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Abstract: This paper presents some considerations regarding the application of the stator
zero-sequence current component (ZSC) in the fault detection of cage induction machines, including the
effects of magnetic core saturation. Faults such as rotor cage asymmetry and static, dynamic,
and mixed eccentricity were considered. The research started by developing a harmonic motor model,
which allowed us to obtain a voltage equation for the zero-sequence current component. The equation
allowed us to extract formulas of typical frequencies for particular fault types. Next, in order to verify
the effectiveness of ZSC in induction motor fault diagnosis, finite element calculations and laboratory
tests were carried out for the previously mentioned faults for delta and wye connections with neutral
wire stator winding configurations.

Keywords: zero-sequence current; ZSC; neutral current; induction motor diagnostic; broken rotor
bars; eccentricity; magnetic core saturation; fault diagnostic

1. Introduction

This paper is a continuation of the research presented in [1] regarding the application of magnetic
core saturation effects in induction motor diagnosis. In that paper, research on the application of
the zero-sequence voltage component (ZSV) in the detection of rotor cage faults and eccentricity
was undertaken. This method can be applied to star connected induction motors. The conducted
research and analyses proved that the ZSV-based machine diagnosis approach is effective. To complete
this study, similar considerations regarding zero-sequence current component (ZSC) applications
in motor fault detection were undertaken. This can be applied to delta connected motors and the
star connected motors with neutral connection, though this second connection is not practiced in the
industry. The motor operating with the zero sequence current has a slightly lower efficiency. This was
examined in detail in [2,3].

Over the years, many papers concerning ZSC applications in motor diagnostics have been
published. In the paper [4], a simplified model illustrating the interaction of the stator magnetomotive
force and the air-gap permeance function is presented. On the basis of this model, the expected
spectrum of the zero sequence current for some damages was defined. Conclusions from this
analysis indicated further investigations using finite element method and laboratory tests [5-8].
More detailed method using a multiharmonic mathematical model of induction motors was presented
in [9]. Inductances of this model depend on the magnetic permeance function comprising effects of
magnetic circuit saturation and slotting of stator and rotor cores. So, this mathematical model simulates
operation of the whole machine in the considered range. Such modeling method was the background
for determining spectrum of ZSV and ZSC characteristic for damages of the cage and three types of
eccentric rotor position: static, dynamic, and mixed. This was applied in [10], but without influence
of the machine core slotting, and was used in the mentioned paper [1]. In the presented paper the
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methodology of analysis is similar as applied in [1] but concerns ZSC spectrum used for diagnosis of
damages. The zero-sequence current component is a signal that carries a lot of information about a
machine’s symmetry. This signal as a sum of all three-phase currents is very vulnerable to internal
asymmetries (machine faults) and external asymmetries (an asymmetric supply source), hence it is a
perfect signal for validating the machine’s state during manufacturing. Additionally, the zero-sequence
current component was used not only for machine diagnosis, but it was used in fault detection for a
converter [11] or its control algorithm.

When analyzing the zero-sequence current, it is worth mentioning the zero-sequence voltage
component [1,10,12-15], the spectrum of which has the same qualities as the zero-sequence current
component [10]. In ZSV and ZSC signals, the dominant harmonic is the harmonic of the frequency
equal to triple the supply frequency originating from magnetic core saturation. Consideration of this
effect in mathematical models is crucial in terms of the spectral analysis of signals, as it extends the set
of characteristic frequencies for a specified type of fault [9,10].

The most commonly used diagnosis method is the motor current signature analysis (MCSA),
which is based on spectrum analysis of the stator current in the steady state. This can be successfully
combined with other stator-current-based methods used to diagnose the rotor cage faults [16-20],
rotor eccentricity [17,21-23], bearing faults [17,22,24] and stator winding short circuits [25,26]. The basic
advantage of this method is that it is very easy to perform stator current measurements. This can be done
directly by connecting measuring clamps to power supply wires or to secondary windings of current
transformers located in control cabinets. When measuring three supply currents—or in the case of a
wye stator winding configuration without a neutral wire, only two—symmetrical-component-based
spectral analysis methods can be used. Such a transformation of the currents puts in order the
harmonics, simplifying the identification of the machine’s faults [27-29]. A motor fault detection
manner similar to that used in stator-current-based diagnostic methods is also used for motor condition
assessment based on axial flux or leakage flux spectral analysis. Measurement of these fluxes is carried
out using a dedicated coreless coil wound on the machine’s frame. The measurement coil can be
situated on the motor’s housing rear cap side, centrally to its axis, or against the machine’s housing.
Based on the current spectrum, it is possible to diagnose rotor cage faults [30-34], eccentricity [23,35,36],
bearing faults [35,37], or the occurrence of winding short circuits [31,36]. Undoubtedly, the advantage
of this method is that it allows contactless measurement and does not require any interference in the
circuit, which in industrial conditions simplifies the measurement process.

