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Abstract 
This paper presents the results of a research project in which special methods were developed and 

successfully applied for the health monitoring of the bearings of the traction system of rolling stocks. A 

prototype monitoring system was developed by the authors and installed on an Italian E464 locomotive. 

This regional train locomotive class is not equipped by any monitoring system for the bearings of the 

traction system. The locomotive has been monitored for about three years of service, during which it has 

undergone to a major maintenance and all the bearings of the traction system has been replaced. This 

allowed to examine them and to assess if damage indexes corresponded to actual faults.  

A huge amount of data, in commercial service, has been collected and it was possible to assess that the 

overall system cannot be considered as in stationary operation, neither when the train speed is constant nor 

when the same track is travelled. 

1 Introduction 

Condition monitoring offers new opportunities to increase reliability and availability of the traction system 

by detecting incipient damage and preventing mechanical damages and failures.  

There is a lot of literature regarding the monitoring of bearings, axles and gearboxes in industrial 

machinery [1]-[7]. Furthermore, experimental and theoretical studies conducted to understand and model 

the process of degradation of roller bearing due to wear and rolling contact fatigue [8],[9], with the aim of 

performing the prognosis of these components, i.e. once identified the amount of damage in the bearing, 

quantify the remaining useful life [10],[11] of the component. 

However, the application in the railway field of health monitoring and prognostics for roller bearings and 

gearboxes has been limited so far [12]. Some pilot studies are available for the condition monitoring of 

mechanical parts in the traction equipment of Electric Multiple Units [13] and Locos [14], including the 

testing on suitable test rigs of intentionally damaged bearings. Therefore, there is a need to transfer to the 

railway sector the conspicuous body of knowledge available in other fields of industrial engineering. At 

the same time, it is necessary to evaluate the advantages of the use of health monitoring and prognostics 

techniques in the traction equipment of railway vehicles, and especially to identify the most suitable 

sensors for this application and to define a complete set of specifications for these devices.  

The main components in the traction system for which monitoring of mechanical quantities is feasible 

including traction motor, gearbox and bearings. 

The traction motor is a converter driven 4-pole asynchronous motor, whose rotor is mounted on two 

different types of bearings: a single row, deep groove ball bearing and a cylindrical roller bearing on the 

driven end side. 

The gearbox follows the typical layout with single or double stages, with helical gearing. A coupling 

capable to allow the relative movements between motor and gearbox connects the helical pinion (input 
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shaft) of the gearbox to the electrical motor. In a single stage gearbox, there are two tapered rolling 

bearings for the output shaft, which can be mounted directly on the wheelset or on a hollow shaft fitted on 

the wheelset, two cylindrical roller bearings, and one split inner ball (four-point) bearing for the input 

shaft. The split inner ring ball bearing supports the axial thrust of the input shaft. 

Other components of the traction equipment, particularly shafts, toothed wheels and couplings, can also be 

the object of health monitoring to improve the reliability of the entire system. The physical quantities of 

interest to be monitored for these components include vibration, speed, pressure, misalignment, shaft 

deflection and lubricant temperature depending on the specific needs of the health monitoring application. 

The most common mechanical quantities worth of being monitored are mechanical vibrations. These can 

be measured on the outer surface of the casing of the motor and gearbox, at selected positions that are 

suitable to provide diagnostic information concerning vibrations originated by damaged bearings and/or 

gears. These vibration signals are then processed according to different data processing techniques [1] that 

are suitable to identify the signature of typical damages and possibly to quantify the degree of severity of 

the damage. 

Other sensors maybe used for this application, such as temperature sensor, subject to similar procedure in 

selection. The temperature sensors extract heat from the bearings to establish any indication of failure. 

Considering the feasibility in real application, the positions of interest for the sensors are both the flanges 

of bearings (only one side is shown in the figure) and the top on the motor case. The type and number of 

sensors will be determined after the characteristic analysis of the operating conditions of the traction 

system based on the comparisons of available sensors for this purpose in the market.  

2 Monitoring for the traction system of a regional train locomotive 

The E464 model (see Figure1) is an electric locomotive manufactured by Bombardier Transportation Italy 

at the Vado Ligure site since 1999 and intended primarily for regional and also interregional programs. 

The locomotive can develop a continuous power of 3000 kW at the wheels, up to a speed of 160 km/h. 

The car-body rests on two bogies with two axles, each with 2 three-phase synchronous motors of 800 kW. 

Between the motor and the wheel axle there is a two-stage gearbox with ratios 27/55 and 26/64. The 

connection between these two elements is achieved through a coupling joint on which is also keyed the 

disc brake system. 

The locomotive used for the installation of the monitoring system was built in 2008, and was close the 

first “2nd level” maintenance, scheduled to 1.2x106 km. 

The bearings monitored are those belonging to the powertrain motor (see Figure 2c) and gearbox (see 

Figure 2a) and those installed on the axle (bushings) as shown in Figure 2b. 

