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Development of a functional system for diagnosing the presence of rotor damage in
induction traction motors

The aim of this work is to develop a system for functional diagnostics of rotor bar breakage in
induction traction motors of railway rolling stock. In order to achieve this aim, the following tasks have
been solved: developed an algorithm for diagnosing the condition of rotor bars based on the statistics
of fractional moments; developed a block diagram of the unit for diagnosing the condition of rotor bars
of the induction motor based on the statistics of fractional moments; developed a block diagram of the
system for functional diagnosis of rotor bars condition as part of the traction motor with direct torque
control. The most important result consists in obtaining a mathematical model of fractional moment
statistics with less volume of calculations and improved sensitivity of the method. This result was
achieved by determining the information-frequency range, which made it possible to analyze not all the
spectral components of the analyzed signal, but only that part of it where there may be spectral
components typical for the breakage of rotor bars of the induction motor. This approach to diagnosing
the condition of rotor bars can also be applied in traction motors of rolling stock with vector control
system of induction motors.

Keywords: induction motor, fractional moment statistics, rotor bars, direct torque control

Introduction. The railway is one of the critical infrastructure facilities, an element of which is rolling
stock. Therefore, improving the reliability of rolling stock operation has always been an urgent task [1,
2]. The most effective way to improve the reliability of rolling stock is the use of the systems for
diagnosing its condition during operation (operational diagnostic systems) [3]. Traction motors are the
elements of rolling stock that most often suffer damage. [4].

Induction motors (IM) are increasingly used as traction motors in railway rolling stock. This fact is
explained by the simplicity of their design, low production cost and ease of maintenance [5]. The reliable
operation of IM directly affects the operational stability of traction motors used in the rolling stock. In
case of damage to traction motor, economic losses can be significant. One of the most common defects
in IM is the breakage of rotor bars. This defect accounts for approximately 10% of all IM failures [6].
This defect is characterized by its invisibility and gradualness, which makes it difficult to detect it in the
early stages. Untimely detection of a defect leads to an increase in the degree of its malfunction during
the IM further operation. In connection with this fact, detecting a defect at an early stage is an important
task.

The use of functional diagnostics diagrams will allow for effective detection of rotor bars damage at
an early stage of the occurrence of this defect during the rolling stock operation. To build such diagnostic
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diagrams, it is necessary to develop algorithms for diagnosing and determining the degree of the
specified defect at an early stage, taking into account the railway rolling stock operational factors [7].

Analysis of existing technical solutions. The following signals can be used to diagnose damage to

rotor bars in IM:

e signals of phase currents of the ID stator [8];

vibration signals [9];

acoustic signals [10];

signals of instantaneous power [11];

signals of flux linkages [12].
The analysis of the specified diagnostic methods conducted in the work [12] showed that due to their
availability and non-invasiveness, the method of analyzing IM stator current signatures was the most
widely used in diagnosing damage to rotor bars. It should be noted that despite its advantages, this
method has one drawback: it does not work correctly in the conditions of IM idle operation or at low
loads [14]. This is explained by the fact that the sideband frequency, which is a diagnostic sign of the
defect presence, coincides (at IM idle operation) or is located too close (when operating with low loads)
to the frequency of the IM supply voltage. Therefore, to detect a defect, you should have algorithms
with a high spectral resolution.

To solve this problem, the following methods were proposed to effectively eliminate the fundamental
frequency harmonic of the stator phase currents:

rejection filter [15];

extended Kalman filter [16];

matched filter [17];

sparse Bayes filter [18].
These methods, in addition to eliminating the harmonics of the fundamental frequency of the stator
phase currents and noise, weaken the characteristic harmonics of the defect, which can lead to a false
diagnosis of IM rotor bar defect at early stages.

