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Abstract

The problems of improving and perfecting the diagnostic systems of railway transport drives continue to
be the most relevant. The article proposes a method for operational monitoring of rotor eccentricity in induction
traction motors of railway transport. Eccentricity is an indicator of defects that can be detected at the early
stages of operation. The developed diagnostic system combines the Prony method and the Wiener—Hopf
theorem, which allows to increase the accuracy of spectral analysis of stator phase currents in conditions of
noise and alternating modes. The simulation modeling of the CTA-1200 traction motor of the DS-3 electric
locomotive drive showed that the Prony method provides more accurate detection of subsynchronous type
harmonics compared to the traditional fast Fourier transform. The obtained symmetrical spectral components
reduce the risk of erroneous interpretation. The presented approach has confirmed its effectiveness for
increasing the reliability of traction motor diagnostics.

Keywords: diagnostics, monitoring, induction motor, traction drive, field-oriented control, eccentricity, Prony method,
Wiener-Hopf theorem.

1. INTRODUCTION

When building a system for operational diagnostics
of monitoring the condition of traction drive elements,
the features of the traction system of railway rolling
stock should be taken into account.

Traction systems of railway rolling stock can be
classified by: types of traction motors, organization of
the power supply system, organization of the control
system.

Thus, as traction motors on vehicles, direct and
pulsating current motors [1, 2], induction motors [3, 4]
and synchronous motors with permanent magnets [5, 6]
are used.

Traction drives of railway rolling stock can be
powered from the contact network (electric rolling
stock) [7, 8], diesel generator set (thermal locomotives)
[9, 10] and from a hybrid power system, i.e. when using
on-board energy storage devices [11-13].

The following systems are used as traction drive
control systems for railway rolling stock: scalar system
[14, 15], field-oriented system [16] and direct torque
control [17, 18].

In addition to the structural features of the traction
drive, when building a diagnostic system, it is
necessary to take into account various disturbances that
act on the traction drive during the operation of railway
rolling stock. Such disturbances include a constant
change in the dynamics of the rolling stock [19-21].
Changing the dynamics of the rolling stock leads to a
change in the load of the traction motors. This fact
affects the accuracy of determining diagnostic
symptoms [22].

In addition, during the operation of the rolling
stock, the speed of movement changes all the time. This
leads to a change in the frequency of rotation of the
motor shaft. This circumstance leads to the appearance
of quasi-symmetrical modes of operation of the traction
drive [23]. In addition, this also complicates the
operation of the diagnostic system as part of the traction
drive.

In traction drives of railway rolling stock, induction
motors occupy a dominant place. Therefore, it was
quite logical and expedient to choose an induction
traction motor as the object of research.
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In [24], a systematization of damage to an induction
motor was carried out. In the same work, it was shown
that current, thermal and vibration diagnostic methods
can be used to diagnose the presence of defects in an
induction motor.

Vibration diagnostic methods [25, 26] are effective
in building bench diagnostics. When building
operational diagnostics, they are ineffective, since the
traction drive is affected by vibrations caused by
operational factors.

Temperature diagnostic methods [27, 28] are
effective, but less accurate than vibration and current
methods.

In [29], the effectiveness of current methods in
diagnosing interturn short circuits in the stator
windings of an induction motor is shown, in [30] in
diagnosing interturn short circuits and the state of
insulation in the stator windings of an induction motor,
and in [31] in diagnosing defects in the rotor of an
induction motor.

When diagnosing the presence of defects in an
induction motor as part of a traction drive, another
difficulty arises. This difficulty is associated with the
quality of the supply voltage supplied to the induction
motor from an autonomous voltage inverter [32]. The
asymmetry of the resistances in the autonomous
inverter leads to the asymmetry of the supply voltage
system of the induction motor. Diagnostic symptoms in
the case of asymmetry of the supply voltage system are
similar to the diagnostic symptoms of damage to the
stator and rotor windings of an induction motor [33,
34].

The principles of building a system for monitoring
the condition of the stator windings in a traction drive
with possible asymmetry of the supply voltage system
are given in [23]. Since the diagnosis of the presence of
defects in the stator windings is performed in a traction
drive with field-oriented control, it becomes possible to
apply additional diagnostic symptoms — phase flux
linkages of the stator. In [23], it is proposed to diagnose
asymmetric emergencies by simultaneously analyzing
the nature of changes in the values of phase flux
linkages and stator currents. Despite the obviously
correct approach to solving the problem, [23] did not
investigate the impact of load changes on the efficiency
of the diagnostic system. In [35], it is proposed to use
rotor slip as a diagnostic symptom when building a
system for monitoring the condition of the rotor
windings. The proposed solution turned out to be
effective in determining a defect in the rotor windings.
However, the slip value also depends on the load of the
induction motor. In [35], as in [23], the influence of
load changes on the efficiency of the diagnostic system
was also not investigated.

