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ABSTRACT

The internal combustion engine is the heart of cars, trucks, and many machines. It is the main source of movement and operation,
and it consists of different mechanical sectors. Due to usage and aging, different faults can appear which affect engine operation
and managing. Any small engine fault can turn into a major malfunction if it is not monitored and maintained at the proper time.
Therefore, monitoring the performance of motors can save time and costs, improve their performance, and help them operate
safely. Fault diagnosis, fault detection, and condition monitoring terms are used to describe similar concepts detection of any
abnormality or deviation from the engines or machines normal condition. This paper describes a summary of the existing
condition monitoring and fault detection techniques of the internal combustion engine, which are used for information collection
to ensure operational safety, performance, reasonable maintenance, pollution prevention, and cost reduction.

Keywords: Internal Combustion Engine; Fault Detection; Instantaneous Speed; Performance Parameter; Oil Analysis;

Vibration Signal.

1. INTRODUCTION

Internal Combustion Engine (ICE) has been the basic part of the car business since its initiation. Indeed, even as the efficient
power vitality activity moves to the forward, the internal combustion engine continues to dominate both conventional and hybrid
vehicles. ICE are contains a lot mechanical systems, every system has different mechanical flaws, the early stages fault detecting
can help to avoid larger and more serious faults. Any small mechanical error can turn into a major malfunction if it is not
monitoring and maintained with proper maintenance over time. Fault detection increase efficiency and safety, improve
performance, and reduce overall system lifetime costs [1]. Therefore, monitoring these parts performance can save a lot of money,
time, and maintain the acceptable of the engine performance. Trucks and some private vehicles are used diesel engine vastly due
to its dynamic performance and good economy. The performance of the diesel engine has been developed due to the growing
concern about environmental and noise pollution [2]. Engine performance is affected through power output, fuel consumption,
exhaust emissions, and combustion efficiency when a failure occurs [3]. The failure increases the diesel engine operating cost [4].
Diesel engines operate at high pressure and temperature especially during a compression and combustion strokes that causes
spontaneous ignition of the fuel. In addition, the speed of engine rotation varies from a few hundred to 3000 or more revolutions
per minute. The high pressure, high temperature, and high speed increase the risk of faults occurring within the engine, Figure 1
shows faults classified according to engine systems and components [5].
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Figure 1: Principal faults in diesel engine [5].

2. MAINTENANCE STRATEGIES

While it is true that all machines are degrading systems, meaning that wear eventually will lead to a need for maintenance or
replacement. Proper maintenance and care can improve machinery health and longevity. To reduce the downtime, and thus
increase the availability of machines, several maintenance programs have been developed. The maintenance program that is
implemented for a given machine usually depends on the importance of that machine [6].

J. S. Rao [7], A. R. Mohanty [8] and R. B. Randall [9] are classified the maintenance programs into three categories (Reactive
maintenance, Preventive maintenance, and Predictive maintenance). Reactive maintenance is a strategy in which machines work
to break or fail to do their job. At this point, maintenance is required either in the form of replacement parts or a complete
replacement. This maintenance program is usually performed only for unimportant machines and equipment and is usually
associated with large repair costs and long downtime. Preventive maintenance is a strategy that is planned and implemented
according to the manufacturers’ instructions or based on prior knowledge of the failure. Repairs are made periodically, and the
parts that have had an average life expectancy are exceeded they are replaced with new ones. The positive aspect of this
maintenance strategy is that downtime is reduced, since maintenance is planned, and machines are less susceptible to serious
failures. However, a downside is that some of the parts that are being replaced probably have some remaining useful life.
Predictive maintenance is a condition-based strategy. Device health indicators are monitored and deviation from normal values
may indicate a problem. From Information about the current state of the device is expected in the future, Maintenance can be
planned and executed accordingly. Hence, the work stops minimized and made available to the maximum.

3. CONDITION MONITORING OF MACHINES

Status monitoring is divided into two categories a permanent monitoring and intermittent monitoring. The permanent monitoring
is related to the state monitoring systems where the transformers are permanently connected to the monitored machine. These
systems are usually implemented for important machines, and monitoring is done continuously, so sudden changes can be
detected and the machine can be turned off if necessary. Intermittent monitoring is monitoring where there is a predetermined
interval for data acquisition, and therefore it is directed more towards long-term trends rather than sudden changes that may occur.
Intermittent monitoring can be used on most devices by setting the data acquisition interval to an appropriate value. Moreover,
intermittent monitoring can be carried out with power transformers and permanently installed transformers that are moved
between the measuring points [9].

