it
is concluded that changing the location of the vibration sensor affects only the amplitude of the signal. The vertical
direction contains more information than the other two direction (Traverse and Axial directions).

Keywords: Vibration analysis, internal combustion engine, predictive maintenance, vibration signature

I. INTRODUCTION

The concept behind the vibration analysis method is that any machine with moving parts vibrates in response to the excitations
exerted on its components. Variations in the faulty components will affect the vibration pattern. It is a well-known fact that an
experienced mechanic can detect by ear the development of many faults. The concept of "vibration signature analysis" is in principle
very similar; machines in good condition generally tend to have a fairly stable vibration pattern, which can be considered as a
"signature™. Changes in the internal conditions are often reflected by changes in the vibration pattern which can then be detected by
externally mounted pick-ups while the machine is in operation. To simplify the methodology, a simple example is given in Figure 1.
The shaft rotates with 3300 RPM which means 55 Hz. If one of the blades is defected, then it will vibrates at 55*7=385 Hz and the
ball bearing (with one faulty ball out of 20) has a wave with frequency 20*55=1100Hz. Adding the threesignals together represents
the overall vibration signal. Converting the time domain signal into frequency domain will identify the original frequency signals.
The expected maintenance cost for reciprocating engines are greater than the rotating ones due to its complexity.

The purpose of applying a predictive maintenance program is four-fold: higher productivity, higher quality, profitability, and
overall effectiveness of the system (Mobley, 1990).

A. Analysis Techniques

Signal analysis of reciprocating equipment is more complex than the analysis of rotating equipment.

Vibration analysis methods have not been widely implemented as a diagnostic tool for reciprocating machines. This may be due to
the complexity of the reciprocating machines, which are assembled from many moving parts. Eshleman and Lewis (1988)
introduced a method for determining the crankshafts rotational vibrations. However, this research presents the design concept rather
than the application of the vibration response of the crankshaft as a diagnostic tool. Report from Engineering Dynamics
Incorporated (1995) introduced guidelines for vibration analysis of reciprocating compressors. Nurhadi et al. (1993) studied the
correlation between the engine's components as a source of vibration and the measured vibrations, and they concluded that the
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source of the vibrations can definitely be identified by using the vibration analysis. Autar (1996) introduced a system to diagnose
diesel engines. Macian et al. (1998) have measured the vibrations of an engine block and demonstrated that there is a relationship
between the vibrations and the instantaneous crankshaft torque. deBotton et al. (1998) measured the vibration of the cylinder block
under normal and abnormal conditions. They found that the vibration level of the engine reflects engine condition and demonstrated
that identifying the source of the trouble can be done through the vibration analysis.
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Figure 1. Relationship between time domain and frequency domain

B. Theory

Three major types of vibration analysis have been used in the early detection of machine failure, namely, frequency analysis,

various techniques using the time domain analysis, and joint time-frequency analysis (Vibration Signature Analysis of a Faulted

Gear Transmission System).

1) Frequency Domain Technique: The frequency spectrum is found by applying a discrete FFT on the time averaged signal x(t),
such that the spectral components are:

For z[n] of length N, set wgy = 2%

ol B="T1 ., —4
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The frequency components are compared with the original spectrum to determine the fault.

2) Time Domain Techniques: All of the time domain techniques are applied to the vibration signal after it has been time
synchronously averaged. The increasing trend of the vibration level indicates a serious problem as shown in Figure 2
(WWW.DLIengineerign.com).

FMO = ———

IL,Alf) B

FMO is a fault detection parameter that compares the maximum peak to peak amplitude to the sum of the mesh frequencies and its

harmonics.

3) Joint Time-Frequency Technique: The joint time-frequency analysis approach uses the Wigner-Ville Distribution (WVD) on
the vibration signal in time domain. Unlike the Fourier Transform process, the WVD provides an instantaneous frequency
spectrum of the system. The spectral density of the fundamental exciting frequency and its sidebands changes as the shaft
rotates through a complete revolution. If the vibration repeats itself for each revolution, a Fourier Transform will show a
constant frequency spectrum, while the changing spectral density with time from the WVD provides information concerning the
frequency distribution concentrated at that instant around the instantaneous frequency. Some success has been achieved in
applying the WVD in gear transmission systems to recognize faults at various locations of the gear (Vibration Signature
Analysis of a Faulted Gear Transmission System). The WVD will provide an interactive relationship between time and
frequency during the period of the time data window. The WVD can be written as:
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Figure 2. Increasing vibration trend indicates a serious problem
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Or in discrete form
W,(nT,f) = 2TTE _ x(nT +iT) x = (nT — i), e~ /¥ (5)
where
W(t, f) = the Wigner-Ville distribution in both the time domain t and frequency domain f.
X(t) = signal in time domain.
T = sampling interval.
L = the length of time data used in the transform.
(Vibration Signature Analysis of a Faulted Gear Transmission System)

Il. EXPERIMENTAL SET-UP
A data acquisition system is used to perform the measurements. The details of the used system are fully described in Ahmed Osman
(2013). The whole test bed is shown in Figure 3.