A number of defects indicated in [24] lead to the
appearance of rotor eccentricity, which is the most
common mechanical defect of an induction motor. In
[36], it is stated that such a defect as eccentricity
accounts for up to 40% of induction motor failures.
Monitoring the appearance of rotor eccentricity and
identifying its nature is currently the most relevant and

difficult task in diagnosing the condition of induction
motors.

Eccentricity leads to:

- one-sided magnetic attraction;
- rotor engagement with the stator;
- increased wear of bearings.

The causes of eccentricity are different, but they
lead to similar negative consequences.

The causes of eccentricity are:

- poor-quality manufacturing or repair of the motor;

- operational factors, as a result of which the geometry
of the motor design is disturbed;

- bearing wear;

- shaft deflections, etc.

In the presence of this type of defect, it is possible
to continue operating the motor. At the same time, the
presence of eccentricity leads to a decrease in the
reliability and durability of the induction motor. A
decrease in reliability leads to a decrease in the
technical, economic and operational parameters of the
induction motor.

As noted above, when operating an induction motor
with eccentricity, a one-sided magnetic attraction is
created, which affects the reduction of efficiency, the
increase in the heating temperature of the induction
motor and the reduction of the starting torque. As a
result of the one-sided magnetic attraction, additional
higher harmonics arise, which affect a number of
electromagnetic parameters of the motor [37, 38].
Eliminating the above-mentioned negative
consequences of the presence of eccentricity by timely
detection of this defect at an early stage is an important
task.

In works devoted to the study of diagnosing the
presence of eccentricity, two of its types are
considered: static and dynamic. Static eccentricity is a
shift of the axis of rotation of the motor shaft relative to
the stator package bore. The reasons for its appearance
are:

- load imbalance;

- vibrations;

- shaft misalignment;

- sharp change in load and overload;
- bearing failure, etc.

Dynamic eccentricity — displacement of the axis of
the outer surface of the rotor relative to the axis of its
rotation. This type of eccentricity is accompanied by
rotor beating, which occurs due to the forces of one-
sided magnetic attraction as a result of poor-quality
repair or manufacturing defects.

The value of dynamic eccentricity is much less than
static. Dynamic eccentricity is not of decisive
importance for determining the current diagnosis of the
motor condition. That is why it is advisable to conduct
research on static eccentricity indicators, which carry
more diagnostic information.

Another important aspect when building a system
for operational diagnostics of the presence of
eccentricity is the choice of a method for processing
diagnostic information [36]. Diagnostic symptoms
when building a functional diagnostic system are [36]:
- rotor slot passage harmonics (RSH);
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- lateral harmonics of the rotor around the supply
frequency;

- doubled supply frequency and lateral harmonics
around it.

In the presence of eccentricity in the signals of the
stator phase currents, the amplitudes of the RSH
harmonics change [39-41]. The amplitudes of the RSH
harmonics are functions of the amplitudes of the stator
phase currents, the frequency of the supply voltages,
the slip and the modulation coefficient of the
eccentricity, which is directly proportional to the
degree of eccentricity. In addition, the phase currents of
the stator are affected by noise caused by the heating of
the stator windings of the induction motor. When
building a system for operational diagnostics of the
presence of eccentricity, difficulties arise due to the
constant change in the frequency of the motor supply
voltage and the presence of thermal noise.

A comparison of diagnostic information processing
methods when building a system for monitoring the
presence of eccentricity in IMs is given in [36].

Such methods include:

- the method of analysis of the current signatures of the
electric motor (MCSA) [42-44];

- methods of tracking harmonics of order (HOTA) [45,
46];

- parametric methods (MUSIC, ESPRIT) [47-49];

- methods based on Park vectors [50-52];

- the Prony method [53-55];

- artificial intelligence methods [56-58];

- fractional moment statistics [59-61].

From the comparison of these methods, it follows
that the most effective method for detecting the
presence of eccentricity by an operational diagnostic
system is the Prony method, the advantages of which
are [36]:

- short signal sampling;
- absence of the spectral leakage effect;
- low sampling frequency.

However, the Prony method has a number of

disadvantages, including:
- complex signal processing;
- no criteria for selecting the model order.

In this paper, it is proposed to use the Prony method,
supplemented by an algorithm for implementing the
Wiener-Hopf theorem, when conducting operational
monitoring of the presence of eccentricity in the work
of an IM.

2. ADAPTATION OF THE PRONY METHOD
FOR ANALYSIS OF DIAGNOSTIC
INFORMATION WHEN CONSTRUCTING AN
OPERATING SYSTEM FOR DIAGNOSTIC OF
THE PRESENCE OF ROTOR
ECCENTRICITY IN TRACTION IMs

From the analysis of the advantages and
disadvantages of the Prony method (Section 1) when
applying it to process diagnostic information when
monitoring the presence of eccentricity in IMs, it
follows that the lack of criteria for selecting the order
of the model is the most significant disadvantage.