R. B. Randall [9] divided machine condition monitoring into three phases, fault detection, fault diagnosis, and fault prognosis.
Prognosis is the phase where the future condition of the machine is predicted, the remaining useful life of the machine
(components). A. K. Jardine et al [10] divided the condition-based maintenance program into three steps: (1) data acquisition, (2)
data processing, and (3) decision making. Building on this, the process of condition-based maintenance can be summarized with
the flow chart presented in Figure 2.
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Figure 2: Flowchart summarizing the process of condition-based maintenance [6].

4. CONDITION MONITORING TECHNIQUES

Condition monitoring represents the advanced monitoring of a machine to allow predictive maintenance and thus the ability to
detect an incipient fault before it causes an identifiable issue. The continuing push to develop diesel engine monitoring systems
that can both monitor operating performance, and provide effective fault diagnostics and prognostics has led to continuing
research interest regarding the development of monitoring technologies. This interest has resulted in the continued development of
engine monitoring methods using both established and emerging engine monitoring technologies [11]. Therefore, the development
of diesel engine fault diagnosis technology is very necessary to ensure operational safety, performance, reasonable maintenance,
cost reduction, pollution prevention, and information collection. [12]. There are various techniques for condition monitoring and
fault diagnosis of diesel engines, some of which will be introduced briefly below:

4.1 Performance Parameter Diagnosis Technique

The engine operation fundamental element is the combustion, other aspects associated with engine operation are in some way
linked to combustion-related characteristics. Engine reliability is also directly linked to the combustion process as combustion
directly affects the thermal and mechanical stresses, corrosion, and wear experienced by engine components [11]. Diesel engine
performance parameters are uses in this method to get fault diagnosis by condition monitoring of the internal combustion engine
operation, which is mainly determined by the degree of the combustion process that is affected by the thermal, mechanical and
fluid aspects of each system [13]. Early techniques of cylinder pressure measurement involved the use of mechanical indicators
which plotted the pressure-volume curve on paper [14]. Measurements of cylinder pressure provide the most direct means of
analyzing the combustion process and indeed, have been a key tool in engine research and development for a long time [15].
Modern techniques of cylinder pressure measurement involve the use of piezoelectric sensors because are light, small and have a
high-frequency response [16]. Parameters such as compression pressure, maximum firing pressure, indicated mean effective
pressure, pumping mean effective pressure, maximum pressure rise rate, and other more complex thermodynamic properties are
all given by cylinder pressure measurements thermodynamic parameters and cylinder pressure measurements for combustion
diagnosis [17]. Nowadays these are typical characteristics of a modern engine indicating system, as the one schematically
represented in Figure 3, which includes components suitable for measurements in diesel engines. In this scheme, the fuel injection
line pressure is measured with a strain-gauge based sensor connected to an instrumentation amplifier, while the signal generated
by a piezoelectric pressure sensor can be conditioned following two measurement procedures. In the first procedure, the in-
cylinder pressure is obtained by employing a charge amplifier for conditioning the transducer signal [18].

www.ijasre.net Page 122

DOI: 10.31695/IJASRE.2020.33950



http://www.ijasre.net/
file:///E:/ijasre-19/vol%205-5/published%20papers/www.ijasre.net
http://doi.org/10.31695/IJASRE.2020.33950

International Journal of Advances in Scientific Research and Engineering (ijasre), Vol 6 (12), December -2020

Fuel Line
Pressure Sensor

Amplifiers Data Acquisition System

Cylinder Pressure

finder Pressure Derivative

Top Dead Center Reference |

Crank Angle

Fig. 3: A typical engine indicating measurement system [18].