Machine failure-related downtime generates not only repair costs but also costs related to
industrial processes being stopped, hence hybrid methods [16] that consider more than one signal
for condition diagnosis are becoming more popular. The current state of the art and a description
of the methods used in electric machine diagnosis can be found in [38—40]. Induction machine
diagnosis methods are constantly being developed due to the need for constant monitoring of machine
conditions. Deep learning with smart sensors and artificial intelligence is constantly gaining popularity.
A description of the used algorithms and a review of publications in this research field can be found
in [41]. At this point, it can be noticed that it is difficult to protect the motor from short-circuits in the
stator winding with the use of spectrum measurement methods, because the operation of detecting
and switching off the motor must take place before the end of the start-up. It is the subject of separate
considerations with the use of artificial intelligence [42].

The studies presented in this paper start from analysis of the mathematical model of the squirrel
cage induction motor in order to determine the characteristic spectrum of ZSC for the considered
failures, despite the fact that the model formulated in this way has the necessary simplifications. This is
presented in Sections 2—4. In Section 2, the definition of the zero-sequence current component and its
measurement methods for various winding configurations are presented. Section 3 contains crucial
assumptions concerning inductance, especially the permeance model, which includes magnetic core
saturation and eccentric situation of the rotor. In Section 4, the mathematical model of the motor and
mathematical analysis of the zero-sequence current component equation are presented. The influence
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of the winding configuration on ZSC is also studied. Section 5 contains a finite element model of the
motor and simulation results for the following cases: symmetry; rotor cage faults; static, dynamic,
and mixed (superimposed static and dynamic) eccentricities. Short circuit detection of stator winding
turns with the ZSC spectrum was not analyzed in this paper.

In Section 6, laboratory tests and its results are described. Section 7 contains discussion of the
obtained results. Conclusions are developed in Section 8.

Most of the considered machine failure cases can be diagnosed by other methods discussed in the
cited literature, in particular by examining the stator current spectrum (MCSA). However, the use of
the stator current zero sequence measurement (ZSC) allows for an unambiguous determination of
mixed eccentricity.

2. Application of ZSC Induction Machine Fault Detection

The zero-sequence current component (ZSC)
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where a = exp(j21/3), is1, isp, is3 are stator phase currents and jsl , is ~ are the stator current positive
and negative symmetrical components, respectively.
The ZSC measurement system in the case of a delta stator winding connection is shown in Figure 1.

Supply voltage Stator windings
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Figure 1. The zero-sequence current component measurement circuit for a machine with a delta
winding connection, where ey, e, e3 are supply phase voltages; is1, isp, is3 are stator phase currents;
Ug1, Usp, Us3 are voltages induced in stator phase windings; CP is the current probe; and DAQ is the
data acquisition system.

When the stator winding is delta-connected (Figure 1), the zero-sequence voltage component
u§°) = %(usl, Us, us3) = 0, since
Us1 = €1~ €2
Usp =ex—e3 ®)

Uz = €3 —€
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In case of a wye configuration with the neutral wire, there is no need to measure each phase
current separately. It is sufficient to measure the neutral wire current i, shown in Figure 2.

Supply voltage Stator windings
e i Ug]
s -
) == _—
e Us2
mz Is2
L Z/ i
— e . Ug3
i -\ L r—
N
N . In
- I| CP ||
DAQ

Figure 2. The zero-sequence current component measurement circuit for a machine with a wye winding
connection with neutral wire, where e, e, e3 are supply phase voltages; is1, isp, is3 are stator phase
currents; us1, Usp, Us3 are voltages induced in stator phase windings; iy, is a neutral wire current; CP is a
neutral point of supplying voltages; CP is a current probe; DAQ is a data acquisition system.

Then, the zero-sequence current component can be calculated from the formula
, i
i0 = @)

where:
in = isl + isZ + isS (5)

Stator-phase-induced voltages are equal to phase supply voltages (at the zero impedance of the
neutral wire):
Ust = eq; Usp = €p; Us3 = €3 (6)

During the preliminary analysis of ZSC for three selected cases, namely symmetry, rotor cage fault,
and mixed eccentricity cases, similarities to the zero-sequence voltage component (ZSV) were observed
in the spectra [1]. Since ZSC component depends on the ZSV component, it is vulnerable to any
asymmetries related to the machine’s faults. An exemplary comparison of the spectra determined due
to finite element modeling (FEM) for the asymmetry cases mentioned above is presented in Figure 3
for induction motor with 2 pole pairs, 36 stator slots and 28 rotor cage bars.

One can see that the core saturation-related harmonic of the frequency equal to the triple supply
frequency is dominant in both ZSV and ZSC signals [10]. Including this phenomenon in further
considerations will allow the mechanism of the origination of the new harmonics related to the
machine’s faults to be explained.

To avoid noise interference in the measured signals, they are transmitted using shielded cables.
Nevertheless, a certain level of noise is observed in the measured signals. However, the useful signal
exists above the noise and can therefore be cut off easily.
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Figure 3. Exemplary comparison of ZSV (winding connected in star mode) and ZSC (winding connected
in star mode with neutral wire) spectra for a healthy motor and a motor with a one broken rotor bar
and eccentricity.

3. Inductance Model

For zero-sequence current component spectrum interpretation, a poly-harmonic mathematical
model of a cage induction machine is used, which was developed and is described in detail in [1,10].
The most important assumptions of the model will be presented in this paper.