In a number of studies, high-frequency resolution methods were used in order to distinguish the
sideband frequency accurately, which indicates the presence of a defect, from the frequency of the
supply voltage. These methods are based on the decomposition of current signal values into signal and
noise subspaces. The resolution can be improved by applying special ratios between subspaces. Thus,
in the work [19] we used the classification of multiple signals to detect rotor defect under different
conditions of load and speed. In the work [20], we used the estimation of signal parameters based on the
method of rotational invariance instead of the fast Fourier transform (FFT) to diagnose rotor bar breaks.
This algorithm, unlike the IM stator current signature analysis method, is capable to increase effectively
the resolution of the spectrum estimation and improve the sideband detection with limited data. The
disadvantage of these two methods is that they require a significant amount of computation and their
speedwork depends on the selected parameters of the model.

Another approach to eliminating harmonics of the supply voltage frequency is the use of modulation
methods. In these methods, the harmonic of the frequency of the supply voltage is converted into a direct
current component. In the work [21], we used the Park’s vector method to diagnose the rotor bar
breakage. To diagnose the said defect, in the work [22] we used the sum of adjacent productions. To use
these two approaches, it is necessary to have data on two- or three-phase IM stator currents.

In this study [23] we proposed to use Teager-Kaiser energy operator for the diagnosis of IM rotor
damage. To demodulate IM stator phase current signals based on the approach proposed in [23], it is
necessary to have only three consecutive sampling points. This allows for excellent speedwork.
However, such calculations represent causal processing and can lead to signal distortion and non-ideal
filter characteristics. In [24], we proposed to use the method of normalized energy operator in the
frequency domain to diagnose the breakage of IM rotor bars. Instead of using causal processing, in this
method we use Hilbert transform to calculate the energy operator. But at the same time, the volumes of
calculations increase. In contrast to the above considered approaches, in this work [25] we proposed a
technique based on the spectral analysis of rectified current signals. This technique can be implemented
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either in hardware (using a simple rectifier) or in software (by saving current signal counts). All
demodulation algorithms considered above are based on FFT, which provides complete information
about the spectra of the analyzed signals. In the works considered during the analysis, it was noted that
the frequency that determines the presence of breaks of the rotor bars is located in the low frequency
range. Therefore, when developing diagnostic algorithms to determine this frequency, it is enough to
focus on the analysis of spectrum within the low frequency range. In addition, for the implementation
of the algorithms given in the works [23-25], it is required to have information about the angular speed
of motor shaft rotation, for the determination of which, it is required to use angular speed sensors.

A new statistical approach, called Statistics of Fractional Moments (SFM), is given in [26] for
distinguishing signals with a low signal-to-noise ratio [26]. The signals are transformed in the space of
fractional moments, where they can be distinguished and grouped according to the level of their
correlation with each other. SFM is extremely sensitive to very small differences between signals under
study. This makes it possible to imagine and describe any random sequence of data in the space of
fractional moments [27]. The function of the generalized average (FGA) is approximated by a linear
combination of exponential functions, thanks to which random sequences are presented as a small
number of parameters (much less than the number of data). This representation is convenient for
comparing different sequences that have different numbers of points in the studied samples. It should
be noted that it is impossible to compare samples with different numbers of points in ordinary statistics.
FGA and other functions obtained within the SFM framework are widely used to solve classification
tasks. This approach has great potential for application in IM diagnostics, since classification tasks in
diagnostics are one of the main ones. SFM approaches have not been previously used in IM diagnostics,
but they have great potential as they can be implemented in continuous monitoring systems of 1M
technical condition due to their efficiency and high sensitivity.

The purpose of this work is to develop a system for functional diagnostics of the presence of breaks
of rotor bars in induction traction motors of the railway rolling stock.

The research contributions of this work are as follows:

- developed an algorithm for diagnosing the condition of rotor bars based on fractional moments
statistics;

- developed a block diagram of the unit for diagnosing the condition of rotor bars of the IM based
on the statistics of fractional moments;

- developed a block diagram of the system for functional diagnosis of rotor bars condition as part
of the traction motor with direct torque control.

Development of an algorithm for monitoring and diagnosing the condition of induction motor
rotor based on the method of fractional order moments. The proposed method of fractional order
moments for solving the tasks of monitoring and diagnosing technical condition of motors includes of
the following basic steps:

1. Measurement of one or more 1M stator phase currents signals.

2. Application of the Fourier transform to the measured signal to display the signal in frequency
domain.

3. Calculation of the function of the generalized average (FGA) for the spectrum obtained at the
previous step according to the expressions (1) and (2).