Pressure data are indexed with the angular position of the crankshaft, concerning the compression TDC. Usually, the crankshaft
angle position is determined with an optical angle encoder, which provides both one pulse per revolution in a channel used to
establish the TDC angle reference, and 720 pulses per revolution in a second channel to determinate the instantaneous relative
angle position. External pulse multipliers may also be available to improve the relative angular position resolution up to 3600
pulses per revolution. Each angle position pulse triggers a high-speed data acquisition system, which should be able to
simultaneously acquire the signals provided by the conditioning amplifiers, collect the acquired data among multiple cycles for
cycle averaging, and save it in a storage computer. In a CM context, cylinder and injection pressure measurements were used by
Hountalas and Kouremenos [19] as input parameters that were used in a detailed thermodynamics based engine model to evaluate
engine condition. In applying the method to a large two-stroke marine Diesel engine, the authors were able to diagnose a series of
causes responsible for poor engine performance that could not be detected using conventional instrumentation. Hountalas et al.
[20] proposed a methodology for evaluating the compression condition and identifying compression related faults in Diesel
engines based on cylinder compression pressure measurements taken during motored operation. T. R. Lin et al. [21] presented the
results of an experimental investigation on identifying the signal characteristics of a simulated incipient injector fault in a diesel
engine using both in-cylinder pressure and acoustic emission (AE) techniques. R. Johnsson [22] proposed a non- linear model
dependent on complex radial basis function (RBF) systems for the reproduction of in-cylinder pressure beat waveforms and
showed mean powerful weight. D. T. Hountalas et al [23] used three methodologies developed to take into account the effect of
changing the load during measurement and were applied to a two-stroke diesel engine. The results demonstrated the success of the
three methodologies to adjust the engine required to ensure the uniform operation of the cylinder with a different load during
measurement. Ahmed Al-Durra et al [24] described the preliminary results of a model-based estimation methodology to
reconstruct the individual in-cylinder pressure traces of a multi-cylinder engine, relying on the engine crankshaft speed sensor
measurement. The results, in terms of cylinder pressure traces reconstruction and calculated combustion metrics, show that the
design is sufficiently accurate and robust to disturbances in the measured signals. In particular, the augmented estimator was able
to remove the effect of the overlap to obtain an accurate pressure trace, which leads to an improved estimation of the pressure and
IMEP during the entire engine cycle. L. Eriksson and A. Thomasson [25] presented a survey of the use of cylinder pressure
sensors in internal combustion engine estimation and control. D. Vollberg et al [26] proved that the sensor characteristics are
unaffected by testing the sensor over 20 million combustion cycles. In-cylinder pressure measurements in a Diesel engine include
a lot of information on the condition of the engine and its combustion efficiency. This has its obvious drawbacks in that it requires
obtrusive access to a cylinder head and whether the maintenance is carried out in the house or by a maintenance company,
equipment owners are never happy to have holes drilled in their cylinders. Studies have shown that the use of an in-cylinder
pressure transducer actually affects the cylinder pressure compared to a measurement taken unobtrusively and various studies
have described how the air mixing varies throughout the cylinder during compression and combustion. Therefore taking the
pressure at a single point does not provide an entirely accurate picture of the conditions throughout the entire cylinder. The
conditions for the sensor are very extreme making a sensor life short, therefore increasing costs [27]. As direct measurements of
the cylinder pressure are expensive and not suitable for measurements in vehicles on the road indirect methods that measure
cylinder pressure have great potential value [22]. Indirect measurement of the cylinder pressure from diesel engines is possible
using acoustic emission (AE) [28].
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4.2 QOil Analysis Diagnosis Technique

