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Abstract

In this paper the current spectrums of a five pole-pairs, 300 kW, squirrel cage induction motor were
calculated for the cases of full symmetry and static eccentricity.

The calculations account for variable inductances affected by slotting and eccentricity. The
calculations were followed by Fourier analysis of the stator currents in steady state operation.

The paper includes stator current spectrums affected by different degrees of static eccentricity to
demonstrate the effect of static eccentricity on the stator current spectrum and to predict the
harmonics related to this ailment. The motor under investigation represents a special example
because its stator current spectrum includes more than one slot harmonic that is, supposedly, due to
the unique configuration of the stator winding and rather high number of pole pairs (p=5). Zooms of
the current spectrums, around the 50 Hz fundamental harmonic as well as of each slot harmonic zone,
are included. In addition the paper includes the stator current spectrum that referred to the real
measured currents.
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1. Introduction

Large 3-phase induction motors are used in power stations to drive main auxiliaries such as
cooling water pumps, fans and boiler feed pumps. The sudden failure of a main auxiliary
drive can result in loss of prime generating capacity at critical times with consequent
substantial cost penalties.

It would be beneficial therefore to have some form of online monitoring for such motors to

detect incipient troubles and enable planned preventive maintenance or repair to be carried
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out. Planned maintenance strategies and machine condition monitoring have, of course,
been used in power stations for many years to ensure motor failures are kept to a
minimum. In general, this has been successful but there is always the possibility of a
failure due to a fault which is difficult to detect even with existing monitoring techniques.
An example of this is a rub between the rotor and stator which can result in serious damage
to the stator core and windings. The fundamental cause may be due to overall bearing
movement, rotor flexing due to dynamic disturbances, use of narrow air gaps for high
efficiency, or stator core movement [1]. To prevent a rub due to such a variety of
conditions requires a monitoring strategy for the online detection of air gap eccentricity
and other malfunctions such as drive misalignment, dynamic imbalance changes, broken
rotor bars and inter turn faults in the stator windings.

The importance of this paper is that it is trying to specify the spectrum harmonics as an
indication to static eccentricity based on the analysis of the stator currents, in order to

predict the fault in an earlier stage to prevent any sudden failure of the machine

2. A Review of Diagnostic Techniques

Several contributions can be found in the literature dealing with the performance analysis
of induction motors under eccentricity conditions [1-15]. The Winding Function Approach
(WFA) is a useful technique for modeling an induction motor under these conditions,
which accounts for all the space harmonics in the machine. Multiple coupled circuit model
[2, 3] enables the dynamic modeling of induction motors with both arbitrary winding layout
and/or unbalanced operating conditions. Hence, this model has found application in the
analysis of asymmetrical fault conditions in machines such as rotor failures, stator winding
faults, or air gap eccentricity [4, 5, 6].

Fault-specific signals are also present in the electromagnetic flux which can be measured

by coils sensing the axial leakage flux [7]. Instantaneous power signature analysis is also

used. The single-phase instantaneous power was proposed for the diagnosis of mixed rotor

faults [8]. The signal-based methods commonly use the stator current as a measurement

since it is sensitive to the rotor faults, and it is a suitable method to obtain a diagnostic
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index and a threshold stating the edge between faulty and healthy conditions.

Conventional motor current signature analysis (MCSA) techniques based on the frequency
analysis of the stator current are currently the most common and well-established methods.
In fact, MCSA is simple and effective under suitable operating conditions. As an example,
MCSA is the optimal choice for electrical machines under steady-state conditions and
rated load [4, 6, 9].

3. Air Gap Eccentricity

Air gap eccentricity takes two basic forms: static and dynamic. Static eccentricity is
characterized by a displacement of the axis of rotation where the position of the minimal air
gap length is fixed in space, Fig. 1 a. It can be caused by the stator ovality or by the
incorrect positioning of the rotor or stator at the commissioning stage. Since the rotor is not
centered within the stator bore, the field distribution in the air gap is no longer symmetrical.
The non-uniform air gap gives rise to a radial force of electromagnetic origin, called
unbalanced magnetic pull (UMP), which acts in the direction of minimum air gap.
However, static eccentricity may cause dynamic eccentricity, too [1]. The latter means that
the rotor is not rotating on its own axis and the minimum air gap rotates with the rotor, Fig.
1 b. This kind of eccentricity may be caused by a bent shaft, mechanical resonances,
bearing wear or misalignment or even static eccentricity as mentioned above. Therefore,
the non-uniform air gap of a certain spatial position is sinusoidally modulated and results in

an asymmetric magnetic field, too. This, accordingly, gives rise to a revolving UMP [8].