A. Engine
The experiments were performed on carbureted, four-stroke, and four-cylinder in-line. Toyota R21 type engine is used with a total
displacement volume of 2.363L.

B. Vibration Sensor
To measure the vibration, three types of sensors can be used:

Figure 3. The whole test bed
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Figure 4. The best type that is suitable for certain frequency.

1) Displacement Peak to Peak in microns.

2) Velocity (Root Mean Square) RMS mm/sec.

3) Acceleration Peak g’s.

Figure 4 shows the best type that is suitable for certain frequency. Depending on the frequency, one can select the suitable sensor
type (Vibration Reference Guide). The vibrations were measured with a tri-axial accelerometer transducer as shown in Figure 5. The
accelerometer transducer (Dytran 3093B) is mounted with an adhesive material. Measurements were taken at different locations,
namely: Location 1 (Locl), Loc2, Loc3, and Loc4. At each point, measurements were taken in three principal axes, the vertical
direction along the cylinder axis (z), the axial direction along the crankshaft axis (x), and the transverse direction in the horizontal
plane as shown in Figure 6. The signal from the piezoelectric pressure transducer was modulated (charge into volt) with a Dytran
Charge amplifier 4112B. The AC electrical signal from the accelerometers are modulated using the a Dytran Charge amplifier
4114B1 as shown in Figure 7.

Iy

Figure 5.Triaxes accelerometer sensor

linder#l i
Cylinder: lecatah Location 4

Figure 6. Principle axes & vibration sensor's locations
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Figure 7. Charge amplifier for vibration sensor and cylinder' pressure sensors

C. Rotary Encoder

A rotary encoder is used to measure the crank angle. The trigger synchronizes this signal with the start of the ignition cycle of
cylinder #1 as shown in Figure 8. Figure 9 shows the reference point of the 1% cylinder so that the start of the ignition cycle can be
identified.

Figure 8. Installation of Rotary Encoder

Figure 9. Setting a reference & triggering signal for cylinder #1
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Figure 10. Main interface

D. Analog to Digital (A/D) Card
The analogue signal was then digitized with a 12 bit, 8 Differential channels. A/D card is Data Translation board DT301 with

STP300 screw terminal. At the same time, the magnitude of the electric signal of a proximity switch mounted on the pulley was
recorded through the second channel of the (A/D) converter as a reference phase signal for the crank angle. DT301 A/D card has a
sampling rate 330 kHz.

"=, CEC TestPoint - [A/D Interactive tityFanel1] =l8ix

il Fo Edt Wew Unites Mode=Rin Debug Window Help =% =
0010 0010 |

Ti
: w004
|-
0,002

0.000 = T e T
¢ 12 34 66789 0UNR2ZDH
Relatee
| Traneveres It
0010

%—t A AN

(RN
\\;L,Lll'»n J' A
o000 T
DlleﬁﬂTﬂ’Wﬂ‘!fB
! - Relative Frequency = atrve Frens
;w [noamalGHAT RFM. 64 RF in the bansvesse & vesbical hamonic. Elechic nowe @6 571, | |
|
| Engine EFM Fund, Freq, FF | Edochic Noie
ARHAMDY- B roh Dataudrahmed Proj_2
Frequeny Analpsiz Verlical Disction Famqaency Analyriz Axal Direchion i;ﬁmmnmalﬁm

[ Abar-a [Pl fieq [Amp_ [xRel] = unr-n [Rel fieq [Amp [&Reiq +| — [AbeFreq [Rel heq [Amp  [%Reld =
m & 020523 100 l_ 2 0L.00%5646T 27 S0¢ 20 2 00089977 43 &35
MJ BT A26% 0LDIM3ET 23,97 1 120 BB 4280 0L D04493 72,16 I b L] 00057207 27 8N

2HED 0428571 0.0M7TET 2378
2364 211.71470 00050465 24.500

k] BUSTTA26% 00044000 23 30E
6236 A49.71428 00053567 26 09

gl AVG AT 00075365 17.230
GE4D 41771428 0.0031 403 15.341
e 270.26571 0.0METAE 22,79 = 41028571 00036233 17.65 Ll A50.57142 0.DIM4GEI0 22 B4E
B2 272 28571 00050500 24.60 564 005714 0.0030200 14.712 EIE 45114205 0.0049219 22971
E_7620 5&&5?142!]00458’3322]3[J B [5676 A9 T142A 00034877 16,95 J _Gm 452, 26571 0.DDSOGBE 24. 654 =]

|
(i
2]
o
[

Figure 11. AnaIyS|s of output data
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Figure 13. Vibration in Vertical Direction at different locations@ 840RPM (misfire cylinder#1)
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Figure 14. Vibration in Axial Direction at different locations@ 840RPM (misfire cylinder#1)

E. Software

The transformation of the measured “Time Domain” into frequency domain is calculated using Fast Fourier Transformation (FFT)
as internal function in the developed software. The FFT was performed on measured data, and a new array (2'° = 1024 points)
containing the frequency, amplitude, and phase were then calculated. Figure 10 shows the main interface of the developed software.
The user can acquire the data online or process the data offline. The time domain signal is displayed and the processed frequency
domain is then displayed. The user can display the frequency domain of the three axes together in one plot to compare between
these signals as shown in Figure 11.
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Figure 15. Vibration in Traverse Direction at different locations@ 840RPM (misfire cylinder#1)

I1l. RESULTS AND DISCUSSIONS
To easily read the figure, the following simple calculations need to be well understood:
1) Forcing frequency(Hz)=RPM*Engine order/60.