Large diesel engines use these techniques already in widespread within the community. Oil analysis provides an idea of wear
occurring within the moving parts via the type of debris contained within it. The oil sample is usually taken from the oil pan.
Various techniques may be used in the analysis of oil as viscosity, spectral examination, flash point, and insoluble. (Viscosity)
Determines the oil grade and whether its chemical structure has been altered in some way. This is usually measured in centistokes
(CST) and is at a reference temperature of 40C. The test is usually a measurement of how long it takes the oil to ow through a
standard orifice. The viscosity [29]. (Spectral Examination) Determines the wear metals amount, additives, silicone, and coolant
within the oil. Using a spectrometer machine which is highly accurate and provides the reading in parts per million. For example,
this test could be the discovery of Copper and Chromium within the information gathered from the oil. Copper is usually a sign of
bearing and bushing wear, chromium would be associated with the piston rings, and would be caused by dirt coming through the
air intake or broken rings. (Flash Point) Determines the lowest temperature at which the oil will ash, in other words, produces
enough vapor to ignite when exposed to a source of ignition. A change in the ash point compared to the fresh oil ash point shows
the presence of contaminants. (Flashpoint Insoluble) Determines the amount of insoluble material present in the oil testing gives
an indication as to whether there is any fuel or solvent ingress [27]. The test consists of a centrifugal test where the oil is mixed
with a heated agent and spun in a centrifuge. The insoluble materials gather at the bottom of the test tube and can then be indented
and quantized. The test for insoluble is a good indication of how quickly the oil is oxidizing, gathering contaminants, and also
how well the engine alteration system is working. This test can provide some indications that something may be wrong with the
engine, but it can also indicate, simply that too long has been left between oil changes. Beck and Johnson [30] used ferrography to
monitor particles present in the lubricant of a diesel engine. Since then there have been many reports on the application of
ferrography and oil spectrometry to many kinds of diesel engines. M. Johnson and M. Spurlock [31] mentioned in their overview,
tribological condition monitoring techniques, commonly referred to as oil analysis, were first used for condition monitoring in a
systematic fashion by the railroad industry in the U.S.A. soon after the Second World War. Qil analysis techniques then developed
rapidly and by the mid 1950's oil analysis methods were being used by the U.S. Navy to monitor jet engines. Oil analysis methods
are now widely used to monitor hydraulic plants, gas turbines, reciprocating engines, gearboxes, and a host of other plants and are
generally considered to be a mature technology with proven condition monitoring and fault diagnosis abilities. R. Jiang and X.
Yan [32] highlighted the wide acceptance of oil analysis methods for engine monitoring specifically, by mentioning that oil
analysis is the most widely used condition monitoring method for Diesel engines. Oil analysis methods were classified by R. Jiang
and X. Yan [32] as belonging to one of three categories; concentration analysis, debris analysis methods, or lubricant health
analysis methods.
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Fig. 4 Ferrograph Scheme [30].

S. D. Haddad [33] discussed the aims of concentration analysis and debris analysis methods to characterize the location and type
of wear occurring, based on debris present in the lubricant with the most important parameters being quantity, size distribution,
morphology, and composition. Lubricant health analysis aims to ascertain the condition of the lubricant itself by assessing
lubricant qualities such as viscosity, neutralization number, contaminant levels, and the degree of oxidization. Specific, commonly
used methods include magnetic plug inspection, blotter spot test, spectrographic analysis, ferrography, x-ray fluorescence, and
thin-layer chromatography. Although Oil analysis methods are considered to be a mature technology, several recent investigations
have been undertaken regarding their use in the automated fault detection system. V. Macian et al. [34] proposed a prototype
fuzzy expert system for oil analysis based Diesel engine fault diagnosis.

Morgan et al. [35] Utilized a combination of the self-organizing map and the K means algorithm to classify potential faults. Also,
they point out that the development of computer hardware and compact spectrometry equipment has "allowed on-line and ‘pseudo-
on-line' oil analysis to be carried out on-board ships with a change in perspective from purely expert systems to more data-centric
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approaches”. Y. Liu et al. [36] demonstrated an online oil analysis based monitoring for large marine diesel engines. It has been
shown that the major limitations associated with the use of oil analysis-based techniques continue to be the predominant off-line
nature of the analysis, time and expense associated with the collection and examination of samples, and the inability to monitor
components or regions of the engine that are not subject to lubricant flow. I.R. Taylor and G.P. Evans [37] measured the
instantaneous frictional force acting on the ring-pack of a single-cylinder diesel engine using a floating-liner technique. Figure (5)
shows the results obtained for three oils of different viscosity at constant engine speed and liner temperature.
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Figure 5: Variation of friction characteristics with engine speed [37].

The friction force incurred at mid-stroke was found to increase with oil viscosity whilst the peak frictional force occurring just
after TDC firing reduced. A measure of frictional loss was obtained through summation of the area under the friction curve. With
increasing engine speed the frictional loss increased, Figure 5a, and the value of peak friction decreased, Figure 5b, this was
observed to be consistent for all three oil viscosities.