The model is based on the per-unit permeance function, defined as [9]:

At = Y AL (e, 7

which models the magnetic permeability variation caused by core saturation. This function depends
on the amplitude Ij; and the electrical angle « of the magnetizing current vector where x is the angular
position with reference to the stator, p -pole pair number. For satisfactory approximation, it is enough
to limit the set of harmonics to a constant component and the first alternating component of the series
H, = {0, £2}. This manipulation is intentional, since it includes only the strongest effects related to
saturation effects.

Another factor influencing the magnetic permeability is the variable air gap length caused by
the rotor eccentricity. One can distinguish three types of eccentricity: static, dynamic, and mixed.
The per-unit function that models this phenomenon can be derived based on geometrical dependencies
and is written in the form of a Fourier series [43]:

5 , .
pu -0 _ jket-)x o= jke
Atee (X, ¢) 5(x, ) Zker ZleHl Ay e e, (8)
where g is an average air gap length considering the slot opening geometry with the Carter’s factor
of a healthy motor, 6(x, @) is the air gap length variation function, x is the angle coordinate, ¢ is the
rotor rotation angle, I € H, = {0, £1,£2,...lyax}, k € Hy = {0, £1,+2, .. . kjax}. Depending on the type
of eccentricity, function (8) takes one of the forms presented in Table 1.




Energies 2020, 13, 6528 6 of 25

Table 1. Permeance function for different types of eccentricity [1].

Motor Condition /\ffc(x,(p) Harmonics Numbers
Symmetry Nop =1 I=0Ak=0
Static Eccentricity l EZP:I : Ao, el leH Ak=0
Dynamic Eccentricity l GZI; ) Ak €F9) I=0Ak=H;
Mixed Eccentricity keZ[:-[k leZH, Akl elkHhremiky le H Ak = Hy

The final form of the magnetic permeance function is the result of amplitude modulation of the
so-called base permeance:

)

where 6y is an average air gap length considering the slot opening geometry of a healthy
motor. The modulating function models the influence of the magnetic core non-linearity (7)
and rotor eccentricity (8):

L pu pu —jua ,jmx ,— jk
A(x/ a, (P,IM) = 6_0Asat(x' a'IM)Aecc(x/ (P) = Z(m,y,k,l) Am,k,ye Il g™ IEP, (10)
where: ,
Apju = %/\y (Im) - Ak (11)
sat ecc
—— —
m= up + k+1, meH, =1{0,%1,£2,..., myudl}}. (12)

The permeance function (10) models the influence of magnetic saturation and rotor eccentricity,
but it neglects air gap length variation caused by the slotting of the stator and rotor. From the
mathematical point of view, this function models a non-uniform air gap. Thus, the mutual inductance

of the two windings “a” and “b” can be described using the relationships presented in [44—47].
For function (10), the mutual inductance takes the form:

Ms/r/sr _

ab
2ugre (le/2 NukLv‘kagurml (13)

7 1.2\ Lver, LimeH,, Lyer, Qumm—

Am,k,ye_jvxa el (vtm)xy o=jkp o—jua | g,

In the above, N;, Nj are the number of phase winding turns; k; ', are winding factors
for harmonics orders v and v + m; p is the stator pole pair number; p is the magnetic permeability
of the vacuum,; r, is the stator inner radius; . is the length of the magnetic core; and z is the axial

: : : ao_r " 7 2
coordinate. For stator windings “a” and “b”, x; = (a—1)Bsju=123, X = (b=1)Bsp=123, Ps = #.

Wl g lvtm|
kb

For rotor cage meshes, x;, = (a—1)Brja=12,.N, X = (b=1)Brp=12,.N, fr = %” The stator windings
“a” and “b” generate a magnetic field, and the distribution can be approximated by the Fourier series
of orders v or ps. For winding “a”, vs € H,, = {(2i1 —1)p; i1 =0, 1, +2,...}; whereas for winding
“b”, ps € Hp, = {(2i1 = 1)p; iy = 0,%1,+2,...}. The currents flowing in the symmetric rotor cage of N
bars generate a magnetic field, the distribution of which is approximated by the Fourier series of the
harmonic numbers v, € H,, = {i; i1 = +1,+2,...} for winding “a” and p, € Hy, = {i; i1 = £1,+2,.. .}
for winding “b”.
Coefficient Q; in (13) determines the existence of inductance. It is expressed in the form:
leoveH AmeHuyA(—v—m) € H
Q= { 0 otherwisi ! ’ (14
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leading to the fundamental dependence between harmonic orders
v+p+m=20 (15)

belonging to the defined sets of harmonic orders vy/, € Hy, ,,, ps/r € Hy,,,, and m € Hy,. These sets
determine the harmonic accuracy of the model.

4. Mathematical Model of a Cage Induction Motor

Based on inductance Formula (13), mathematical model was derived and next transformed from
the machine variables to symmetrical components [9,10]:

11 I 11 i 11 I T 11
[ u?l ]:[ Rs i ][ I?I ]+[ Fas i ]i[ I?I ]+£([ MI? M%{ ][ If'l ]) (16)
ul RI || o o a7 a| s M ||

The most important are the inductance matrices containing elements for the determined harmonics
in each cell. The stator self-inductance matrix Mg has the form [1]:

MI(X,Y)=3) M, ihee ke (X, Y), (17)

v,m, i,

where:
levit+ps+m= OA(%)modB = X/\(—%)mod3 =Y

. , (18)
0 otherwise

QS (X/ Y) - {
where X is the row number {0,1,2} and Y is the column number {0,1,2} corresponding to symmetrical
components of the stator current vector Ig .