The combined static and dynamic eccentricity is called mixed eccentricity [2]. In this
condition, both rotor and rotation axes are displaced with respect to the stator one, which
results in more complicated geometry condition of the motor compared to the two other
cases for its modelling. Air gap eccentricity in induction machines causes characteristic
harmonic components in electrical, electromagnetic, and mechanical quantities. Therefore,
either mechanical quantities such as vibrations or torque oscillations or electrical quantities

such as currents or instantaneous power can be analyzed to detect eccentricity conditions

[8].
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Figure 1. Air Gap Eccentricity, a) Static Eccentricity, b) Dynamic Eccentricity

4. Simulation Results

The calculations presented in this paper are based on the poly-harmonic model accounting
for static and dynamic eccentricity, stator and rotor slotting, parallel branches as well as
cage asymmetry [16, 17]. The model is based on purely numerically calculated inductances
in order to quantitatively account for all interactions between eccentricities and slotting.
The coefficients of inductances were calculated numerically, assuming that the main or air
gap flux may be separated from the leakage flux (as it is well established in the theory of
electrical machines) [18]. The leakage inductances are calculated in, a roughly, classical
way. The main inductances are calculated via division of the air gap into small channels,
down which the main magnetic flux passes from the stator to the rotor and vice versa. The
lengths of these channels depend on eccentricity and slotting and they are modified for
several hundred positions of the rotor.

The elementary contributions of the flux, of each channel, are then summed up in
accordance with actual configuration of the stator windings.

The rotor is modelled as a set of meshes constituted by adjacent cage bars and end ring

segments. The dependence of inductances on the rotor angle allows calculation of their
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derivatives, necessary for calculation of the torque in the next program performing
numerical integration of differential equations.
In this paper the calculations are performed with a special software owned by the Chair of
Electrical Machines, AGH University of Science and Technology, Krakow, Poland.
The program for dynamics simulation consists of four base classes [17]:
e Class Pal calculates mainly leakage inductances.
e Class In16 calculates self and mutual main inductances accounting for true stator
winding configuration as well as for slotting and eccentricity.
e Class Del8 calculates derivatives of the inductances, with respect to rotor angle.
e Class Dy20 performs integration of differential equations using 3D matrices of
inductances and their derivatives stored on the disk by class Del8.
The spectral analysis was performed by program Spl that calculates Fast Fourier
Transform (FFT) as well as least squares approximation of the fundamental component of
the stator currents.
The calculations performed are referred to a 300 kW squirrel-cage induction motor, with 5-
pole pairs (p=5) and Ns/Ng = 72/88 of stator/rotor slots. All spectrums refer to steady state
operation by full loading torque TL = 7050 Nm.

IV- a). Healthy Machine

As a reference basis, the calculations were performed for fully symmetrical machine. The
full spectrum of the stator line current is shown in fig. 2.

In addition to the 50 Hz fundamental harmonic, the spectrum contains the following slot

harmonics:

1. The first slot harmonic Slh;, of the frequency of about 823.5 Hz, in the first slot
harmonic zone. Its amplitude is about -38 dB.

2. The second slot harmonic Slh,, of the frequency of about 1797 Hz, in the second
slot harmonic zone. Its amplitude is about -72.5 dB.

3. The main slot harmonic Slh of the frequency of about 4417 Hz, in the main slot

harmonic zone. Its amplitude is about -70 dB.
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The frequency of the main slot harmonic, Slh, can be predicted by the following formula
[19]:
fan =] f,+h-NRQL-s)n, | (1)

Where: the supply frequency f; = 50 Hz, the parameter h = 5 [16], the no. of rotor slots NR
= 88, the slip s = 0.0074318, and the synchronous speed ns = fi/p = 10 revolutions per
second.