The vibrations of the bearings are measured by IEPE industrial accelerometers. A tachometer sensor is 

installed in correspondence of each motor for the detection of  the number of revolutions. The 

accelerometers installed on the gearbox-motor assembly have sensitivity of 100 mV/g range up to 50 g. 

On the bushings, accelerometers range up to 500 g are installed, due to the higher acceleration level 

available on the axle. All the used sensors are dual-sensors, namely also capable of providing a 

temperature signal. 

For each of the 4 drive units, on each gearbox-motor assembly, 5 accelerometers are placed, and 2 are 

located on the bushings of the axle. 
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Figure1: E464 regional train locomotive 

   

a) b) c) 

Figure 2: Gearbox a), axle b) and motor c) bearings. 

 

All the signals are acquired by two data acquisition systems, one per bogie that also have the task of data 

logging. Acquired data are sent for processing to a central system (industrial PC) that manages the entire 

apparatus. The data acquisition system for the leading bogie is positioned under the car-body and the other 

for the trailing bogie is placed on board the car-body. The connection between the PC and the on-board 

system is via Ethernet cable, while wireless connection is adopted for to the device of the leading bogie 

(see Figure 3). 

The industrial PC is placed on board the car-body, in the tail of the locomotive at the rear cargo area. It is 

connected to a GPRS module which allows a remote connection, and a Wi/Fi module ensures the local 

connection with the leading bogie acquisition system. 

The function of the PC is to manage the acquisition and connectivity, to perform data storage and then to 

process them. Locomotive’s BUS is also connected to the same network. 

 

 

Figure 3: Connection of electronic devices. 

 

Sensors

Sensors

Wireless connection
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2.1 Amplitude-based fault indicators 

The fault indicators must be able to be proportional to the severity of the fault but, at the same time, they 

should not be very reactive to instantaneous phenomena, which are not representative of a real problem. 

Several indicators have been developed during the project, but for the sake of brevity, only amplitude-

based ones are considered in this paper. 

Amplitude-based indicators are mainly based on the Square Envelope Spectrum (SES2) diagram [[14]]. 

The reason why the SES2 was used instead of the simple Square Envelope Spectrum resides in the fact 

that, the noise affecting the diagram was smoothed, allowing thus a better and simpler identification of the 

peaks in correspondence of the Characteristic Faults Frequencies (CFF). Theoretical CFF can be evaluated 

by means of the bearing geometry. 

The investigation of the faults starts from the identification of the peaks close to the CFF, paying attention 

to not detecting false peaks that could compromise the whole analysis. The automatic identification 

algorithm works in the following way: in correspondence of the CFF, with a range interval of ±5% of the 

value of theoretical Fundamental Train Frequency (FTF), it detects the maximum peak of the diagram, 

only if this peak is higher than a certain statistical threshold, which will be explained later. It should be 

noticed that this algorithm scans also to the 2X and 3X components, and this is a fundamental step in order 

to have a significant indication of fault. 

The reason of the choice of that particular range amplitude, equal for each kind of damage (corresponding 

to Ball Pass Frequency Outer race - BPFO, Ball Pass Frequency Inner race - BPFI, FTF or Ball/roller Spin 

Frequency - BSF), lies in the characteristic of the interval itself: it is indeed known that FTF is generally 

the smallest one. For this reason, a range of ±5% of FTF represents a good compromise between the 

necessity of identifying the real peak frequency (that can be slightly different from the theoretical one) and 

of avoiding peaks detection, which are not corresponding to effective damage, but are coming from other 

phenomena (for example, the harmonic component of the motor or of the gearbox). It is important to note 

that the 1X and 2X components of the motor have been researched singularly and a specific control 

algorithm has been implemented in order to avoid the superposition with the CFF. 

It is important to notice that if it was assumed to search the peaks in an interval range equal to ±5% of 

each CFF, absolutely inappropriate range length would be obtained, because they would be too large and 

the risk of identifying a false peak would become too high. 

The statistical threshold which was previously mentioned is used in order to be sure that the detected peak 

is significant and that it does not come from noise contamination.  

Borghesani et al. in [16] has defined this statistical threshold that allows to define a statistical limit on the 

amplitude of each spectral frequency. If the detected peak is higher than the punctual statistical threshold, 

it is possible to say that there is a probability equal to 
p

 that the considered peak represents a real damage 

on the bearing. 

This threshold is evaluated starting from the same analytic signal of the SES2, and so it is comparable to 

the harmonic amplitudes relative to the fault, because they have the same uncertainty sources coming from 

the environmental conditions and the filtering process. Thus, it is reasonable to state that the ratio between 

the peak amplitude and its corresponding threshold value is not affected by these uncertainties. 

The threshold is defined by the following formula: 

 ( )2
1 2

2

1
( ,2) ( )

2
SES x aThr p R x −  

=  
 

     (1) 

where xR  stands for the autocorrelation function, ( )ax  is the Fourier Transform of the analytic signal and
1( ,2)p −  is the inverse of the cumulative “chi-square” statistical distribution, with probability p with two 

degrees of freedom. 
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The coupling of Kurtosis based-indexes and envelope analysis represents one of the most successful and 

widespread procedure for the diagnostics of incipient faults on rolling element bearings [16]. 