The stator—rotor mutual inductance matrix MISIR has the form [1]:

11 Ny
ML (X,Y) = V3 NZVS

ok Mizrme_fﬂae]'(verm—k)(Per(X, Y)/ (19)
where:
1 @V5+Pr+m:0/\(%)mod3:X/\_prmodN: Y

. , (20)
0 otherwise

er(X/ Y) = {
where X is the row number {0,1,2} and Y is the column number {0, 1,2, ..., N —1}. corresponding to
symmetrical component of the rotor current vector Ig .
Considering (18) and (20), one can determine the inductance form in each cell of the
inductance matrix. This property will be used while determining characteristic frequencies for
Z5C spectrum interpretation.
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Thus, the formula for the zero-sequence voltage component can be derived [1]:

;) ;0
S S
O * . * .
u” =[Ro B R iV |4 [ Loo Ly L J&] &) |+
1(2) 1(2)
=S =S
~—— ~——
) m
S S
;0
S
4 mMI(0,0) MI(0,1) MI(0,2) | % +
. (21)
i
S
i
i
d 11 I I 4
[ M 0,00 ME(0,1) - ML(ON-1) ] )
i
[ —
IU
R
where Lo = 3(Lost + Loz +Los3), Lys = 3(Lost +8Losa +8°Losa), Reo = 3(Raa +Ra + Ra),
R, = %(Rsl +aRg +p_12RS3), Rs1/2/3, Lgs1/2/3 is the stator winding resistance and leakage inductance,

a=el 7. The Formula (21) is written in the general form without considering the winding configuration,
which is crucial in further analysis. This can be refactored to the form

. do d .
il = Rooil” + Loso 3" + 2(ME(0,0” ) + ", (22)
where
(0) . Zs(l « d 25(1) d 1 11 igl)
U, :[ & Bs ] 1(2) +[ Las Los ]E 1(2) +d_t [MS(O’l) MS(O’Z) ] 1(2) -
=S =S =S
£0)
1) (23)
d 11 11 11 L
41 M (0,0) M (0,1) - ML(ON-1) ] :
D
————
I

In the case of a wye connection without neutral point connected, the zero-sequence current
(0)

component i; ’ is equal to zero by definition, and only the zero-sequence voltage component ugo) can
be subjected to further analysis, as was done in [1,9,10]. Equation (22) might then be defined as

_—_ (24)
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The zero-sequence current component (ZSC) occurs in two stator winding configurations:
(a) the delta connection, shown in Figure 1; (b) the wye connection with the neutral wire, shown in
Figure 2. Each of these configurations has its own properties. For the delta connection, the sum of the
phase voltages is equal to zero, hence Equation (22) takes the form:

(0 d.o)  d (0 0
0= Ryi” + Lg%zg )4 E(Mg(o,o)zﬁ )) +u?, (25)
which can be represented in Figure 4 as the equivalent circuit.

is((}) Rns() lm() MISI(()’O)
— YTY N

)

Figure 4. Equivalent circuit for the zero-sequence current component for the delta stator
winding connection.

In the case of the stator winding wye connection with the neutral wire, the sum of the phase
voltages is equal to e(?) # 0 according to (6). Transforming (6) to symmetrical components

el 1 U
—|1 a 2||le|=—71 a & | u (26)
\/glgza e3 \/51_2&1 Us3
one obtains .
¢(0) ul?
ORI O 7)
e ESEZ)
Thus,
(0) _ 0 _ 1
ug’ =e" = —(ep +ex+e3) (28)
V3
leads to the equivalent circuit shown in Figure 5.
R M((0.0)
228
) P

¢ 2

Figure 5. Equivalent circuit for the zero-sequence current component at the wye stator winding

connection with the neutral wire.

The non-zero voltage source e is present only when the motor is supplied from a
three-phase asymmetric voltage source, e, e, e3. This means that, together with motor asymmetries,
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(0)

it has a direct influence on the zero-sequence current component i; '. In contrast, the zero-sequence

(0)

voltage u; ' can be measured separately from the supply voltages, as shown in Figure 6 [1].

Supply voltage Stator windings
. u
G is sl
—_— -
u
/-<2 Is2 -2 A
= ) .
- N e i Us3
J— —
R| |R
B

Figure 6. Measurement circuit for the zero-sequence voltage component.

(0)

Equivalent circuits from Figures 4 and 5 show that the voltage source u, ’ is the main influence

(0)

on the zero-sequence current i; '. However, this voltage source is equal to the zero-sequence voltage

(0)

component #; ' when the stator is wye-connected, as in Figure 6. Therefore, one can expect that

(0) (0)

harmonics appearing in the zero-sequence voltage u, ’ will occur in the zero-sequence current i; ’, as in
Figure 3. In [1], the mechanism of harmonic generation in ZSV due to the motor’s faults is described in

(0) (0)

detail. The characteristic frequencies of the spectra of 15’ and i; ’ indicating the machine faults are

presented in Table 2.

Table 2. The formulae for frequencies indicating particular faults [1].

