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Abstract 

This paper presents a condition monitoring and fuel injection fault detection technique for a 12-cylinder 588 kW trainset 

diesel engine based on vibration signature analysis using Fast Fourier Transform (FFT). These type of engines are 

considered to be heart of passenger trainsets and their condition monitoring is crucial for reliable performance of the 

system. Most of the conventional fault diagnosis techniques in diesel engines are mainly based on analyzing the 

difference of vibration signals amplitude in time domain. In the present study, vibration signals were captured from both 

intake manifold and cylinder heads of the engine and were analyzed in time and frequency domains. In addition, 

experimental data of a 12-cylinder 588 kW diesel engine (of a trainset) are captured and the proposed method is verified 

via these data. Results show that power spectra of vibration signals in the low frequency range reliably distinguish 

between normal and faulty conditions. The experimental results verified that vibration signals acquired from intake 

manifold have more potential in fault detection. 
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1- Introduction 

Diesel engines are the heart of countless equipment including vehicles, trains, ships, and agricultural machinery. In 

order to maintain the overall efficiency, it is imperative to keep the engine in the best working conditions by using the 

condition-based maintenance strategies for detection and diagnosis of incipient faults [1]. Consequently, before any 

serious problem in main parts of the machinery, damaged components are replaced due to the predictability provided by 

the condition monitoring system.  

Several types of signals can be measured for monitoring purposes including rotational angle speed [2], temperature [3], 

fuel and oil quality [4,5], and vibration [6-8]. Vibration monitoring is a reliable method for detecting machine 

abnormality, considering the fact that different faults especially those related to combustion are the source of vibration 

[9].  

The conventional vibration-based fault diagnosis techniques were focused on the amplitude difference in the time 

domain or frequency domain to detect different types of fault conditions. For example, Fast Fourier Transform (FFT) 

transfers test results from the time domain to the frequency domain. 

Vibration signal analyses using aforementioned approaches have been widely used for fault detection of diesel engines. 

For instance, Geng and Chen [10] introduced a fast wavelet-packet decomposition and reconstruction algorithm in order 

to measure and extract the piston slap-induced vibration in a diesel engine. Teraguchi et al. [11] investigated the 

influence of oil film between piston rings and cylinder walls on the induced vibration. A number of studies have been 

done to investigate the impact of different combustion factors on the engine block vibrations [9, 12-14]. Carlucci et al. 

[13] investigated the correlation between injection parameter variation and block vibration of a diesel engine using two 

accelerometers on two different zones on the engine block. Both classical Fourier analysis and time-frequency analysis 

were exploited to identify the degree of correlation between in-cylinder pressure and vibration signals.  Shirazi et al. 

[15] investigated the application of DWT in combustion failure detection of a 4-cylinder IC engine. Authors 

demonstrated the proof of concept of using DWT in detection and diagnosis of combustion failures in IC engines. 

In diesel engines, an important source of noise and vibration is the injection system especially the seating of the injector 

needle and check valve. Valve train system also plays an important role in the combustion process. However, it is most 

likely to suffer from faults, inter alia, abnormal valve clearance and gas leakage from valves [16]. Measuring vibration 

and acoustic signals as non-intrusive methods is used to detect and overcome such problems at an early stage in order to 

avoid extremely severe faults.  

Liu et al. [17] proposed a simple diagnostic technique combining Partial Sampling with Future Averaging (PSFA) for 

detection of abnormal valve clearance and combustion gas leakage. They measured vibration signals of a four-cylinder 

diesel engine by installing four accelerometers on the cylinder head of the engine. The intake valve clearance of 

cylinder 1 was set to 0.15, 0.6, 0.9, 1.2, and 1.5 mm with a normal clearance of 0.3 mm. They presented tables of 

feature measurements for various fault levels. Jiang et al. In [18] utilized a two-load acoustic approach for a four-

cylinder diesel engine using two pressure sensors mounted on its exhaust system. Reduced injection pressure and 

increased valve clearance on one of engine cylinders were detected by analyzing the pressure waveforms. Wang et al. 

induced valve clearance faults on one cylinder of a four-cylinder diesel engine in [19]. A probabilistic neural network 
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was used to classify the Winger-Ville Distributions (WVD) of vibration acceleration signals. For eight combinations of 

normal and faulty cases of intake and exhaust valves a classification accuracy of 96% was obtained. Flett et al. [20] 

proposed a vibration-based method for detection and diagnosis of diesel ICE valve train faults requiring only one 

accelerometer. Deformed valve spring and abnormal valve clearance faults accurately were detected and classified 

using the Naive-Bayes classification method. 

