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Abstract—Electrical machines of medium to high voltage range
are commonly fabricated with wide stator slot openings which
often lead to the increase of noise, vibrations and power losses. The
use of magnetic slot wedges is intended to minimize these effects.
Exposure to high magnetic and mechanical forces may cause
magnetic wedge fall-outs. In this paper, a dynamical model of an
induction machine was developed in order to investigate the
influence of stator slot magnetic wedge failures on the machine’s
performance. Through observation of the machine’s terminal
quantity disturbances, the model demonstrated remarkable
differences in steady-state rated operation, regarding stator line
currents, rotor loop currents and generated electromagnetic
toque, in case of healthy and faulty machine.

Index Terms—induction machine; magnetic slot wedges; finite
element analysis; MCCA; motor faults.

I. INTRODUCTION

Induction machines (IMs) designed for use in modern drives
and industry must cope with ever-growing demands for
increased efficiency and high performance. Furthermore, there
are strong requirements for the reduction of noise pollution and
vibrations which represent one of the most common issues in
today’s motor drives. For high and medium voltage IMs, it is
reported that wide open stator slots are the main cause of those
issues [1-3]. A well-known means to mitigate suggested
problems in medium and high voltage motors is to install
magnetic stator slot wedges.

Most magnetic slot wedges are made from iron powder (~
75%), glass fabric and epoxy resin binders, and therefore, have
larger relative permeability (less than 10) compared to epoxy
edges [4]. Their higher relative permeability compared to
classical non-magnetic wedges reduces the flux fluctuations on
the rotor core surface and decreases the effective air gap width.
The smoothened flux [6] in the air gap reduces the surface core
losses, acoustic noise and improves the torque characteristics
[4, 5]. Therefore, magnetic slot wedges also improve motor
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efficiency, power factor and power density.

Since the iron powder in the magnetic wedges makes them
mechanically weakened, they are more prone to failures (fall-
outs) caused by exposure to high magnetic and mechanical
forces. There are many cases of wedge failures in medium
(high) voltage motors (above 3.3 kV) reported, where up to
50% of the wedges were lost within 3 years of service [4].

Magnetic wedge fall-outs impact the machine’s performance
and are observable through the IM terminal quantity
disturbances. Numerical modeling of this phenomenon may be
used as a starting point for the evaluation of this type of fault
and investigation of reliable fault indicators.

For this purpose, a dynamical model of an IM, based on
Multiple Coupled Circuit Approach (MCCA) and Finite
Element Analysis (FEA) analysis [7-9] is developed in Section
Il. FEA calculations of IM inductances for the healthy and
faulty machine are illustrated and discussed in Section 1l and
then used for MCCA model inductance matrices formation.
MCCA model simulation results, presented in Section IV
clearly demonstrate the influence of magnetic slot wedge fall-
outs through unbalanced stator line currents, distorted rotor bar
currents and increased torque pulsation. Conclusion of this
paper with further research topics suggestions is given in
Section V.

Il. MATHEMATICAL REPRESENTATION OF McCA MODEL OF
SQUIRREL-CAGE INDUCTION MOTOR

MCCA model of squirrel-cage IM is used to model energy
conversion process in the machine, taking into account higher-
order harmonic components in the magnetic field, induced
voltages and currents. The nonsinusoidal electromagnetic field
in the machine can be incorporated effectively by the rotor
position-dependent variation of elements in MCCA model
inductance matrices.

In this paper, the inductance matrix is reconstructed using
series of linear 2-D FEA magneto-static simulations [7].
Discrete values of inductances obtained by this method are then
represented via Fourier series, allowing the choice of harmonic
components from the series which will be afterward used in the
MCCA model.

The squirrel-cage rotor can be represented as identical and
equally spaced rotor loops. Rotor loop consists of two
neighboring rotors bars and adjacent end-ring segments. Fig. 1
shows three neighboring rotor loops (detail of rotor cage).
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Fig. 1. Detail of squirrel-cage electrical circuit.

The mathematical model of the squirrel-cage IM can be
formulated as:

V=RI+ %(LI). 1)

Voltage vector V consists of stator (V) and rotor (V,.) voltage
vectors:

v=1[v, V],
Vi=1[Va Y 7],
V,=[0 0..0 Olnyss.

, @

where v,, v, and v, are three stator voltages and ny is the
number of rotor bars. There are (ng + 1) rotor voltages equal
to zero for (ng + 1) independent current loops in the rotor cage
which stand for ng rotor bars and two end rings. Likewise
voltage vector V, current vector I in (1) consists of stator (1)
and rotor (I,.) current vectors:

I=[I L],
Iy = lia i il . 3)
I =[in ip..lng le]nB+1,

where I is the stator current vector for three stator phase
windings i4, ip, and i.. Rotor current vector I, includes ng
rotor loops currents iy, i, ..., iy, and one end-ring current
le.

Diagonal 3x3 stator resistance matrix R and rotor resistance
symmetrical matrix R,. comprise resistance matrix R from (1):

_ [Rs ]
R‘[ R, I’

RS
R = Ry ,
I R
[ Rii —Rp —Rpng —Req ] (4)
—Rpr R . 0 —Re; '
; : ; |
Rr = H : H
0 0 _Ran _Re(ng—l)l
—Rp1 0 RlnB _Reng J
N
,_Rel _Rez _RenB 2i=BlRei (np+1)x(ng+1)
where Ry, represents resistance of rotor k loop, defined as
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Rix = Rpi + Rpks1) + 2R With Ry as k bar resistance and
R, end-ring k segment resistance.