Machine

Condition l k u m Formula
Symmetry I=0 k=0 m= up
Static Ecc. I+0 k=0 m=up+1 _ .
Dynamic Ecc. I=0 k+0 u=0,-22 m=up+k |0 = )fs + (os +m =k =p)f]
Mixed Ecc. I+0 k+#0 m=up+I1+k
Broken rotor bars =0 k=0 m=pup |((2i1 +1)s—p)fs + (vs +m—k)fr|

The sets of indicators in Table 2 determining the sets of harmonic orders are given as follows:
le H ={0,%1,..., Ly}, k € H, = {0,%1, ..., tkyax}, m € Hy = {0, 21, ..., £myd, i1 = £1,£2,...
(in case of rotor cage fault), vs € Hy, = {+p, +3p, £5p, ...}, where f; is the supply frequency, f, = f; % is
the rotational frequency, and s is the motor slip where the maximum values are taken arbitrarily with
respect to harmonic accuracy. The orders v; and m in Table 2 must satisfy the condition for inductance
existence (15) in the matrix cell M{@IR (0,p) (0-th row, p-th column) [1]:

vs+m+p, =0
Vs _
7mod3 =0 . (29)
—prmodN = p

The above dependences were applied to the particular case of the induction machine having the
pole pair number p = 2 and the number of rotor bars set at N = 28. This is the same machine as in [1],
(0)

which is now undertaken for continuing analysys of the zero-sequence stator current i; ’ properties
to diagnose the machine faults. Therefore, following the analysis performed in [1], the characteristic



Energies 2020, 13, 6528 11 of 25

frequencies of the is(o) spectrum indicating the faults of the induction machine against the background

of a healthy motor are shown below.

e  Healthy motor: 3f;, f; + 28f.

e  Static eccentricity: f;, [3fs —28f;|, —fs +28fr, 3fs +28f.
e  Dynamic eccentricity: |fs =32fe|, fo +4fr, |3fs —24f:|, 3fs + 24f,.
e  Mixed eccentricity: 3f; + fr, 3fs — fr, |—fs —29f|, |—fs — 27f,|.

e  Rotor cage damage: fs(3—-4s), f;(3—2s), fs(3+2s), fs(3+4s), —fs +32f, —3f5—24fy(.

The frequencies can be limited to the values below 1 kHz, since this threshold is sufficient to
determine the damage of the induction machine. The ZSC signal an easily be decomposed to the
components of such a frequency.

5. Finite Element Simulations

The first step in the verification of the frequency reference values obtained above from the
mathematical motor model is the finite element analysis. The cage induction motor model was
prepared in the Maxwell ANSYS environment for numerical simulations. The model of the machine
built in Maxwell 2D software is based on the Sg112M-4 induction motor with the rating: Py =4 kW,
Uy =400V (A), Iy =8.7 A, nyy = 1440 rpm, fiy = 50 Hz, cosdn = 0.77, Ny = 86.6%. The single-layer stator
winding has p = 2 pole pairs and is symmetrically distributed in 36 stator slots. The rotor cage has
N =28 bars. A non-linear M19 steel sheet was used in simulations. Simulations were performed for
the two stator winding connections shown in Figure 7.

188V . - LPhaseA
Q=@ —
LPhaseA m 306V . — ~ — |
m 188V [ J_O U LPhaseB
J_O LPhaseB I
N 0 188V - - LPhaseC
o
N LPhaseC @H
(a) (b)

Figure 7. The stator winding connections of the motor for finite element simulation using Maxwell
Circuit Editor: (a) delta connection; (b) wye connection with the neutral wire.

The zero-sequence current component spectrum was investigated for the following motor
conditions: (1) healthy; (2) static eccentricity 77%; (3) dynamic eccentricity 77%; (4) mixed eccentricity
(static 20%, dynamic 20%); (5) one broken bar in the rotor cage. The rotor cage bar fault was modeled
by increasing the resistivity of the material 100 times in one bar. Eccentricity modeling was done
as follows:

(a) Static eccentricity: The axis of rotation was shifted by 0.778;, mm with respect to the
stator’s symmetry axis but aligned with the rotor’s symmetry axis.

(b) Dynamic eccentricity: The rotor was shifted by 0.770,;, mm with respect to the stator’s symmetry
axis and axis of rotation.

(c) Mixed eccentricity: The stator was shifted by 0.2, with respect to the axis of rotation and the
rotor was shifted by 0.26,;, with respect to the axis of rotation.

The air gap length in the Sg112M-4 model was 8,in = 0.3 mm. In all simulations, the rotational
speed was constant and equal to 1450 rpm. The rotor skew was not taken into account in the motor
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model, so it was expected to obtain a spectrum where the harmonic amplitudes of frequencies related
to the multiple of the number of rotor bars would be overestimated. The simulation time was set
to 10 s with a 0.1 ms step, which allowed us to obtain the ZSC spectrum with a frequency range of
up to 5 kHz, with sufficient resolution for proper identification of the harmonics indicated by the
mathematical model.