4.3 Vibration Monitoring Diagnosis Technique

Vibration monitoring is the most widely used condition monitoring technique, where the vibrations of the machine are analyzed to
determine incipient faults. Overall vibration monitoring can be used to detect faults such as mechanical looseness, rotating or
reciprocating imbalance, shaft misalignment, bearing damage, cavitation, and electrical faults it is popular, as almost every
machine or process will produce some form of vibration. It is being used today in the industry quite successfully. Vibration signals
can be used to display frequency content as well as simple peak or root mean squared (RMS) values. Whilst overall vibration data
is commonly taken to monitor for routine faults it is now clear that overall vibration monitoring does not hold a good level of
condition monitoring data which it was once thought it did. Typically in industry, the vibration sensor system picks up the total
vibration level, amplifiers it, time averages it, and records it as a single value. Whilst overall vibration monitoring can detect these
faults, it cannot distinguish between them because there is no frequency content in the data. Frequency content is required for fault
diagnosis, this is where spectral vibration monitoring has the advantage in terms of diagnosis and how early it can detect a fault.
Spectral vibration monitoring allows the values of individual frequency peaks within a vibration frequency spectrum to be trended
as individual parameters [27]. However, vibration monitoring applications to internal combustion and diesel engines have
remained rather limited, essentially because of the complexity of the vibration signals see Figure 6 [38].
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Figure 6: Engine body vibration [38].
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J. Antoni et al. [39] investigated the "rocking and twisting of the engine block on its supports due to the action of inertial forces"
and the impacts due to clearances associated with the crankshaft and piston pin bearings as other sources of vibration in engines.
They emphasized when they point out that the impulse response for a typical engine structure lasts for a few milliseconds, which
for an engine operating at 1500rpm, translates to a crank-angle window that is greater than 10° in length. B. A. Badawi et al. [40]
investigated and focus on the development and application of source separation techniques using of a technique whereby vibration
signals recorded from a single accelerometer on a small single-cylinder Diesel engine were separated using segmentation
independent component analysis and vibration due to valve operation, fuel injection, combustion and piston slap were identified.
Also, identified gas dynamics as contributing to engine vibration. X. Liu and R. B. Randall [41] studied source separation issues
and applied blind source separation techniques to vibration data recorded from a small four-cylinder Diesel engine operating
under both normal and faulty conditions. Reasonable results were obtained for fuel injection, piston slap, and combustion pressure
variations. X. Liu et al. [42] reported that three sources; interpreted as piston slap, cylinder pressure change due to piston motion
and cylinder pressure oscillation due to combustion also reported that recovered pressure could be considered as two distinct
sources a low-frequency component associated with piston movement and a high-frequency component associated with
combustion. Brian R et al. [43]: Highlighted the appearance of various signal features using a combination of measures that relate
to a broad range of diesel engine faults such as cylinder liner scuffing, piston slap, injection-related faults, and valve-related faults,
worn piston rings, collapsed lifter and incorrect valve-lash. G. Chandroth et al. [44] used three different feature extraction
techniques to develop an artificial neural network-based Diesel engine fault diagnosis system. The three feature extraction
techniques; domain expertise, wavelet analysis, and principal components analysis were used to detect injector related faults and
leaking valves. And they described the three feature extraction techniques as exhibiting a high degree of accuracy. Jia- shan
Huang et al. [45] and Yu-Long Zhan [46] studied the diesel engine fault diagnosis using Discrete Hidden Markov Model
(DHMM) and Principal Component Analysis (PCA), the practical application results showed that the method proposed for diesel
engine fault diagnosis that can be achieved with high accuracy. K.Jafarian et al. [47] used a vibration analysis to detect and
classify faults that have arisen due to poppet valve clearance and incomplete combustion which is sometimes called the imbalance
phenomenon of an internal combustion engine. So, they used four accelerometers on the OHV engine body to record the vibration
signals. The data acquisition was then investigated using PCA technique. In the end, they efficiently classify and detect faults .S.
Liu et al. [48] Proposed a simple technique for detecting primary engine valve malfunctions by measuring vibration signals on the
cylinder head. The characteristics of the vibration signal are analyzed, indicating that its time domain and frequency domain
properties are both useful for motor diagnostics while cycle-by-cycle variation appears to be a defect. The experimental results
showed that the proposed technique is feasible, effective, and simple to implement. K. Jafariana et al. [49] investigated clearance
of engine valve and engine misfire to fault detection in the internal combustion engine, using the vibration data captured under
different experimental circumstances and four sensors. The application of the Fast Fourier Transform (FFT) was proposed as a
feature extraction methodology which leads to the extraction of 16 features. Proposed the statistical approach and the Artificial
Neural Networks (ANN) to predict if the motor works healthily based on the selected features and, if not, what kind of faults is in
the engine. Compared the results proves the validity of the proposed methods and highlights their superiorities. Signal processing
approaches can be in terms of different vibrations it is classified into three major groups, the first group includes the approach
with an analysis of the time domain, such as the work done by Heng and Nur [50]Martin and Honarvar [51], Leibovsky, his
colleagues [52], Ragul’skis and others [53]. Second group includes the works that are considered Frequency field analysis, such
as Courrech [54], Miao et al. [55] W.Miao et al. [56]. The third group uses time-frequency analysis, Among Ping and Yam [57],
Wang and Hussein [58]. The Frequency domain analysis is the most used approach it has proven its effectiveness and its
unwanted calculation in Provide basic information that leads to salient frequency band features [59]. Recently, engine monitoring
and error detection methodologies significantly improved.