2.1. Basic algorithm of the Prony method

The Prony method is one of the classical approaches
to approximating signals by a sum of exponents, which
allows recovering the parameters of harmonic
components based on a limited number of samples.
This method is widely used for the analysis of damped
oscillations and spectrum structures in conditions of
limited data volume. The steps of the Prony procedure
for preparing k exponents for 2k data samples are:

At the first step, the coefficients of the polynomial
of the following equation are found [62]:

is[k] is[k - 1] 15[1]
is[k +1] is [k] is[2]
2k —1] lS[Zk 20 o ik
[1] k + 1
H N
lS[Zk

where k — the order of the model;
is[p] — the stator phase current counts;
a[p] — the coefficients of the polynomial.
At the second step, the roots of the polynomial are
determined, which is determined by equation [62]:

9(2) =li1(z — z) = Th_paln] - 2™ =0,

()
where z; — the roots of equation (2).
The roots of the polynomial z; are necessary to form
the elements of the matrix of the equation [62]:
@Z"-2)-h= (2" x), 3)
where the (Mx*k)-matrix Z, (kx1)-vector h and (M*1)-
vector of data counts x determined as [62]:

1 1 - 1
7 = Z7 Z:2 Zp ,
' 1
hl ls[l
I ‘ =" )
Is [P]
where M — the number of stator phase current counts
is[1], ..., i,[M]

The Hermitian (kxk)-matrix Z“-Z has the form
[62]:

Y11 - Y1k
zh.z=: i i, (5)
Yer - Yik
where:
« n
Yii = I‘n/1=0(zj'zi) =Yij- (6)

Below is the relation that allows avoiding the
addition operation in expression (6). It has the
following form [62]:

(Z;‘Zl-)M—l * ill
vi={ @z TETE ()
N, z-z =1

Usually, in practice, the number of data samples M
exceeds the minimum number required to fit a model
with & exponents, i. e. M>2k. In this conditional case,
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the sequence of data samples can only be approximated
as an exponential sequence [62]:
ifm] = S by - 2, @®)
where 1<m<M.
The sum of squares of the error g[k] is determined
as in [62]:

M M
plil = ) lelml? = ) liglm] = i[m] > =
m=1 m=1

= Soalislm] = 2y -2 (9)
In the presence of a significant level of additive
noise, the Prony method doesn’t give satisfactory
results. This is due to the fact that under such
conditions, the specified method does not allow taking
into account the presence of “non-white” noise in the
process being analyzed. When the Prony method is
used in the presence of strong additive noise, very
inaccurate estimates of the damping coefficients are
obtained, the values of which often exceed their true
values [62].

2.2. Justification of the criterion choice for
determining the order of the Prony model
There are many different criteria for choosing the

order of AR-models — a kind of objective functions.

Two similar criteria were proposed by Akaike [63]. The

first of them is the final prediction error (FPE).

According to this criterion, the choice of the order of

the AR-process is carried out in such a way as to

minimize the average variance of the error at each step
of the prediction. In this criterion, the prediction error
is the sum of the powers in the unforeseen part of the
analyzed process and as a certain value that
characterizes the inaccuracy of the estimation of AR-
parameters. FPE for the AR-process is determined
using the expression [63]:
~ M+(k+1)
FPETk] = P (M—(k+1))'
where N — number of data samples;

p — order of the AR-process;

Dr — the estimated value of the dispersion of “white

noise” (which is used as the linear prediction error).

As the order £ increases, the value of the component
in parentheses increases. This characterizes the
increase in the estimation uncertainty p, for the
dispersion of the FPE. The value of & is chosen from
the condition of the minimum value of the FPE. For
ideal AR processes, the FPE criterion provides
excellent results, but for real signals this criterion turns
out to be too conservative and leads to the choice of an
underestimated model order k. The maximum
likelihood method is the basis of the second Akaike
criterion, which is called the Akaike information
criterion (AIC). According to this criterion, the order of
the model is determined by minimizing some
information-theoretic function. For the case when the
AR process under study has Gaussian statistics, the
AIC will be determined as [64]:

AIC[k] =M - In(p,) + 2 - k.

(10)

(11)

Term 2k characterizes the cost of using additional
AR-coefficients, but this doesn’t lead to a significant

reduction in the prediction dispersion error. And in this
case, the model order k is chosen from the condition of
the minimum value of the AIC. For M—o, the first and
second Akaike criteria are asymptotically equivalent. If
the data don’t correspond to AR-processes, when
applying AIC, the model order k turns out to be
significantly underestimated [66].