Figures 8-12 below present analyses of the zero-sequence current component obtained from finite
element simulations for delta and wye cases with neutral wire winding connections. The spectra were
grouped based on the machine’s condition. Only harmonics of amplitudes greater than 30 dB were
considered for detailed analysis.
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Figure 8. ZSC spectrum of a healthy motor for the stator winding connections: (a) delta connection;
(b) wye connection with neutral wire.
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Figure 9. ZSC spectrum of motor with static eccentricity for the stator winding connections:

(a) delta connection; (b) wye connection with neutral wire.
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Figure 10. ZSC spectrum of the motor with dynamic eccentricity for the stator winding connection: (a)
delta connection; (b) wye connection with neutral wire.

Amplitude [dB]




Energies 2020, 13, 6528 14 of 25

90~ |

80 §
-t | 3t

70|
| = fs = 27f | = fs = 29f:
60|

Amplitude [dB]

50/

i |
30l l | | ’ I 1 I

0 100 200 300 400 500 600 700 800 900 1000

(a)

10

90 .

80
3fs— fr 3fs+ fr

70~ i
60~ |_fs_27fr| |7f5729fr| |

40+ } ’
I ll\' I vl

i
0 100 200 300 400 500 600 700 800 900 1000
Frequency [Hz]

(b)

Figure 11. ZSC spectrum of motor with mixed eccentricity for the stator winding connections:
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(a) delta connection; (b) wye connection with neutral wire.
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The obtained ZSC time waveforms were put forward for FFT analysis, then characteristic
frequencies were marked for certain machine conditions (healthy motor = blue;
static eccentricity = green; dynamic eccentricity = red; mixed eccentricity = purple; broken rotor cage
= black). Direct comparisons of the spectra around the harmonic of the triple supply frequency for the
case of a broken rotor cage bar with the spectrum of a healthy motor are shown in Figures 13 and 14.
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Figure 13. ZSC spectra comparison of motor with delta stator winding connection, healthy (blue color),
with broken rotor cage (black color) around: (a) triple supply frequency, (b) base slot harmonic.
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Figure 14. ZSC spectra comparison of motor with wye winding connection with neutral wire,
healthy (blue color), with broken rotor cage (black color) around: (a) triple supply frequency,
(b) base slot harmonic.

Amplitudes of the highlighted harmonics in Figures 8-14 were measured and are shown in Tables 3
and 4. Next, these amplitudes were compared with amplitudes of harmonics of the same frequency
occurring only in the of healthy motor’s spectrum for the respective stator winding connections.
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Table 3. Results of harmonic amplitude measurements of characteristic frequencies for a given type of
eccentricity, obtained from finite element analysis of a motor with delta and wye connections with a
neutral wire stator winding configuration.

Winding Connected in Delta Mode Winding Connected in Star Mode

with Neutral Wire
Ecc. Type Formula
Faulty Healthy  Difference Faulty Healthy  Difference
(dB) (dB) (dB) (dB) (dB) (dB)
f. +4f, 45.22 16.95 28.27 4244 17.09 25.35
- . I3f. — 24f,| 40.72 8.82 31.90 39.65 2.09 37.55
ynamic
If. — 32f,| 4345 16.69 26.77 4253 13.25 29.28
I3f; + 24| 37.25 12.90 2435 36.42 10.24 26.18
2 59.12 9.37 49.75 60.19 10.62 49.57
Stati I3f; — 28f, - - 33.33 0.38 32.96
auc I~ + 28| 54.54 14.75 39.78 54.43 14.51 39.93
3f, + 28f, 41.76 7.92 33.84 36.90 12.85 24.05
3 - f 53.24 - 51.58 -
. 3 +f, 54.00 - 52.20 -
Mixed ) ¢% 27¢) 5196 ; 49.82 -
I~ — 29| 52.20 - 50.61 -

Table 4. Results of harmonic amplitude measurements of characteristic frequencies for a rotor cage
fault obtained from finite element analysis of a motor with delta and wye connections with a neutral
wire stator winding configuration.

Winding Connected in Delta Mode Winding Connected in Star Mode

Formula with Neutral Wire
Faulty Healthy  Difference Faulty Healthy  Difference
(dB) (dB) (dB) (dB) (dB) (dB)
fs(3 —4s) 83.10 11.62 71.48 81.84 14.23 67.61
fs(3=2s) 88.88 16.95 71.93 88.17 17.09 71.08
Faulty fs(B3+2s) 66.57 15.29 51.28 66.52 10.19 56.33
Rotor Bars fs(3 +4s) 60.61 19.10 41.51 61.35 14.11 47.24
—fs + 32f 74.33 16.69 57.64 74.07 13.25 60.82
|=3fs — 24f;| 69.04 12.90 56.14 69.62 10.24 59.38

Each selected frequency characteristic harmonic for a given fault, regardless of the stator winding
connection, experienced a significant amplitude increase. The amplitude levels of the harmonics
extracted from the spectrum of the healthy motor were below the accepted threshold of 30 dB.
Some Table 3 cells are filled with “-”, which means that the harmonic is not in the signal spectrum.
Spectra obtained from the simulation can be treated as a reference, as they are externally distortion-free,
and hence are ideal cases. Such a situation does not occur during laboratory tests, especially in
industrial conditions. The ZSC spectra for winding configurations of delta and wye connections with
neutral wire hardly differed from each other. The amplitudes of selected harmonics respond to a
particular fault type in the same manner, which can be observed when analyzing the results contained
in Tables 3 and 4.