4.4 Instantaneous Angular Speed Diagnosis Technique

Instantaneous Angular Speed (IAS), is a speed measurement of the engine crankshaft, the speed of which will vary as cylinders
fire and subsequently compress. Using sensors such as a wheel encoder the speed change is measured and can detect faults
associated with the fuel injection and combustion systems. Some of the latest techniques allow the fault to be located to a
particular cylinder, however, all of the 1AS techniques based on Diesel engines as yet allow the locating of faults but do not allow
for the diagnosis of faults [27]. Techniques involving measurements of angular speed have been used across a broad range of
control and CM applications however a great deal of research interest has previously been generated regarding the use of these
techniques in ECM applications. ECM techniques utilizing crank-angle measurements are based on the measurement of the small
variations in angular speed and acceleration experienced by the crankshaft due to the rapid variations in-cylinder pressure
occurring in the individual cylinders during engine operation. The direct relationship between crank-angle speed fluctuations
experienced by the crankshaft and the variations in-cylinder pressure has been used to indirectly measure engine torque and
cylinder pressure [11].

Tian R Lin et al. [60] Presented the IAS analysis technique for the estimation of engine power output and condition monitoring of
diesel engines. It was shown that IAS analysis can provide useful information about engine speed variation caused by the
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changing piston momentum and crankshaft acceleration and can also be used for engine power output estimation at various
engine-operating (either normal or faulty) conditions. T .S. Brown and W. S. Neill [61] demonstrated a technique to indirectly
measure individual cylinder pressures of a diesel engine based on crank-angle speed fluctuations. The analysis of crank-angle
speed data was categorized as being either model-based or library-based. S. J. Citron et al. [62] developed a four degree-of-
freedom dynamic model of the engine and drive-train was and the measured crank-angle speed data used as input to calculate total
torque and pressure torque fluctuation waveforms as well as the pressure torque, and cylinder pressure waveforms. Charles et al.
[63]: Extended the IAS technique further for condition monitoring and fault diagnosis of diesel engines with a large number of
cylinders. By presenting the IAS waveform in a polar coordinate system, they demonstrated that the IAS waveform can be utilized
to detect and identify the faulty (misfiring) cylinder of two relatively large multi-cylinder (16 and 20 cylinders, respectively)
engines. J. Yang et al. [64]: Presented a dynamic model that was used to generate instantaneous angular speed fluctuation ratio
and instantaneous angular speed waveforms. During the experimental phase of the investigation, a fault diagnosis method using
the IASFR was used to detect a fuel leak in one of the high-pressure fuel lines in a small four-cylinder engine. Taraza et al. [65]
investigated the amplitude change of order components of IAS waveforms of two diesel engines and correlated the amplitude of
the lowest major harmonic order (order 2 for a four-cylinder engine and order 3 for a six-cylinder engine) of 1AS spectra to that of
the gas pressure torque produced by the engine combustion. They also illustrated that phases of the three lowest order components
of the IAS spectrum could be utilized to identify the faulty cylinder of a diesel engine. F. V. Tinaut et al. [66] pointed out two
main approaches used for crank-angle based detection of a misfire. This approach is described as being able to correctly diagnose
faults in engines operating under transient conditions and at higher engine speeds whilst requiring less calculation capacity
compared to other model-based methods. J. Franco et al. [67] presented is a real-time engine brake torque estimation model
whose input is the instantaneous engine speed. This model is separated into steady-state and transient torque estimations. From the
instantaneous engine speed signal, both the crankshaft torsional due to the power stroke and mean engine speed were estimated in
real-time. Validation of the engine brake torque estimation model showed that the model was able to estimate torque within 72%
of rated torque. Douglas et al. [68] applied both acoustic emission (AE) and IAS techniques for the online power estimation of