In the above equation, the parameter h represent the order of the main slot harmonic zone,
so if h = 1 that means the first slot harmonic zone is the main one whereas h =2 means the
second slot harmonic zone is the main one. For more details see [16].

Also, the frequency of the first slot harmonic, Slh;, can be predicted by the following
formula [19]:

faa =| f,—h -NR(@-s)n, | , Where the parameter h' = 1 [16]. 2)

Whereas, the frequency of the second slot harmonic, Slh,, can be predicted by the

following formula [19]:

fae =| fu+h -NR(@-s)n, |, where the parameter h" =2 [16]. 3)

It is clear, from the stator current spectrum fig. 2, that this machine, of five pole pairs (p =
5), possess slot harmonics other than the main slot harmonic, even for the fully symmetrical
case.

Supposedly, this is due to the unique configuration of the stator winding and rather high

number of pole pairs for this machine.

susj, www.su.edu.ly/rcc Vol 5(2), 21-36 December 2015



Motor Current Signature Analysis to Detect Static Eccentricity..........

0 -

20 —
g | Slh,
& -40 —
=
o —
(]
£ 50 — Sth, Slh
5
:@ —
wn

_80 JR—

-100 | | | | | | | |

0 1000 2000 3000 4000 5000

Frequency (Hz)

Figure 2. Spectrum of the calculated stator current (full symmetry)

IV- b). Static Eccentricity

In this case the calculations performed considering that the rotor axis is shifted by a certain
value of the geometrical air gap thickness toward the first coil group of the stator phase A
[2, 5].

The stator line current spectrum of fig. 3a refers to the case of 50% static eccentricity.

The spectrum contains a pair of harmonics in the first, second and main slot harmonic
zones, as compared to just the first, second and main slot harmonics in the case of full
symmetry, fig 2. Each pair consist of the slot and the twin harmonics.

The zoom of the first slot harmonic zone is shown in fig. 3b. It contains the first slot
harmonic Slh; of the frequency of about 823.5 Hz, as well as the first twin harmonic tw;, of
the frequency of abut 923.5 Hz, which is spaced by about 100 Hz to the right of the first
slot harmonic Slh;.

The first twin harmonic is present in a very conspicuous manner, reaching the level of
about -54 dB, what delivers clear evidence for the static eccentricity in this case.

The frequency of the first twin harmonic, tw, to the right of the first slot harmonic, Slh;,
can be predicted by the following formula [19]:
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fua =] fi+h -NRL-s)n, | , Where the parameter h' =1 [16]. 4)

The zoom of the second slot harmonic zone is shown in fig. 3c. It contains the second slot
harmonic Slh; of the frequency of about 1797 Hz, as well as the second twin harmonic tw,,
of the frequency of abut 1697 Hz, which is spaced by about 100 Hz to the left of the second
slot harmonic Slh,.

The amplitude of the second twin harmonic is smaller (-82 dB), as compared to the first
one, but it also gives additional evidence for the static eccentricity.

The frequency of the second twin harmonic, tw,, to the left of the second slot harmonic,

Slhy, can be predicted by the following formula [19]:
fue =] f.—h"-NR@=s)n, | , where the parameter h" =2 [16]. (5)

The zoom of the main slot harmonic zone is shown in fig. 3d. It contains the main slot
harmonic Slh of the frequency of about 4417 Hz, as well as the twin harmonic tw, of the
frequency of abut 4317 Hz, which is spaced by about 100 Hz to the left of the main slot
harmonic Slh.

It should be noted that the amplitude of the twin harmonic tw trespasses the amplitude of
the main slot harmonic Slh, reaching the level of about -62 dB. That gives additional
confirmation for the presence of the static eccentricity in this case. The frequency of the
twin harmonic, tw, to the left of the main slot harmonic, Slh, can be predicted by the
following formula [19]:

fo = | f,—h- NR(l— s)ns | , Where the parameter h =5 [16] (6)

On the whole, we conclude that the presence of the twin harmonics in the first, second and
main slot zones delivers clear evidence for the static eccentricity, but it should be noted that
the first slot zone is the most important one for the diagnostic purposes.