2) The order of the firing frequency is half the number of cylinders, i.e. a 4cylinder engine would create two order vibrations as its
primary disturbance.

3) Differences in the firing process between the cylinders result in additional rythms. These ryhtms follow the 0.5" and 1% engine
order.

4) These spectral lines will be at integer multiples of the firing rate of each piston. In a four stroke engine, the piston fires every
other revolution. Therefore, the fundamental spectral line will be at 1/2 the engine RPM, often called the 1/2 order vibration.
The result will be a vibration signature that has spectral lines at the 1/2 order, 1P, 1-1/2P, 2P, 2-1/2P, 3P ... etc.

5) If all of the pistons produce nearly identical combustion pulses, the difference between 1/2 order vibration will be very small.
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Figure 16. Comparision between the vibration signals on the three directions.
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Figure 20. Vertical vibration specturm of misfire in cylinder 1 at the four different locations @1200rpm
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Figure 22. Axial vibration specturm of misfire in cylinder 1 at the four different locations @1200rpm

A. Effect of Changing the Sensor’s Location

While running under the same conditions, the sensor is installed on 4 different locations on the cylinder head as shown in Figure 6.
Figure 12 shows the signature at different locations at approx. 960 RPM under normal condition. This figure indicates that changing
the location of the sensor does not affect the spectrum itself, but it only affects the magnitude of the amplitude. This conclusion is
confirmed in Figures 13 for the vertical direction, Figure 14 for the axial direction, and Figure 15 for the traverse direction. Figures
13,14, and 15 are tested when there is a misfire in cylinder #1@840RPM. This conclusion have been tested on different speeds 700,
1100, and 1300 RPM.

B. Senser Direction Information

Based on the previous conclusion, all other tests are measured while the vibration sensor is installed in location 1. As shown in
Figure 16, it is concluded that the maximum amplitude can be seen from the vibration signal in the vertical direction. The axial
direction signal contains less information about the vibration than the other directions. This is clear because the inertia force of the
piston is in the vertical direction.

A peak with fixed amplitude appears on all signals and this is due to fixed noise @120Hz (Twice the electric current frequency
which is 60Hz in KSA). As the speed of the engine increases, the relative frequency of this noise will decrease. In many cases when
a fault exists, the spectrum in the transverse direction will contain many peaks. In this case, it will be difficult to determine the first
fundamental frequency. Using the vertical spectrum, one will be able to quickly determine it.

C. Signature due to Misfire

D. Signature due to Spark Advance

E. Signature due to Spark Retard
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IV. CONCLUSION
Variations in the faulty components will affect the vibration pattern. Vibration analysis method has been performed for a
reciprocating engine. The persistence of the vibration signature, under normal and abnormal conditions, was examined and verified
by comparing different sets of measurements. The optimal measuring location and direction were found to be on the top of the
engine block. New software is developed using (Testpoint) to acquire and process the data. The acquired data can be processed
either online or offline. Due to the cycle-to-cycle variations of the engine speed, it was found that the wavelet measurements must
be synchronized with the crankshaft angle in order to perform an accurate transform to the frequency domain. A straight forward
mathematical procedure, however, requires an additional triggering from the proximity switch mounted on the front pulley of the
engine. This procedure eliminated the need to mount a complicated and expensive encoder on the crankshaft. Using crank angle
encoder is necessary when measuring the pressure inside the cylinders.
It was found that changing the location has no effect on the signature since the conversion from time domain into frequency domain
have the same frequencies.
The appearance of another vibration peaks with unusual frequencies can provide an early warning that the engine has some
abnormal operating conditions. The appearance of peaks at other frequencies than the fundamental frequency indicates that there is a
problem in the engine.
A peak with fixed amplitude appears on all signals and this is due to fixed noise @120Hz (Twice the electric line frequency which
is 60Hz in KSA). As the speed of the engine increases, the relative frequency of this noise will decrease.
The engine was tested with a number of artificial malfunctions and the corresponding vibration signatures were measured. It was
found that the vibration signatures are indicative and provide useful information about the corresponding malfunctions.
General evaluation criteria for the health of the engine can be established. The appearance of peaks at one-half or three-halves of the
fundamental frequency, or, alternatively, dispersion of the energy at sub-harmonic frequencies or at six to eight times the
fundamental frequency, clearly indicates that a severe malfunction had developed in the engine. The appearance of a peak at the
fundamental frequency implies that a mechanical looseness enabled the engine to vibrate at the crankshaft frequency. In contrast
with other predictive maintenance techniques, the vibration analysis method provides information about a wide variety of problems,
from various process disorders to mechanical failures and degradations. The method also provides the capability for root cause
analysis and diagnosis of worn units or components.
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