Even though the literature on fault detection and diagnosis methods is copious, relatively few papers have addressed the 

problem of abnormal fuel injection in diesel engines. In addition, the literature suffers from a lack of papers in which 

sophisticated engines with more than 6 cylinders are investigated. As the number of cylinders increases in diesel 

engines, the fault detection and diagnosis process based on vibration signals becomes more complicated.  

The basic aim of this paper is to present a fault detection method for a diesel engine based on analyzing experimental 

data. None of previous studies mentioned about this kind of engines, but here time and frequency domain analyses are 

carried out to analyze the vibration signals. First, power spectral density (PSD) of vibration signals in low-frequency 

range is calculated and used to distinguish between faulty and normal engine. The remainder of the paper is organized 

as follows. The testbed and signal acquisition process are described in Section 2. Signal processing methods are 

presented in Section 3. Section 4 describes the signal analyses results. Finally, Section 5 concludes the paper. 

 

2- Experimental Setup 

2-1- Diesel engine and data acquisition system  

The experimental tests were carried out on a 12 cylinder, D 2842 LE 602 diesel engine which is commonly used in 

trainsets. The engine is a V-shaped, 4-stroke diesel engine with turbocharger and intercooler. The engine specifications 

are given in Table 1. All experiments were done at zero-load and a constant speed of 600 rpm. Vibration pickup was 

carried out by two DJB2784 accelerometers mounted on both intake manifold and cylinder heads. The accelerometers 

on the cylinder heads and intake manifold were firmly fixed by magnets and wax, respectively. In order to indicate the 

engine speed, a tachometer pointing to a reflective tape on the crankshaft pulley was utilized. Since the engine is a 4-

stroke type, two complete crankshaft revolutions (720 degrees) represents a full thermodynamic cycle. The vibration 

signals, measured by accelerometers, and tachometer signals were transferred through cables into a data logger/analyzer 

and then to the computer for further analysis. The Bruel & Kajer-PULSE LabShop software version 12.5.1 was used in 

the course of data acquisition. The instrumented engine and the numbering of cylinders are illustrated in Figure 1. 

Combustion failure may be the result of the malfunction in one or more cylinders. In order to test our proposed 

approach in fault detection, faulty conditions must be experimentally simulated on the engine. In this work, the fuel 

valve of cylinders was opened to let the fuel partially enter the combustion chamber. Therefore, the combustion failure 

was modeled by disabling fuel valve of known cylinders. 

Table 1. Engine specifications 

Diesel V 90o 

Cycle 4-stroke Diesel with turbocharger and intercooler 

Number of cylinders 12 

Compression ratio 16.5:1 

Bore 128mm 

Stroke 142 mm 

Engine capacity 21930 cm3 

Direction of rotation viewed on flywheel anti-clockwise 

Firing order 1-12-5-8-3-10-6-7-2-11-4-9 

Firing interval 120o 

Power based on DIN ISO 3046 588 kW at 2100 rpm 
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Figure 1. The instrumented engine and cylinder numbering. 

3- Signal acquisition 

 
Vibration signals were obtained using two accelerometers mounted on either intake manifold or cylinder heads in two 

separate phases. Vibration data were collected using a four-channel data logger with a sampling frequency of 3.2 kHz 

and the span of 8.192 kHz. Each data set comprised of two seconds of vibration signals with 16384 data points. Using 

tachometer pulses, the engine vibration signals were split into segments with an equal length of 0.2s corresponding to 

two of crankshaft revolutions (a complete thermodynamic cycle). Throughout data acquisition process, the engine speed 

was set at 600 rpm (10 Hz) with zero load. 

A few tests with higher sampling frequencies were performed and results proved that the sampling frequency of 3.2 kHz 

is appropriate. By choosing aforementioned sampling frequency and the resulted span of 8.192 kHz, suitable 

information of vibration signals for condition monitoring and fault detection procedure were obtained. In fact, different 

faults became discriminable with these chosen frequencies. 

Cylinder numbering 12-cylinder diesel engine  

Vibration sensors 

fixed by wax on the 

intake manifold 

Vibration sensors 

fixed by magnets 

on cylinder heads  
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Figure 2. Schematic of data acquisition and signal processing system. 

 

Also, to study the effect of load on the fault detection method, some tests were conducted. The data were obtained from 

the engine with a generator load and the speed of engine was set at 950 rpm. The process of signal acquisition and 

signal processing in this work is briefly shown in Figure 2. 