The FGA for a moment of order p is calculated according to the following expression

1 L momp ﬁmp

i=1

where y; — input sequence;

L — number of points;

p=1, 2, ..., P - positive integer;
mom, - moment of order p.
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Moment of order p is calculated according to the expression:

mom, :exp{min+g-(max—min)}, 2)

min, max and P — are FGA parameters. min and max parameters determine the range of moments in a
logarithmic scale;
P - is the coefficient that determines the permission of moment orders.

4. Comparison of the obtained FGA with the FGA obtained for IM in different technical conditions.
If the FGA obtained for the IM in good condition is “close” to the FGA obtained for the motor under
test, then a decision is made that the motor is in good condition. Otherwise, a decision is made that there
are anomalies and possible malfunctions. The method of comparing FGA and the “closeness” criterion
is determined in the specific implementation of the proposed method. For example, in the works [27]
the tangent of the angle of inclination between the FGA obtained for the tested motor and the FGA
obtained for a fault free motor are calculated to compare FGA. In order to solve the tasks of diagnosing
defects, it is necessary to obtain FGA of the motors with malfunctions and to compare with the FGA of
the motor under test not only with the FGA of a fault free motor, but also with the FGA obtained for
motors with defects. The proposed method does not depend on the specificity of the measured signal
and is free from model assumptions about the signal.

Signal processing algorithm contains the stage of signals pre-processing, which includes: o-f
transformation, decimation, FFT and selection of informative frequency ranges (IFR), as well as the
stage of main processing, which includes: calculation of the function of the generalized average (FGA)
and calculation of the slope of the current FGA with respect to the FGA obtained for a fault free IM,
comparing the slopes with tabulated values and deciding on the IM technical condition.

Block diagram of the algorithm is shown in Fig. 1.

The algorithm includes the following steps:

1. a-p transformation

The three-phase IM stator currents are represented as a rotating space vector in the frame of reference,
which is attached to the stator phase plane. The real axis o is connected to the axis of one of the stator
windings, and the imaginary axis B is shifted in phase by 90 degrees. The transformation of coordinates
from the measured currents of phases ia, ib, ic to coordinates i, and ig is determined by the operation

i, 2| _% _% :

“|_ 2, 1, |- ©)
|:Iﬂ:| 3 0 ﬁ _ﬁ ib
2 2 ]t

2. Decimation

Modern measuring equipment provides an opportunity to increase the sampling frequency
significantly. Moreover, modern sensor technologies allow measuring signals at high frequencies
without increasing the noise. High-frequency information may contain diagnostic information.
However, a high sampling rate increases the memory capacity. Therefore, the proposed method uses the
procedure of decimation by averaging. Thus, only the average value of several measurements is used
for further analysis. The input sample of the output signal x is represented as an observation vector x'
using the expression

X'=[x % o Xy, (4)
M=T-F, (5)

where M - is the total number of measurements;
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T - time interval of data collection;
Fs - initial sampling frequency.
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Fig. 1. Block diagram of the algorithm for processing current signals to solve the tasks of
monitoring and diagnosing the IM technical condition

Decimation by an averaging process yields a signal y that can be represented as an observation vector

yT
1 & 1 % 1 Y
yT= . X, —- X, o—- X, |, (6)
|:Kd ; Kd n:ZKd Kd n:MZ—Kd :|
F
K, =—, 7
o= ™

where Kq - decimation coefficient;
Faec — frequency obtained after decimation.
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Size N of vector y' after decimation is equal to:

For further processing, it is enough to store only the signal y, represented by a data buffer of size N,
which is Kq times smaller than the initial vector x.

3. Fast Fourier Transform (FFT)

Calculation of the full spectrum of the signal is performed using the FFT according to the expression

1 W (e i) (k)

fitFull, = W-Zy(n)'e N : ©)
n=1

frull, =k FW (10)

where y — the signal after decimation;
N — the number of points after decimation;
fftFull, — amplitude module of the full Fourier spectrum;
fFully — frequency of the full Fourier spectrum, k=1, 2, ..., N.