6. Experimental Tests

Laboratory tests were carried out on the same motor as for the theoretical analysis and for the
same stator winding connections. The motor was loaded with the DC generator with a rated power of
Py = 4.5 kW, as presented in Figure 15. Tests were carried out for the following cases: healthy motor,
faulty rotor cage, and eccentrically positioned rotor. A rotor with one cut cage bar was used during
the test for rotor asymmetry, whereas for eccentricity a rotor mounted on a misaligned bearing
shield was used. These modifications provided 40% static eccentricity and 40% dynamic eccentricity,
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which resulted in mixed eccentricity. The generator load torque during all measurements was set to
obtain a load current equal to 60% of the motor’s rated current.

L1 o
Ly
Lo —— L R
Lo
DAQ > COMPUTER
(a)
ASM
LI o
[ L
Lz o \ - — Rload
Lo -J
- [Pl
DAQ — COMPUTER

(b)

Figure 15. Measurement circuits for the tested motor: (a) delta connection; (b) wye connection with
neutral wire (ASM = cage induction motor; CP = current probe; DCM = DC generator; Ry,,; = resistor;
Lf = field winding; DAQ = measurement card; N = neutral terminal).

The current measurement was done using E3N (Chauvin Arnoux) measuring clamps, the output
signals of which were sent to a BNC 6259 measuring card from National Instruments. Each measurement
was performed with a 10 kHz sampling frequency and 60 s measurement time.

The measurements of the failure states of the induction motor were performed in almost the
same conditions as for the simulation using the finite element method. Registered signals were
further analyzed with FFT and typical fault harmonics were found and highlighted. The results of
the spectral analysis of the motor with eccentricity for both stator winding configurations are shown
in Figures 16 and 17.

In Figures 16 and 17, the amplitudes values of the highlighted harmonics (dynamic eccentricity = red;
static eccentricity = green; mixed eccentricity = purple) increased compared to harmonics of the same
frequencies occurring in the spectrum of the healthy motor. The amplitude values for both stator
winding connections are shown in Tables 5 and 6. Due to different noise levels in the registered signals
caused by different measurement circuits as those shown in Figure 15, we decided to measure the
amplitudes of selected harmonics with respect to the noise level of each signal.
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Figure 16. ZSC spectrum measured during laboratory tests of the motor with a delta winding connection;
(a) healthy (noise level ~ 45 dB), (b) rotor eccentricity (noise level ~ 33 dB).
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Figure 17. ZSC spectrum measured during laboratory tests of the motor with the wye winding
connection; (a) healthy (noise level ~ 38 dB), (b) rotor eccentricity (noise level ~ 35 dB).

Table 5. Results of harmonic amplitude measurements of characteristic frequencies for a given type of
eccentricity, obtained through experimental results of a motor with delta and wye connections with a
neutral wire stator winding configuration.

Delta Winding Configuration Wye Connection with Neutral Wire

ECC Formula Winding Configuration
Faulty Healthy  Difference Faulty Healthy  Difference

(dB) (dB) (dB) (dB) (dB) (dB)

fs +4f, 40.35 24.29 16.06 44.61 34.59 10.02

D . [3fs — 24f,| 0 0 0 5.56 2.27 3.29
ynamic

Ifs — 32fr| 18.89 7.78 11.11 23.52 10.9 12.62

3fs + 24f; 4.53 6.58 -2.05 21.21 16.24 4.97

fs 39.41 37.2 2.21 55.66 51.21 4.45

Static [3fs — 28f;| 19.32 5.96 13.36 23.22 14.79 8.43

[=fs + 28f; 15.75 0 15.75 18.39 8.83 9.56

3fs + 28f; 14.34 0 14.34 22.09 14.54 7.55

3fs — fr 40.34 0 40.34 43.48 0 43.48

Mixed 3fs + fr 40.62 4.04 36.58 43.71 12.5 31.21

[=fs = 27f; 35.42 0 35.42 40.05 0 40.05

[=fs — 29f; 34.13 0 34.13 37.53 9.03 28.5

Table 6. Amplitudes of characteristic frequencies of the measured ZSC for a rotor cage fault.

Delta Winding Configuration Wye Connection with Neutral Wire

Formula Winding Configuration
Faulty Healthy  Difference Faulty Healthy  Difference
(dB) (dB) (dB) (dB) (dB) (dB)
fs(3 —4s) 37.25 25.23 12.02 53.73 38.04 15.69
fs(3=2s) 39.4 26.53 12.87 57.68 40.43 17.25
Broken fs(3+2s) 5.14 9.76 —4.62 12.15 19.51 -7.36
Rotor Bars fs(3 +4s) 0 0 0 20.73 20.49 0.24
—fs + 32f 17.89 5.86 12.03 35.54 14.9 20.64
|=3fs — 24f,| 9.58 6.08 3.5 34.57 19.82 14.75

The biggest differences between amplitudes of healthy and damaged motors can be observed
for the case of mixed eccentricity, especially for harmonics with frequencies of 3f; — f, and 3f; + f;.
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These harmonics do not occur in the healthy motor’s spectrum, hence one can state that they indicate
the machine’s fault unambiguously. The zeros in Tables 5 and 6 mean that the harmonic amplitude is
at the noise level.