In [65] it is stated that the IKA is a statically
unsound criterion for M—o0. This is due to the fact that
in this case, when choosing the correct order of the
model, the probability of error doesn’t tend to zero.
This leads to an overestimation of the model order
value in the case when the length of the data record
increases. To eliminate this drawback, in [68] another
AIC variant is proposed, which has the following form
[66]:

MDL[k] = M - In(p}) + k - In(M), (12)

where MDL — the minimum description length, which
can be said to be statically robust, since the value
k-In(M) increases faster with increasing M than in the
case of k.

A third choice of criterion in [67] was called the
autoregressive transfer function criterion (AFTC). In
this case, the order of the model p is chosen equal to the
order at which the estimate of the difference in mean
square error between the true error prediction filter
(which may be infinite in length) and the filter being
estimated is minimal. This difference can be calculated,
even with an unknown filter prediction of the true error
[66]:

AFTC[k] = (i : Zﬂ?:lﬁ,-‘l) —pict(13)

where p; = [M/(N — D] - p;.
And in this case, k is chosen from the condition of the
minimum value of the AFTC[k].

The results of signal spectrum evaluation using the
FPE, AIC and AFTC criteria differ little from each
other, especially in the case of real signals, rather than
simulated AR processes. In [68] it is shown that in the
case of short data records, none of these criteria
provides satisfactory results. For harmonic processes in
the presence of noise, the use of FPE and AIC leads to
an underestimate of the model parameter, especially in
cases where the signal/noise ratio is large. In
connection with this fact, it is proposed to use AFTC
for model order selection.

2.3. Algorithm for implementing the Wiener-Hopf

theorem

In conditions of a significant level of additive noise,
to ensure satisfactory results, the correct choice of the
model order is proposed to be carried out by applying
the Wiener-Hopf theorem to the input signals (phase
stator currents).

For discrete values of stator phase currents, the
Wiener-Hopf theorem can be applied as [69]:

K, (t —pT,t —mT) =

My M

=XiZo X0 Cij  Kignt—(@—0-T,t =(m—j)-T),
keM;, neM,,
(14)
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where Ki(t-p-T, t-m-T) — the function of mutual
correlation of the stator phase current and noise;

Kisn(t-(p-i)'T, t-(m-j)-T) — the autocorrelation
function of the stator phase current.

Determining all unknowns y;; in equation (14)
allows us to find an impulse function that minimizes the
mean square errors of filtering the random value of the
stator phase current.

Then the stator phase current after applying the
Wiener-Hopf theorem is defined as [69]:

is(n) = B2 X520 i - is((n— 1) — ).

(15)

2.4. Determination of the Prony spectrum

The Prony spectrum is determined for the values of
the exponential approximation 7[m], not for the values
of the original time sequence is[m].

In determining the Prony spectrum, a two-sided
function of the form [62] was used

A Zﬁﬂhk-z,’f, m = 0;
= 16
sl {Zfﬂ hi-(z{)™, m<O, (16)
where  z=exp(oy THj2°mfiT)  and 2 =exp(-

o T+j2-n-f;- T). This definition ensures the symmetry
of the decaying part of the exponent with respect to the
origin. Function (35) has the following z-transform [62]

il ]—ih - =
Sm__l F\1-zzt 1-(z 2T
i=

1) -1
<Zi—z—f>-z
i

— vk .
= Zl:th 1 1 1. (7 - ’
—\zitz |27+ 5 )2

(17)
and converges for ||zi|<|z|<|1/z{]. If also assumed that
|zii<1, and use the substitution z=exp(j2-m:f*T) for
expression (36), then the discrete-time Fourier
transform (DTFT) will have the form [62]:
f[im] =T - Xy(explj2-m-f-TD =

= {'(:1 hi -
( T-(expla; T|-exp[-a;T])-explj2-m{fi—f}T]
1-(expla; Tl+exp[-a;T])-explj2-m-{fi—f}T]+explj2-m-{f;—f}T]
(18)
where o; — the i-th damping coefficient;
fi — the frequency of the i-th sinusoid,
T — the signal period.
The i-th damping coefficient is determined
according to the expression [62]:
a; =zl -1, (19)

T
The frequency of the i-th sinusoid is determined as

[62]:

Re(z)

Im(zi)

arctg[

fi=—5 7 Hz (20)

The signal period is determined according to the
expression [62]:

T :é. (21)

In equations (19)-(21) z; - the i-th root of the
characteristic equation, f; — frequency of the supply
voltage of the IM.

3. DEVELOPMENT OF A STRUCTURAL
SCHEME FOR MONITORING THE
PRESENCE OF ECCENTRICITY

3.1. Algorithm of operation of the eccentricity
monitoring scheme

The algorithm of the rotor eccentricity monitoring
scheme is shown in Fig. 1. To implement the Prony
method algorithm, the number of stator phase current
signal samples N is selected (Unit 1). The Wiener-Hopf
theorem is applied to the stator phase current signals
input from the corresponding current sensors (Unit 2)
in order to reduce the additive noise level (Unit 3).
Equations (14)-(15) are implemented in Unit 3.