two large marine diesel engines. They found that the calculated standard deviation of IAS waveforms in each engine cycle
changes accordingly to the loading condition of the marine engines under test. R. Johnsson [69] developed an indirect method
based on the crankshaft speed fluctuations combined with neural networks to predict the maximum cylinder pressure. Fluctuations
of the speed were measured on inline diesel engine a 6cylinder at 9 speed-load-combinations. The results from the neural network
were found to be better and the TDC-position for all 6 cylinders was determined within £0.1 degree crank angle at 95%
confidence interval. Recently Li et al. [70] Presented a comprehensive discussion for optimizing IAS measurements and provided
a detailed IAS error analysis. Gu et al. [71] developed a theoretical model for noise reduction of IAS signals by employing a
combined FFT and Hilbert transform. They then implemented the method to reduce the noise in IAS data acquisition and its
influence on the IAS estimation and fault diagnosis of a rotor-shaft system. Cedric Peetersa et al. [72] reported the available
knowledge regarding vibration-based speed estimation techniques. They also reviewed some of the most commonly used
techniques by means of performance comparison of seven-speed estimation methods on three different experimental data sets. The
resulting speed estimation data of all tested methods is made publicly available such that it can help in forming a benchmark for
future speed estimation methods.
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Figure 7: Modelled torque behavior, both (a) and (b) at 1000 RPM, Yang et al [15].

4.5 Acoustic Condition Monitoring Diagnosis Technique

Acoustic emission is a category of phenomena through which transient elastic waves are generated through the rapid release of
energy from a source or local sources within a material or a transient elastic wave. Other terms that have been used in AE
literature include (1) stress wave emission, (2) micro-seismic activity, and (3) emission or acoustic emission with other qualifying
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modifiers [73]. Z. Jiang et al. [74] developed an effective approach to detect and diagnose ICE valve Train clearance based on the
vibration signal measured on engine cylinder heads. Experimental results proved that the selected feature is really perfect for this
Error detection, feature extraction results are accurate enough. W Abdu et al. [75] Presented the diesel fuel injection monitoring
results online to improve performance. It is concluded that the injection device provides a suitable test site to check the injection
process in isolation from other AE noises associated with engine operation. D. P. Lowe et al. [76] Presented an experimental
investigation into the detection of excessive diesel knock using acoustic emission (AE) signals. It was additionally discovered that
the AE sensor position is basic. The AE sensor situated on the square of the engine obviously related data concerning the degree
of diesel thump happening in the engine whist the sensor situated on the leader of the engine gave no sign concerning diesel knock
seriousness levels. A. I. Alahmer et al. [77] presented a fault detection method for a Sl engine at variable speeds using the acoustic
signal technique. The exploratory outcomes demonstrated that: 1) the SPL sound pressure level because of fizzle breakdown
increments as the engine speed diminishes; 2) at low frequencies the distinction between the two estimations of SPL is extremely
little thought about at high frequencies; 3) the bent shape for SPL follows the state of the force delivered from the engine. D.
Ning et al. [78] proposed a method instantaneous frequency analysis. Utilizing the proposed time—recurrence model, we can
recognize the motor condition and decide anomalous sound delivered by faulty. N. H. Pontoppidan [73] investigated condition
monitoring of large diesel engines from acoustic emission signals. With the occasion arrangement structure, it is demonstrated that
non-stationary condition observing can be accomplished. B. Dykas and J. Harris [80] presented an experimental study of the
application of acoustic emission sensor (AE) was applied to monitor the operating status of internal fuels for fuel, diesel, and
health. A set of digital signal processing techniques have been drawn from literature, adapted, and applied.
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Figure 8: Schematic of an AE sensor [79]. Figure 9: Typical time-domain parameters extracted from AE signals [79]