However, the main slot zone is out of our interest, because the frequencies of the harmonics
in this zone are out of the frequency range of the available current registrations, amounting

for the time been to 3000 Hz (sampling frequency is 6000 Hz).
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Figure 3a Spectrum of the calculated stator current (50% static eccentricity)

sih,

40 — tw,

Stator line current (dB)

- I L L
700 750 800 850 900 950 1000
Frequency (Hz)

Figure 3b. Zoom of the first slot harmonic zone (50% static eccentricity)
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Figure 3c. Zoom of the second slot harmonic zone (50% static eccentricity)
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Figure 3d. Zoom of the main slot harmonic zone (50% static eccentricity)

In order to demonstrate the sensitivity of the twin harmonic amplitude to the degree of

static eccentricity, the calculations were performed also for the cases of 60% and 70% static

eccentricity.

The spectrum of fig. 4 refers to the case of 60% static eccentricity. In this spectrum the twin

harmonics are clearly visible to the right of the first slot harmonic Slhy, to the left of the

second slot harmonic Slh, as well as to the left of the main slot harmonic Sih.
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Generally, the amplitudes of all these twin harmonics magnified, as compared to the
previous case of 50 % static eccentricity.

As for the first slot harmonic zone, which is the most important one for the diagnostic
purposes, the first twin harmonic tw; is very conspicuous, reaching the level of about -50
dB.

Similarly, the spectrum of fig. 5 referring to the case of 70% static eccentricity, contains
again all the twin harmonics as in the previous cases of 50% and 60% static eccentricity.
The amplitude of the first twin harmonic, tw,, to the right of the first slot harmonic, Slh;,
magnified. It is now of about -46 dB. That proves the sensitivity of the twin harmonic to the
changes of the static eccentricity degree, and allows for relying on this harmonic as a good

indication for the existence of the static eccentricity.
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Figure 4 Spectrum of the calculated stator current (60% static eccentricity)

susj, www.su.edu.ly/rcc Vol 5(2), 21-36 December 2015



Saleh Elawgali

O -

20 — Sthy
@
E —
% 40 —| tw,
3 |
o slh, w
s 0 tw
% | 2 Slh
(7]

_80 PR

] | ] ‘
100 | A R

0 1000 2000 3000 4000 5000
Frequency (Hz)

Figure 5. Spectrum of the calculated stator current (70% static eccentricity)

5. Measurement Results

Spectral analyses were performed for a number of currents really registered in the industry.
Many registered currents have been analyzed, which referred to the five pole pair, 300 kW,
induction machines, labeled in the industry as WS, among all the cases analyzed, there

were some cases found to show up some static eccentricity.

In the following there is an example of the really measured stator current. The full spectrum
of fig. 6a refers to the WS, 300 kW induction machine, (file name 4WS1U2). The presence
of the first twin harmonic tws, to the right of the first slot harmonic Slh;, as shown in fig.
6¢, it delivers clear evidence for the static eccentricity in this case. Hence, this case was
classified as showing up pure static eccentricity.
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Figure 6a. Spectrum of the measured stator current (4WS1U2)
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Figure 6b. Zoom around 50 Hz of the measured stator current (4WS1U2)
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Figure 6¢c Zoom of the first slot harmonic zone of the measured stator current (4WS1U2)

6. Conclusion

1. The presence of the twin harmonic in the first, second and main slot harmonic zones
gives clear indication for the existence of the static eccentricity.

2. Each pair of harmonics, in the above mentioned slot harmonic zones, is consist of
the slot harmonic which is always present, independently of the static eccentricity,
and the twin harmonic which gives an evidence for the static eccentricity.

3. The calculations proved that the main and first slot harmonic zones are, from
diagnostic point of view, the most important ones, as they contain diagnostic
information, in form of the most important diagnostic harmonics. In addition, the
slot zones are cleaner as compared to the fundamental harmonic zone, normally
polluted by many other harmonics

4. The amplitude of the twin harmonic is affected positively by the degree of static
eccentricity.

5. The coincidence between measured and calculated current spectrums proved the
effectiveness of this diagnostic procedure for diagnosing static eccentricity in an
induction motors.
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6. Quantitative calculations deliver solid base for reliable diagnosis of induction

machines and differentiating between different ailments.
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