In [62], it is shown that the initial order of the model
is recommended to be chosen from the interval
M/3<i<M/2. The initial order of the model i=M/2 is
selected (Unit 4).

In Unit 5, the roots of the characteristic equation z;
are calculated for the selected model order (equations
(1) and (2) are implemented). The coefficients of the
impulse function h; are calculated from the calculated
roots of the characteristic equation in accordance with
expressions (3)-(7). (Unit 6).

Equations (8)-(9) are implemented in Unit 7, where
the sum of squares of the error is determined. Based on
the calculated sum of squares of the error in Unit 8, the
autoregressive transfer function of the criterion (AFTC)
is calculated (13). In Unit 9, the minimum value of
AFTC[k], which is the order of the model, is found.

If the sample number of the stator phase current
signal is greater than M, in Unit 10, the roots of the
characteristic equation z; are calculated for the selected
model order (equations (1) and (2) are implemented).
Based on the calculated roots of the characteristic
equation in accordance with expressions (3)-(7), the
coefficients of the impulse function h; are calculated.
(Unit 11).

In unit 12, the k-th damping coefficient oy and the
frequency of the k-th sinusoid f; are determined
(expressions (19)-(20)). According to the calculated
values of the i-th damping coefficients ak and the
frequencies of the i-th sinusoids in Unit 13, the
components of the amplitude-frequency spectrum
(AFS) of the stator phase current are calculated based
on equation (18).

In the presence of eccentricity, both the stator phase
current and the magnetic flux contain subsynchronous
components [36]. The frequencies of these components
are determined as [36]:

beh:fSin’fr;

where f; — frequency of the supply voltage of the IM;
f+— frequency of subsynchronous harmonics, which is
determined as [36]:

1-s
fr =fs'7'

where p — the number of pole pairs;
s — the rotor slip.

n=123,.., (22)

(23)
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/ 1. Selecting the number of samples M /

v

2. Inputting the value 7, from the current sensor and the
value of the supply voltage frequency f from the FOC

.

3. Applying the Wiener-Hopf Theorem Algorithm (Eq. 14-15)

i-M

not

4. Determining the initial order of the model &~ M/2

v

5. Calculation of the roots of the characteristic
equation zi (Eq. 1-2)

v

I 6. Definition of the impulse function / (Eq. 3-7) I

Y

I 7. Determining the sum of squared errors p (Eq. 8-9) I

Y

8. Definition of the autoregressive transfer function of
the criterion ATFC (Eq. 13)

10. Calculation of the roots of the characteristic
equation z (Eq. 1-2)

v

I 11. Definition of the impulse function / (Eq. 3-7)

12. Determination of damping coefficients a and
sinusoidal frequencies fi (Eq. 19-20)

v

13. Determination of the components of the
amplitude-frequency spectrum of Prony (Eq. 18)

v

14. Analysis of the values of the spectral components
of the subsynchronous type (Eq. 22-23)

| 15. Determining the presence of eccentricity (Eq. 24) |

Fig. 1. Functioning algorithm of the rotor eccentricity monitoring scheme

In the presence of eccentricity, the stator phase
current is determined as [36]:

Iecc[n]=Im-(1+y-cos(2-n-fr-At-n+(p0))-
-cos(2-m- f; - At - n), (24)

where I...[n] — the value of the phase current stator of
an IM in the presence of eccentricity;

vy —the eccentricity modulation coefficient, which is
directly proportional to the degree of eccentricity;

o — the stator current phase.

In block 14, based on the calculated components of
the amplitude-frequency spectrum and in accordance
with expressions (22) and (24), the presence of
subsynchronous type harmonics is analyzed.

In the presence of subsynchronous type harmonics,
the degree of eccentricity o is determined in block 15.
If y>10%, a decision is made on the impossibility of
further operation of the induction motor.

3.2. Structural diagram of monitoring the presence
of eccentricity

The block diagram of the eccentricity monitoring
Unit and its inclusion in the TD with FOC of IMs is
shown in Fig. 2.