In order not to consider the real and imaginary parts, a separate module is used.

4. Selection of informative frequency range

Informative frequency range (IFR) is a segment of the Fourier spectrum limited to a certain frequency
range. The frequency range itself is selected depending on the type of analyzed defect. This allows to
reduce the required number of calculations by increasing the sensitivity of the method, since non-
informative harmonics will be absent in FGA calculations. Each defect affects the spectrum of IM
signals differently. In order to analyze only the informative segment of the spectrum, the procedure of
IFR selection was introduced. IFR depends on:

(a) supply voltage frequency;

(b) type of analyzed fault;

(c) resulting frequency after decimation.

Selection of IFR is carried out in accordance with the following expression

IFR, = fitFull , (11)

1=2,2,..., Py — Prins (12)

p = pmin""' pmax' pmin = ﬂoor( fmin lj' pmax = ﬂoor[ fmax i}’ (13)
Fdec Fdec

where IFR — a segment of the Fourier spectrum included in IFR;
fmin - lower IFR limit;
fmax - upper IFR limit;
floor(.) - rounding to a whole number.
5. Calculating the function of the generalized average (FGA)
FGA is calculated for the segments of the Fourier spectrum that are part of IFR according to the
expression

1

1 <& mom, |
A(momp) - (E ’ ; II:RI j ' (14)
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where L - the number of harmonics that are part of the segment of the IFR spectrum under consideration;
mom, - the moment order, which can be calculated according to the expression (2)

6. Calculation of the tangent of the inclination angle of the obtained FGA with respect to the reference
FGA

The FGA calculated in the previous step is compared with the reference FGA. To compare the FGA
with each other, it is required to calculate the tangent of the angle of inclination of the FGA obtained for
the motor under test with respect to the reference FGA. The FGA for a fault free IM without load is
proposed as the reference FGA. The tangent of the slope angle is calculated using the well-known linear
least squares method. In case of complete coincidence of the studied FGA and reference FGA, the
tangent of the slope angle will be equal to 1.

7. Comparison of slopes and a conclusion about technical condition

In this step, the calculated slopes are compared with predetermined values obtained for IM in
different conditions. Initially, the obtained inclinations are checked for going beyond a certain
confidence interval, which is selected empirically. If the inclinations go beyond this interval, a
conclusion is made that the machine is not in a normal technical condition. This is the way the control
of IM technical condition is implemented. Next, the value that exceeded the confidence interval of the
inclination is compared with the values of the inclinations of previously obtained for various defects. If
the obtained inclination value is close to the values of defect inclinations, then the corresponding fault
is present in the IM under test. This is the way the diagnosis of the technical condition is implemented.
The conclusion about technical condition of the motor under test is made based on this comparison.

Development of a structural diagram of the functional diagnostic system for monitoring the
condition of induction traction motor rotor. The railways of Ukraine operate the rolling stock with
induction traction motors with the use of field-oriented control system (FOC). In the literature, it is
sometimes called a vector control system [28]. The latest trends in the design of rolling stock traction
motors consider the use of a direct torque control (DTC) system [29]. Compared to FOC this system is
more energy efficient, especially on rolling stock operating with frequent stops and starts, such as
electric trains, shunting diesel locomotives, etc. Block diagram of the traction motor with DTC is shown
in Fig. 2 [30].

Implementation of the proposed algorithm for diagnosing the rotor bars breaks of the IM rotor during
the operation of the rolling stock (Fig. 1) requires the following signals: stator phase currents expressed
in a-f 1, 15 coordinates and supply voltage frequency fs. As can be seen from Fig. 2, in the direct torque
control system, the indicated currents are already determined. In the “Observer of torque and flux”, in
contrast to the systems with FOC [31], only the flux linkage is determined. Frequency of the supply
Voltage in traction motors changes in accordance with the change of the value of wrs Signal. That is,
during the operation of the rolling stock, the frequency of the supply voltage constantly changes.