4- Signal analysis  

4-1- Time domain analysis 

 

A complete thermodynamic cycle for all cylinders takes 720
o
 of revolution of the crankshaft (0.2s at 600 rpm engine 

speed). According to the firing order of the engine, the combustion of each pair of cylinders (C12- C7, C1- C6, C9- 

C10, C2- C5, C8- C11, and C3-C4) occurs with 120 degrees interval. According to fundamentals of internal combustion 

engines [16], there are five main impact forces that cause vibrations on cylinder head which are propagated to the intake 

manifold as well: intake valve closing (IVC), intake valve opening (IVO), exhaust valve closing (EVC), exhaust valve 

opening (EVO), and in-cylinder combustion pressure. Based on the datasheet of the engine, the theoretical valve timing 

for cylinder 1 is shown in Figure 3(a). If all cylinders are considered, as shown in Figure 3(b), the timing of main events 

including fuel injection (FI) and valve timings are closely located and complicated.  

 
(a) 

 
(b) 

Figure 3.  Theoretical occurrence of intake and exhaust valve opening and closing, and fuel injection of a D 2842 

LE 602 diesel engine; (a) for C12 and (b) for all cylinders. 
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The impact of fuel obstruction is more conspicuous in the fuel injection signal. After opening a fuel valve and 

implementing the faulty condition, the fuel injection signal of the faulty cylinder will be weakened and vibration signal 

of the engine changes. The vibration signal of the mounted sensor on the intake manifold in the vicinity of the cylinder 

11 (M11) in the healthy condition and also when the cylinder 5 is faulty, are illustrated in Figure 4. The part of the 

vibration signal which represents fuel injection phenomenon in a faulty situation is weakened although it is not 

completely eliminated due to the fuel injection of the cylinder 8 which simultaneously occurs with cylinder 5. Even 

though the fault changes the vibration signal, it is not easily clarified in the time domain and more inter alia, frequency 

domain analyses are required to interpret the changes caused by the faults.  

As shown in Figure 3(b) for a crank angle interval of 720 degrees, in addition to 6 large peaks, other small peaks are 

expected in vibration signal. This pattern (composed of a large peak and 3 small peaks) is repeated 6 times in this 

interval, therefore theoretically the frequency of this pattern becomes 30 Hz as clear in Figure 5. In Figure 4(a), it is 

obvious that the pattern repeated 6 times during the mentioned interval. 

 
(a) 

 
(b) 

Figure 4. Vibration signal obtained from intake manifold in the vicinity of cylinder 11 (M11) for a single 

engine cycle; (a) healthy condition and (b) when cylinder 5 is faulty. 

4-2- Frequency domain analysis  

The auto spectrum of a vibration signal is defined as [21]: 

 

 

 (1) 
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where,  refers to FFT of the vibration signal,  is frequency variable, and  is conjugate operator. Dividing  

 by the sampling frequency ( ) results in power spectral density (PSD) of the signal assuming a uniform 

windowing. 

 

The PSD of vibration signals from different locations on the intake manifold are depicted in Figure 5. For a healthy 

engine (a, b, and c), the power spectrum of vibration signals has the same pattern for different locations on the intake 

manifold. In this case, there are two peaks in the PSD of vibration signals in frequencies of 10Hz and 30Hz which refer 

to the engine speed (600 rpm) and the simultaneous combustion of a pair of cylinders in two complete revolutions of the 

crankshaft, respectively. The frequency domain analysis has been done in a low-frequency interval of 0-180Hz since it 

is more likely to distinguish between faulty and healthy conditions compared to a high-frequency range. Comparing 

healthy and faulty engine PSDs, it is concluded that in faulty conditions (d, e, and f) new peaks appeared between 10Hz 

and 30Hz in the frequencies of 15Hz and 20Hz. Similar results are demonstrated in the load mode; but because of the 

different engine speed, the peaks resulted from faults happen in other frequencies. 

 

Figure 5. PSD of engine vibrations of the intake manifold a) in the vicinity of cylinder 1 for healthy 

condition b) in the vicinity of cylinder 3 for healthy condition c) in the vicinity of cylinder 8 for healthy 

condition d) in the vicinity of cylinder 1 when cylinder 5 is faulty e) in the vicinity of cylinder 3 when 

cylinder 5 is faulty f) in the vicinity of cylinder 1 when cylinder 4 is faulty. 

 

Based on FFT analysis and PSD of the vibration signals, we are able to distinguish between faulty and healthy 

conditions; however, further time-frequency domain analyses is presented in the following subsection to complete the 

fault detection and diagnosis process. 

5- Conclusions  

In this paper, the fuel injection fault detection of a high-power 12-cylinder trainset diesel engine using time and 

frequency analyses was studied. Fuel injection fault was introduced intentionally by partially opening the fuel valve. 

Vibration signals were acquired using accelerometers from intake manifolds and vicinity of cylinders and analyzed in 

time and frequency domains. PSDs of the vibration signals were calculated and distinguished between normal and 

faulty engine conditions. Comparing healthy and faulty engine PSDs, it was concluded that in faulty conditions new 

peaks appeared between 10Hz and 30Hz in the frequencies of 15Hz and 20Hz. 
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