The phase currents of the stator of the IM ic4, iz and
icc comes from the current sensors, and the frequency
of the supply voltage IM f; comes from the FOC to the
Unit “Applying the Wiener-Hopf Theorem Algorithm”.
The algorithm of the Wiener-Hopf theorem is
implemented in this Unit.
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Rotor eccentricity monitoring system

is4
l—) i's4 hia, Zua 4 iti F |
iss Applying the A,S »| Definition of the > Determining the = > e OtA the
- : b i'ss ; ’ his, zi3 ps autoregressive |
isc Wiener-Hopf »| impulse function »| sum of squared » . . .
Theorem Algorithm |- > 1 ik errors I i |
|f_, 2 = =| "] the criterion ATFC |
| ATFC4 |ATFCs | ATFCc |
| ps |
| : P N
k=max{p} p=min{AFTC} |
| po
I h,a, ZiA 1 1 i inati i |
Ly Definition of the | Det?rmmatlon‘of Determination of the |
| ; o his, zz | damping coefficients | z components of the
impulse function . . > ; s
I 5 hic, zic ax and sinusoidal £ | amplitude-frequency |
| frequencies fi l spectrum of Prony |
| | Lo . : I |
Analysis of the amplitudes | /4
| : ; D Decision-making | || | of the subsynchronous type | Iz |
| Display unit € unit Ll of stator phase current Tie |
sC|
| components |
______________________________ |
r——— - - """ """ 0 00— =/ /T /7 7/ |
' 1 |
Wse .
| Speed settimg ) Us4 Lo |
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Fig. 2. Block diagram of the eccentricity monitoring unit

The signals of the phase currents of the stator of the
induction motor iy, i s and i ’sc from the output of the
Unit “Applying the Wiener-Hopf Theorem Algorithm”
are fed to the Units “Determination of the impulse
function 1” and “Determination of the impulse function
2”. In accordance with the algorithm of the circuit
operation (Fig. 1), the Unit “Determination of the
impulse function 1” is included when the number of
samples of the stator phase current signals is n<N, and
the Unit “Determination of the impulse function 2” is
included when n>N.

In Units “Determination of the impulse function 1”
and “Determination of the impulse function 27, the
roots of the characteristic equation zi4, zs, zic and the
coefficients of the impulse characteristic 44, hiz, hic are
determined. Signals z;y, zis, zic and hi4, hip, hic from the
output of the Unit "Determination of the impulse
function 1" are fed to the block "Determination of the
sum of squared errors" where estimates of the stator
phase current signals i,,4, Isg, Isc are determined, on the
basis of which the sums of squared errors p4, Pg, Pc.
are calculated. Based on the signals p,, pg, Pc in the
block "Determination of the autoregressive transfer

function of the criterion ATFC" the autoregressive
transfer functions of the criterion (ATFC4, ATFCs,
ATFCc¢) are determined. In the block «p=min{AFTC}»
the minimum values of the autoregressive transfer
functions of the criterion p4, ps, pc are determined. In
the Unit "kA=max{p}" the maximum value among the
signals k4, ks, kc is determined. This value is the order
of the model p.

In the Unit “Determination of the impulse function
2” for the calculated equation zy, zi, zic and the
coefficients of the impulse response 44, his, hic are
determined. The signals zi4, zz, zic and hi4, his, hic from
the output of the Unit “Determination of the impulse
function 1” are fed to the Unit “Determination of
damping coefficients ok and sinusoidal frequencies f;”
where the i-th damping coefficients o; and the
frequency of the i-th sinusoid f; are determined

Based on the signals hi4, hig, hic, a; and fi, the
components of the AFS of the stator phase current
signals Iy, Is, I are calculated in the Unit
“Determination of the components of the amplitude-
frequency spectrum of Prony”, and in the Unit
“Analysis of the amplitudes of the subsynchronous type
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of stator phase current components” the presence of
subsynchronous type harmonics, their frequencies fpna,
fswns, fsone and amplitudes ||Ls4|, |Lsa|, [Isc| are determined.
In the presence of subsynchronous type harmonics, the
degree of eccentricity y is determined according to their
specified parameters in the Unit “Decision-making
unit”. When the value of y<10%, the signal D=0 is
received by the information display system (Unit
“Display unit”). This indicates that the value of the
rotor eccentricity is within the permissible limits. When
v>2%, the information display system (the ‘“Display
unit” Unit) receives a signal D=1. This indicates that
the value of the rotor eccentricity exceeds the
permissible limits.

4. MODELING RESULTS AND DISCUSSION

4.1. Justification of the choice of the object of study

On the railways of Ukraine, mainline electric
locomotives of alternating current with induction
traction motors of the DS-3 series are operated. The TD
of these electric locomotives use FOC. It is the TD of
the DS-3 electric locomotive that was chosen as the
object of study.

On the DS-3 electric locomotive, IM of the STA-
1200 series are used as traction motors, the parameters
of which are given in Table 1 [70, 71].

4.2. Modeling results

A simulation model of the TD of the DS-3 electric
locomotive is given in [16], therefore it is not given in
this work. In order to simplify the research in the model
[16], the inverter was replaced by a sinusoidal system
of supply voltages, the sinusoids of which are formed
by a field-oriented control scheme. The model given in
[16] is supplemented with a block “System for
monitoring the presence of rotor eccentricity” in
accordance with Fig. 2. To take into account thermal
noise in the TD, the model is supplemented with a
source of “white noise”. The noises were superimposed
on the sinusoids of the supply voltages of the induction
motor.