Angular frequency of the supply voltage is defined as [31]

o, =p-o, +S5, (15)

where o — mechanical angular frequency of the motor shaft rotation;
s — rotor slip;
p — number of pole pairs

Rotor slip is determined from the equation [31]

sty KR (16)

v,

where Iy - the value of stator current according to y coordinate;
kr - coefficient of the rotor circuit;
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R: - resistance of the rotor circuit;
yr - flux linkage of the rotor according to x coordinate.
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Fig. 2. Block diagram of the system for direct torque control in the induction traction motor
The rotor circuit coefficient is defined as

. 17)
L, + LH

where L, — inductance of the IM magnetizing circuit;
L.r — inductance of the rotor circuit dissipation.

To determine such values as Isy and vy, it is required to determine the values of the currents according
tox and y. For this purpose, the Park transformation should be performed, which is defined in accordance
with the expression [31]

i, =1, -€COSO + i - SinG; (18)
i, =—i, -Sin0 + i - cosO.
Magnetization circuit of the induction motor can be described by the equation [31]
_ I(r ) Rr 'Tr 3 (19)

T1+T,s

where Iy - stator current value by x coordinate;
T, - rotor circuit time constant.
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T, = LL+ ot (20)
The angle of rotation of the coordinate system 6 is defined using the equation [31]
0= I o,dt, (21)
The supply voltage frequency fs is defined as
o (22)

Then the block diagram of the traction motor with IM direct torque control and with the unit for
diagnosing rotor condition looks like it is shown in Fig. 3.

Speed Trse

controller

Tr

or

Flux setting unit

ATr

[wset|

regulator

Relay torque

Ufs

all

AT

Y

Ag

VT1

VT2

VT3

Switching
table

VT4 | Inverter

VT5

VT6

Induction
motor

Relay controller
of flux

0s

Observer of
torque and flux

Uds

Isa

Isp

A

Unit of
coordinate
transformations

or

<_
<_

Iso,
e

Isp,

Unit of for
diagnosing the

>
or
>

condition of the

rotor rods

Display unit

Fig. 3. Block diagram of traction motor with IM direct torque control and with the unit for
diagnosing the rotor condition

Block diagram of the unit for diagnosing the presence of presence of rotor bar breaks is shown in

Fig. 4. Calculating the frequency of the supply voltage fs is performed in the “Unit for calculating the
frequency of the supply voltage”. Equations (15)-(22) are implemented in this unit. Decimation of the
input signal x is performed based on the implementation of equations (4)-(8) in the “Decimation unit”.
Decimation using the averaging process produces signal y. The fast Fourier transform algorithm is
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implemented in “FFT”, where the spectral components of signal y are calculated using equations (9)
and (10).
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Fig. 4. Block diagram of the unit for diagnosing the presence of rotor bar breaks

In order to reduce the number of calculations and increase the sensitivity of the method, we applied
the “Information-frequency range calculation unit”. It is used to calculate the informative frequency
range (IFR) based on equations (11)-(13). For the calculated IFR in the “Unit for calculating the function
of the generalized average (FGA)” based on equations (1) and (14), the function of the generalized
average (FGA) is calculated. The calculation result is entered in the “Calculation of the tangent of the
angle of inclination of the obtained FGA with respect to the reference FGA”, where FGA, calculated at
the previous stage, is compared with the reference FGA. To compare FGAs with each other, the tangent
of FGA angle of inclination obtained for the motor under test is calculated relative to the reference FGA.
It is proposed to use the FGA for a fault free IM without load as the reference FGA. The tangent of angle
of inclination is calculated using the well-known linear least squares method. In case of complete
coincidence of the tested and reference FGA, the tangent of angle of inclination (fana) will be equal to
1.

The values of the calculated tangent of the angle (tana), i.e. the slopes of FGA, are entered the
“Comparison of the slopes of the FGA and a conclusion about the technical condition”. In this unit, they
are compared with the predetermined values obtained for IM in different conditions. Initially, the
obtained slopes are checked for going beyond a certain confidence interval, which is selected
empirically. If the slopes exceed this interval, it is concluded that the machine is not in normal technical
condition. This is the way technical condition of the IM is fulfilled. Next, the value that exceeded the
confidence interval of the slope is compared with the values of the slopes previously obtained for various
defects. If the obtained slope value is close to the slope values of the defects, then the corresponding
malfunction is present in the IM under test. In this case, the diagnostic signal D takes on a value equal
to 1. In the opposite case, D=0. The value of the diagnostic signal is displayed on the information display
device “Display unit”. Based on the value of the diagnostic signal, the driver makes a decision to shut
down the traction motor with damaged rotor bars.