The ZSC reacts very strongly to rotor cage asymmetry through increasing the slip harmonic
amplitudes around the triple supply frequency and base slot harmonic. The frequency spectra for this
case are presented in Figures 18 and 19. The amplitudes of the selected harmonics were measured and
are shown in Table 6.
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Figure 18. ZSC spectrum measured during laboratory tests of a motor with a delta winding configuration
and one faulty bar in the rotor cage.
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Figure 19. ZSC spectrum measured during laboratory tests of a motor with a wye connection and a
neutral wire winding configuration for a rotor cage bar fault.

The presented laboratory test results confirmed the possibility of using the zero-sequence current
component in effective detection of rotor faults and eccentricity. The ZSC spectra obtained from
measurements for different stator winding configurations looked very similar and contained the
same harmonics as the ones calculated from the mathematical model. When measuring the ZSC in
a motor with a delta-connected stator winding, it is necessary to use identical high-quality current
probes (Figure 15a). Before the measurement, the probes should be calibrated in order to reduce
the measurement error. Measuring three currents with non-calibrated or inaccurate current probes
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would result in improper ZSC calculations, which in turn would result in incorrect fault detection,
especially for static eccentricity.

7. Discussion

The detection of induction motor faults based on the stator current zero-sequence spectrum
(ZSC) analysis gives almost the same effects as the stator voltage zero-sequence spectrum (ZSV)
analysis presented in [1]. The main benefit of using the current analysis is the ability to diagnose a
delta-connected motor.

7.1. Rotor Cage Asymmetry and Dynamic Eccentricity

Rotor cage asymmetry is a type of fault, which is most visible in the ZSC spectrum. It is clearly
visible around the triple supply frequency, which was confirmed by finite element simulations and
laboratory tests. The formulas derived from the mathematical model points to the same harmonic
frequencies for dynamic eccentricity. Dynamic eccentricity harmonics, however, are not as clearly
visible in the spectrum as rotor cage fault harmonics, and moreover mixed eccentricity harmonics are
often in the vicinity. Based on this, one can distinguish these two types of fault.

7.2. Static Eccentricity

To detect static eccentricity from the ZSC analysis, it is recommended the use of delta-connected
stator windings. This allows separation from the supply voltage asymmetry, which generates similar
symptoms in the ZSC spectrum [13] as the static eccentricity. Using the measurement circuit shown in
Figure 15b, for star-connected stator windings, one has to take into account the direct impact of the
supply voltage asymmetry on the zero-sequence current component circuit (Figure 5).

7.3. Mixed Eccentricity

The finite element analysis and the results of the laboratory tests proved that the mixed eccentricity
generates new harmonics in the ZSC with respect to the healthy motor. The results clearly indicate this
type of fault. This is very helpful in distinguishing dynamic eccentricity from the rotor cage faults.
Moreover, harmonics generated by this type of fault are very easy to identify in the frequency spectrum,
as they are not generated by other machine’s faults.

7.4. Disadvantages of ZSC-Based Motor Fault Detection

Undoubtedly the important disadvantage of ZSC-based motor fault detection is the measurement
method where three current sensors are required. With the delta-connected stator winding in industrial
conditions, in most cases one does not have access to phase wires, only to power supply wires. In this
situation, it is impossible to connect current probes to phase wires, or this requires some interference in
the machine’s structure, which may be prohibited for safety reasons. The exceptions are medium-large
induction motors with star-delta starters, where in switchboards there is access to the phase conductors
connecting phase windings.

On the other hand, winding connections in the wye configuration with neutral wires are not used
in the industry. Motors equipped with residual current circuit breakers with the star neutral point
being grounded might be the exception. In this situation, one can use a protection circuit and connect
to its wire only if it is available in the control cabinet.

8. Conclusions

This paper presents research on the application of the ZSC in cage induction motor fault detection.
It was proven that harmonics occurring in the ZSV spectrum [1] are also present in ZSC spectrum for
the same fault type. The chosen permeance model, which includes a magnetic core saturation effect,
can obtain a bigger set of characteristic frequencies for a specific type of fault.
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The finite element analysis and laboratory test results proved that the ZSC spectra for the
motor with delta and wye winding configurations looked similar and contained the same harmonics.
Slight differences resulted from ZSC measurement circuits for both types of winding connections,
which can be used to distinguish the machine’s inner asymmetry from the supply voltage asymmetry
as the diagrams in Figures 4 and 5 show.

More than one failure may occur during operation of an induction motor, e.g., broken cage bars
cause a one-sided magnetic pull which can cause bearing degradation and eccentric rotor position.
The rotor cage asymmetry can be easily detected due to the presence of: f;(3 —2s), fs(3 —4s), fs(3 + 2s)
and f;(3 + 4s) in the ZSC spectrum. If, however, an additional mixed eccentricity appeared, the
additional frequencies 3f; — f; and 3f; + f would allow to detect it. In practice, this type of eccentricity
is almost always present, and there is rarely pure static or dynamic eccentricity.

The effectiveness of the presented diagnostic method will be tested when the induction motor is
powered by a frequency converter, e.g., a voltage source inverter, or another converter, e.g., a soft starter.
The influence of the deformation of the line currents on the zero sequence current is relatively small,
and therefore effective diagnosis can be expected. However, the influence of the automatic control
system should be considered, e.g., scalar control, field-oriented control, direct torque control, etc.
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