When modeling, the signal/noise ratio was selected
as SNR=30 dB. SNR determines the maximum noise
amplitude, according to the expression [36]:

I
SNR = 20 logqo (1—) =
n

o> =—m =2%_1784 (25
10 20 1020

The simulation was carried out at the nominal
(Nmom), reduced (0.5-n™°™) and increased (1.25Nmom)
speed for two cases:

1. In the absence of eccentricity;
2. In the presence of eccentricity.

When conducting a study with rotor eccentricity,
the value of the rotor eccentricity modulation
coefficient was chosen to be y>10%. The modeling of
the presence of eccentricity was carried out in
accordance with the algorithm given in [36].

As a result of the modeling, the following time
diagrams of the phase currents of the stator of an
induction motor in steady state were obtained:

1. Reduced speed in the absence (Fig. 3, a) and in the
presence (Fig. 3, b) of eccentricity.;

2. Nominal speed in the absence (Fig. 4, a) and in the
presence (Fig. 4, b) of eccentricity.;

3. lincreased speed in the absence (Fig. 5, a) and in the
presence (Fig. 5, b) of eccentricity.
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I
o |

Isc |4

400 |

200
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=
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400 [

200

-202 i \ \ X \\ |

-400 |

Stator phase current - Is [A]

-600

2.9
Time - t [s]
Fig. 3. Time diagrams of stator phase currents
at reduced speed: eccentricity present (a) and absent (b)

2.85

Table 1. Parameters of the IM of the STA-1200 series [72, 73]

Parameter Designation Unit Value

Nominal power Puom kW 1,200
Nominal stator voltage frequency Ssnom Hz 55.8

Nominal stator phase voltage Usmon A% 1,080
Nominal stator phase current Lsnom A 450
Nominal rotor speed ny rpm 1,110

Number of pole pairs p r. u. 3
Moment of inertia J kg-m? 39
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Fig. 4. Time diagrams of stator phase currents at the nominal
speed: eccentricity present (a) and absent (b)
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Fig. 5. Time diagrams of stator phase currents at the
increased speed: eccentricity present (a) and absent (b)

For the time diagrams shown in Fig. 3-Fig. 5, the
AFS of the stator phase currents were calculated and
constructed, determined using the fast Fourier
transform (FFT) and using the proposed Prony method.

When using the FFT, the frequencies of the stator
phase current signals obtained from the FOC were
used.

Since there are no asymmetric winding modes in the
IM, the calculations of the spectra of the stator phase
current signals were carried out only for phase A.

As aresult of the research, the following amplitude-
frequency spectra of the stator current of phase A of the
induction motor were obtained:

1. At a reduced speed in the absence of eccentricity,
determined using the FFT (Fig. 6, a) and using the
proposed Prony method (Fig. 6, b).;

2. At a reduced speed in the presence of eccentricity,
determined using the FFT (Fig. 7, a) and using the
proposed Prony method (Fig. 7, b);

3. At the nominal speed in the absence of eccentricity,
determined using the FFT (Fig. 8, a) and using the
proposed Prony method (Fig. 8, b);

4. At the nominal speed in the presence of eccentricity,
determined using the FFT (Fig. 9, a) and using the
proposed Prony method (Fig. 9, b);

5. At an increased speed in the absence of eccentricity,
determined using the FFT (Fig. 10 a) and using the
proposed Prony method (Fig. 10, b);

6. At an increased speed in the presence of eccentricity,
determined using the FFT (Fig. 11, a) and using the
proposed Prony method (Fig. 11, b).
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Fig. 6. AFS of the stator current of phase A of an IM
at a reduced speed in the absence of eccentricity,
determined using the FFT (a) and using the proposed
Prony method (b)
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Fig. 11. AFS of the stator current of phase A of an IM
at an increased speed in the presence of eccentricity,
determined using the FFT (a) and using the proposed
Prony method (b)

4.3. Discussion of the results

From the time diagrams (Fig. 7, Fig. 9, Fig. 11) the
values of the harmonics of the subsynchronous type of
the amplitude-frequency spectral components of the
phase currents of the stator of the IM, located to the left
(L) and to the right (R) relative to the fundamental
frequency, were obtained. The results are listed in
Table 2.

According to formula (24), the values of the
subsynchronous type harmonics of the amplitude-
frequency spectra of the phase currents of the stator of
an IM are calculated. These are the values of the
amplitudes of the subsynchronous type harmonics of

the stator phase currents. The results are listed in Table
2.

The values of the amplitudes of the subsynchronous
type harmonics and the corresponding components of
the AFS of the phase currents of the stator of an IM,
obtained using the FFT and the proposed Prony
method, were compared. The errors in determining the
spectral components of the subsynchronous type are
listed in Table 2.