Acoustic emission signals of the sensor installed on the engine, it was able to distinguish between load conditions and the failed
injector, but no significant increases in the removal of the large final bearing from acoustic emission signals were identified. S.
Putwattana and P. Nivesrangsan [81] Investigated injector operation used in the petrol engine using acoustic emission (AE)
signals. It is proven that AE signal could be used to investigate various parameters that are related to various simulated conditions
with no fuel and fuel injection such as time difference between two main events, delay time and amplitude of signals. J. A. Steel
et al. [82] Investigated the characteristics of AE wave transmission around and through the cylinder head of a small four-stroke
fuel injection diesel engine. The results can be used to reconstitute the timing and amplitude of the AE emitted at the source which
enables much more focused monitoring of specific components and processes identified in the signals. Elamin and Fathi [83]
focused on the possibility of using AE signals to monitor the fuel injector and oil condition. A comparison between signals and
measurement of the oil condition showed both provided useful information about the lubrication processes. Simulation and
experimental work have demonstrated the capability of this technique to detect lubrication related faults and irregular lubrication
variability between the engine's cylinders. Elghamry and Mohamed Hussein [84] devised and developed a method using two
diesel engines of the differing size of estimating the internal combustion engine power. This method involved reconstructing the
cylinder pressure using only the AE signal from a sensor mounted on the surface of the cylinder block and represented another
important potential use of AE monitoring. Nivesrangsan et al. [85] used a technique that they call "spatial reconstitution” to
reconstruct the time series due to sources at a set of given locations from the synchronous record of AE at a sensor array. They
found the attenuation factors for injector events to be similar to those measured from the simulated sources, but those for exhaust
valve-opening showed a relatively poor correlation. They attributed this difference to variation in the actual source position during
valve opening and also variable transmission though the multiple, moving interfaces in the cam, pushrods, and rockers. A
technique pioneered by Lim et al. [86] used a ray firing procedure to model the transmission of rays both across the surface and
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through the interior of a complex solid. The approach considers the attenuation to be related to the AE path length and uses a
virtual sensor to collect all rays arriving within a given extinction time, cumulating the energy arriving from each ray, modified
according to its path length and number of reflections. The results of the computational simulation gave good agreement with
measurements made on a cylinder block and various other simple cast iron objects.

5. CONCLUSION

Detecting defects in its early stages can help avoid bigger and more serious mistakes. Machine condition monitoring is divided
into three phases, fault detection, fault diagnosis, and fault prognosis. Pressure measurements can be effective at assessing how
well an engine is operating. But this has its obvious drawbacks in that it requires obtrusive access to a cylinder head, equipment
owners are never happy to have holes drilled in their cylinders. Studies have shown that therefore taking the pressure at a single
point does not provide an entirely accurate picture of the conditions throughout the entire cylinder. A sensor life short, therefore
increasing costs. Indirect measurement of the cylinder pressure from diesel engines is possible using acoustic emission. Qil
analysis provides an idea of wear occurring within the moving parts via the type of debris contained within it. The oil sample is
usually taken from the oil pan. the major limitations associated with the use of oil analysis-based techniques continue to be the
predominant off-line nature of the analysis, time and expense associated with the collection and examination of samples, and the
inability to monitor components or regions of the engine that are not subject to lubricant flow. Vibration monitoring is the most
widely used condition monitoring technique, where the vibrations of the machine are analyzed to determine incipient faults.
Overall vibration monitoring can be used to detect faults such as mechanical looseness, rotating or reciprocating imbalance, shaft
misalignment, bearing damage, cavitation, and electrical faults it is popular, as almost every machine or process will produce
some form of vibration. It is being used today in the industry quite successfully. Typically in industry, the vibration sensor system
picks up the total vibration level, amplifies it, time averages it, and records it as a single value. Vibration monitoring can detect
these faults, it cannot distinguish between them because there is no frequency content in the data. Vibration monitoring
applications to internal combustion and diesel engines have remained rather limited, because of the complexity of the vibration
signals.
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