Conclusions. The work proposes a system for diagnosing the presence of rotor bar breakages in
induction traction motor. The results of the work are as follows:

- performed analysis of technical solutions for diagnosing breakages of the rotor bars in induction
traction motors, as a result of which it was established that the most effective method for diagnosing
rotor bar breakages in the IM rotor is fractional moments statistics;

- developed an algorithm for diagnosing the condition of rotor bars based on the fractional moments
statistics, which will allow its application in building a functional diagnostic system taking into account
the operating condition of the traction motor;

- developed a block diagram of the unit for diagnosing the condition of IM rotor bars based on the
fractional moment’s statistics;

- developed a block diagram of the system for functional diagnostics of the condition of rotor bars as
part of traction motor with direct torque control.
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Po3podka pyHKIiOHAIBLHOI CHCTEMH NiarHOCTUKH HASIBHOCTI YIIKO/KEHHSI pOTOpPa B
TATOBUX ACHHXPOHHUX JABUT'YHAX

Memoro oanoi pobomu € pospodka cucmemu QYHKYIOHANLHOI 0IA2HOCMUKU HAAGHOCMI 00pU6i6
CMPUIACHIB POMOPA 8 MALOGUX ACUHXPOHHUX OBUSYHAX PYXOMO20 CKAAOY 3ani3Huyb. /[na docsieHeHHs
Memu Oynu supiwieHi maxi 3a0a4i: po3pobieHo areopumm 0laeHOCMYSAHHS CIMAKY CIMPUJICHIE POMOpa
HA OCHOGI cramucmuxu 0poO0GUX MOMEHMI; PO3POONIEHO CMPYKMYPHY cxemy 010KV OiaeHOCHUKU
CMAHYy CMPUICHIE POMOPA ACUHXPOHHO2O OBUSYHA HA OCHOBI CMAMUCMUKA OPOOOSUX MOMEHmMIE;
PO3POOIEHO CINPYKIYDHY CXeMy CUCHeMU DYHKYIOHATbHOT 0IaZHOCMUKU CIANY CIMPUNICHIE pomopa 6
CKAA0T MA208020 NPUBOOY 3 NPAMUM KEPYBAHHAM MOMEHMOM. Hallbinbw easxciueumu pesyibmamamu €
OMPUMAHHI MAMEMATMUYHOT MOOeNl CMAmMUCmuKy OpoOoGUX MOMEHmMI8, 3i 3MEeHUueHUM 00 emom
obuucnenv ma 3i nokpawenor yymaugicmio memooy. Lli pesynomamu 0yau 00cseHeHi ULISXOM
BUBHAUEHHS IHEHOPMAYITHO-YACMOMHO20 OIANA30HY, WO 00360]UL0 AHANIZYEAMU He YCi CHEeKMPAbHI
CKAAO06I AHANI308AH020 CUSHATY, a4 MINbKU MY U020 YACMUMy, 0e MOICYMb OYymu CHeKmpatbHi
CKAA0086I, XapakxmepHi Osi 00pu8y CMPUICHIE POmopa ACUHXPOHHO20 O6ucyHa. Januil nioxio 0o
0iA2HOCMYBAHHS CMAHY CPUIICHI8 POMOPA MOdce OYMU 3ACMOCOBAHULI MAKOMC 8 MAL08UX NPUBOOAX
PYXOMO20 CKIA0Y 3 6EKMOPHOIO CUCEMOIO KEPYBAHHA ACUHXPOHHUMU OBUSYHAMU.

Knrouosi cnosa: acunxponuuii 08ueyH, cmamucmuxa OpoOosuUx MOMEHmMI8, CMPUICHI pomopd,
npsme Kepy8aHHs MOMEHMOM.
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