From the analysis of the results given in Table 2, it
follows that the values of the errors in determining the
spectral components of the subsynchronous type,
obtained using the proposed Prony method, are smaller
than the values of the errors in determining the spectral
components of the subsynchronous type, obtained
using the fast Fourier transform.

In addition, when using the proposed Prony method,
the values of the left and right spectral components of
the subsynchronous type are the same.

However, when using the FFT, the values of the left
and right spectral components of the subsynchronous
type are different. This fact may lead to ambiguity in
determining the degree of eccentricity.

Analysis of the results shown in Fig. 6,b— 11, b and
expression (24) allows us to conclude that the
eccentricity modulation coefficient y is directly
proportional to the degree of eccentricity. Therefore, it
can be a criterion for determining the degree of damage
to an induction motor.

Despite the fact that vibration diagnostics methods
are well developed and have high accuracy, their use in
building an operational diagnostics system will give
incorrect results. This is due to the fact that vibrations
caused by operational factors will be present in the
traction drive, which will have a negative impact on the
diagnostic results.

As noted above, the value of static eccentricity is
much greater than dynamic. Dynamic eccentricity has
the same diagnostic symptoms as static. When
diagnosing, it does not matter what type of eccentricity
is present in the asynchronous motor. Therefore, the
work considered only cases when only static
eccentricity is present in the induction motor.

The work considered an asynchronous motor with a
squirrel-cage rotor. Expression (24) and the nature of
the results shown in Fig. 6, b — 11, b will be valid for
asynchronous motors with a phase rotor. In addition,

Table 2. Analysis of the accuracy of determining the values of harmonics of the subsynchronous type of AFS

of the stator phase currents of an IM

Methods

Calculation by

Fast Fourier transform

Prony proposed method

Motor shaft speed  formula (24)

A L R L R

s> ' A o, % 'y A o % I"au A "% Iy A o %
Reduced 31.82 33.62 5.66 2894 9.1 31.6 0.7 31.6 0.7
Nominal 31.82 33.8 622 2904 874 3177 0.16 31.77  0.16
Increased 31.82 34.62 8.8 29.94 5091 3175 022 31.75 0.22
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the proposed method may be valid for such types of AC
motors as synchronous. For DC motors, the proposed
approach to determining the presence of eccentricity
may also be theoretically valid. But for both the case of
synchronous and DC motors, additional research
should be conducted.

The validity of the proposed method in diagnosing
the presence of eccentricity in the specified types of
electric motors is due to the fact that in the absence of
eccentricity, the rotating field at all points in space at
the same distance from the geometric center of the
stator of the electric motor will be the same. And the
presence of eccentricity causes a shift of the geometric
centers of the stator and rotor of the electric motor. This
will lead to the appearance of additional spectral
components in the electric motor currents.

The need for additional research to apply the
proposed method in diagnosing the presence of
eccentricity in the specified types of electric motors is
due to the fact that in synchronous motors there is no
rotor slip, and in DC motors the current value (in the
absence of eccentricity) is constant. Therefore, the
expression for determining the frequencies of
subsynchronous type harmonics (23) is incorrect, and
therefore the expression (24) will also be incorrect.

The establishment of analytical expressions for
determining the frequencies of subsynchronous
harmonics in the presence of eccentricity in
synchronous motors and DC motors is an urgent task
for individual studies.

5. CONCLUSION

This paper considers a method for increasing the
efficiency of diagnosing rotor eccentricity in IM by
combining the Prony method and the algorithm for
implementing the Wiener—Hopf theorem. The proposed
solution allows improving the quality of diagnosing
defects of mechanical origin that cause eccentricity by
reducing the influence of noise, compensating for
variable load modes, and eliminating ambiguities when
choosing the model order. Unlike traditional analysis of
the current spectrum using the FFT, the Prony method
provides a more accurate estimate of the amplitudes of
subsynchronous harmonics, which are directly related
to the degree of eccentricity. It is worth noting that
subsynchronous-type harmonics, located
symmetrically (left and right) relative to the
fundamental frequency, are characterized by the same
amplitude values, which increases the accuracy of
diagnostic  results and eliminates erroneous
determinations of the degree of eccentricity. The
modeling conducted on the example of the STA-1200
motor confirmed the advantages of the proposed
approach in the presence of thermal noise and changes
in the rotational speed. Thus, the proposed system has
an innovative approach to the problems of increasing
the accuracy of operational diagnostics of traction
motor defects and can be recommended as a basis for
creating or improving on-board diagnostic systems
with the detection of defects that cause eccentricity at

the early operation stages of electric drives of railway
transport.

Further research will be aimed at developing a
structural diagram of an embedded eccentricity
monitoring system with connection to the on-board
control network of the diagnostic system. Separate
studies are also planned to be devoted to taking into
account transient modes: starting, braking, reversing,
which are characteristic of traction drives.
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