The Band Kurtosis (BK) indicator has been defined as the ratio between the SES2 and its RMS4 on the 

filtered analytic signal; in formula, it can be expressed as:  

 
4

2 filt
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SES
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     (2) 

In the previous expression, the ratio is performed on the filtered signal. The expected behaviour of the BK 

indicator can be described by four different phases: 

- phase 1: no damage, stable indicator at its nominal value; 

- phase 2: incipient fault, indicator starts to arise because of the increasing values of CFF; 

- phase 3: growth of the damage, indicator stays stable due to the increase of the value of the RMS, 

elevated at the fourth power; 

- phase 4: rapid decrease and increase of the value due to the total damage of the bearing. 

On the other hand, if a simply RMS-based indicator was developed, the value of this indicator would not 

increase until the total seizing of the mechanical element; this cannot be accepted because the aim of the 

research is the detection of the fault in its incipient state and not when it has already happened, with its 

catastrophic effects consequences. 

Since the energy component of the CFF is not focused only in its characteristic frequency, the RCC 

parameter has been defined to overcome this problem. The reason of the smearing of the energy 

component of the harmonics is mainly due to the leakage effect: this causes an error on the Fourier 

Transform, that considers the signal as periodic. 

The RCC indicator has been defined by Borghesani et al. in [16], and it is: 
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This indicator performs the ratio between the sum of each component near the considered CFF and the 

sum of the totality of the signal; q  and r  are respectively the lower and upper limit in which the CFF 

have to be searched. 

The characteristic property of this indicator is its readiness: it is indeed able to detect a problem even 

before the BK indicator, thus allowing a better and earlier detection of the possible faults and allowing in 

this way a correct scheduling of the maintenance interventions. 

2.2 Condition monitoring results 

In this section the results of the whole analysis will be presented. Afterwards, a critical analysis on the 

state of the bearings will be performed, comparing the results of the previously presented indicators with 

the actual state of health of the bearings evaluated during the visual inspection after the maintenance 

operation in November 2015 in which all the bearings have been removed and replaced with new ones. 

Moreover, the comparison between the results of the analysis performed on the 2015 data with the results 

of the analysis of the 2016 data will be proposed. 

For the sake of brevity, only the results of the NDE bearing of the motor unit 4 (sensor SM41A) will be 

shown. 

The trends assumed by the indicators for each type of damage are shown in Figure 4, where 2015 data and 

2016 data are separated by a black line. It is necessary to remember that the reported diagrams are the 

moving averages of the indicators; this has been done in order to reduce the negative effects of some 

outlier values and to obtain more significant results.  
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The windows length of the moving average has been set as 50 samples for the 2015 data and 40 samples 

for the 2016 ones. The total number of the analyzed files is 605 for 2015 and 553 for 2016. 

 

BPFO 

 

BPFI 

 

FTF 

 

BSF 

 

Figure 4: Fault indicator results from sensor SM41A. 

 

By looking at the RCC diagrams shown in Figure 4, it is possible to observe: 

- the presence of a serious damage on the outer race (BPFO diagram) of the bearing in the year 

2015 with an evident upward trend. This means that this indicator was able to detect the increase 

of the fault over the time, and this can be useful for prognostics considerations. 

- it is reasonable to think that no serious damage of the inner race (BPFI diagram) was present in 

the 2015; no threshold alarm was reported since it would have a excessive high magnitude respect 

to the data values; 

- the presence of a serious damage on the cage (FTF diagram) of the bearing for the year 2015. 

Even if no trends can be clearly found, RCC was extremely higher than the threshold limit; this 

allows to say without doubt that a non-negligible problem of the FTF type was present, as it has 

been confirmed by the observation of the bearings performed during the maintenance operation of 

November 2015 and shown in Figure 5. 

       

Figure 5: Outer ring and cage damages as resulted from the inspection perfomed during the maintenance 

operations in November 2015. 
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As for the outer race, no significant damages could be found by the inspection of the RCC related to BSF 

diagram, as reported in Figure 4; the not-null value can be attributed to the normal wear of their lifecycle. 

The only thing that can be noticed is a slight periodic trend. One can notice that no threshold alarm was 

reported since it would have excessive high magnitude respect to the data values. 

3 Conclusions 

This paper shows the preliminary results of a long-lasting campaign of experimental tests, which aimed to 

apply a condition monitoring system for the traction system of locomotives for regional passenger service. 

Firstly, the monitoring system, which has been designed and developed specifically for this locomotive 

class is described. After the system was built and installed on the locomotive, it continued its commercial 

service until the second level maintenance, when the bearings of the traction system were disassembled 

and inspected. 

Some damage indexes, which are independent of the operating conditions of the system, have been 

developed on purpose and have been tested on the vibration measurements acquired during the operation 

of the locomotive. By analyzing the behavior of these indexes, and the definition of suitable threshold 

indexes, it was possible to diagnose some damages that were then actually found during the inspection of 

the bearings 
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