Interaction between neighboring rotor loops and end-ring
segments shown in Fig. 1 are reflected in the resistance matrix
R,. Voltage equation for arbitrarily k rotor loop (1 < k < Np)
(Fig. 1) has the following form:

Rerirye + Ro(irie — trigesny) + Rex Girie — i) —
AW )

ac

Ry -1y (irtge-1y — trre) +

It can be noticed that negative elements in the matrix R, (4)
result from interactions between neighboring rotor loops and
end ring.

Rotor bar current i, can be expressed through neighboring
rotor loop currents as follows:

Ipre = lye — il(k+1)- )

Inductance matrix L is a periodic function of rotor angular

position 8, and it consists of four sub-matrices:
Lss(8) L (6)

10) = [L=@ L] .

@O =1150) L0) ®)

Stator inductance matrix Ly, is 0-dependent 3x3 matrix
which defines magnetic coupling between stator phases:

La Mab Mac
Lss(e) = Mba Lb Mbc . (9)
Mca Mcb Lc

Rotor inductance matrix L, is a (ng+ 1)x(ng + 1)
position-varying matrix generated similarly to rotor resistance
matrix with one major difference; any rotor loop is
magnetically coupled with all the other loops and generally
there are no zero elements in it:

Ly MrlnB - Lan _Lyel
M1 —Lpy - ManB _Lyez
er(e) = ; ! ' (10)
Mr(ng—l)l .- Mr(ng—l)ng - Lan _Lye(nB—l)
Mrngl - Lbl LlnB _LenB
—Ley _LenB 2?51 Lei |

Rotor k loop inductance Ly, (1 < k < ng) is defined as L, =
Ly + Lypie + Lyp+1) + 2Lyer, Where Ly is k loop self-
inductance, L,y is rotor k bar leakage inductance, and L,y is
rotor end-ring k segment leakage inductance. Mutual
inductances between arbitrary rotor loops m and n are labeled
as My (L<m,n<ng Am #n).

Stator-rotor inductance matrix Ly, is defined as:
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Mall Malz MalnB 0
Ly, (0) = |Mpin My MblnB 0], (12)
Mcll Mch MclnB

Mutual inductance between arbitrarily stator phase x and rotor
loop kis labeled as M,;,, where x € {a,b,c},1 <k < ng.
Rotor-stator inductance matrix L, can be derived from (11),
by transposition of stator-rotor inductance matrix L,., = LT,..

The calculation of torque T, in the MCCA model is based on
the virtual work principle (p is pole pairs number):

=il w (i i)
¢ 72| w\[L,, L.l/IL)

I11.  INDUCTANCE CALCULATION OF HEALTHY AND FAULTY
IM

After derivation of MCCA model in Section II, inductance
calculation method shall be presented in the following.
Modeled induction machine is a 2-pole, 6 kV high voltage
motor with rated output power of 1.03 MW (detailed machine
data are given in Appendix). Magnetic slot wedges of relative
permeability 5 are used to close stator slot openings.

Linear magneto-static 2-D FEA simulations are used to
compute discrete values of machine’s inductances relative to
absolute rotor angular position. Saturation effect is neglected.
In the calculated inductance waveforms, only harmonics
provoked by geometry variations and presence/absence of the
magnetic wedges are investigated. These harmonics are
independent from saturation-induced harmonics and can be
treated separately.

In order to obtain self- and mutual inductances of an arbitrary
winding for a fixed rotor position, only the winding itself is
supplied with 1 A direct current. After single magneto-static
simulation is completed, flux linkages of all windings in the
machine are determined and used for single discrete value
inductance calculation. Next magneto-static simulation is
performed in the same manner after fixed-valued angle
increment of rotor position. The value of angle increment
determines the precision of inductances waveforms.

One full revolution of rotor is necessary for complete
inductance matric reconstruction. Derived discrete waveforms
are then represented with Fourier series coefficients in the
MATLAB&Simulink model.

(12)
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Fig. 2. Discrete magneto-static simulation of healthy IM
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Fig. 3. Discrete magneto-static simulation of faulty IM (three consecutive
fallen-out wedges)

Detail of magneto-static simulation for healthy and faulty IM
is given in Fig. 2 and Fig. 3, respectively. The analyzed fault is
modeled by three consecutive completely fallen-out wedges.
As can be seen from the figures magnetic flux lines crossing
the air gap from rotor to stator have significantly more
homogeneous flow in the healthy motor compared to the one
with missing wedges. Represented local distortion of flux lines
will lead to deformation of machine inductances in case of fault
occurrence.

Stator phase A self-inductance as a function of rotor angular
position is shown in Fig. 4. Minor oscillations around the
constant value of stator self-inductance are the result of air gap
equivalent permeability variations caused by rotor slotting.
Since analyzed IM has 36 rotor slots all three stator self-

inductances have identical waveforms and their minor
oscillations are in phase.
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Fig. 4. Stator phase A self-inductance waveform — healthy motor
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Fig. 5. Stator phases self-inductances waveform — faulty motor

In case of fallen-out wedges, the balance of stator
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windings is corrupted. This leads to different mean values of
stator self inductances for phase A, B, and C. Modeled missing
wedges are in close vicinity of phase B and C winding axes.
Lack of ferromagnetic material caused by fallen-out magnetic
wedges decreases inductances of most affected windings - Fig.
5.

Similar phenomena can be observed in stator mutual
inductance waveforms. All stator mutual inductances are
identical in case of healthy motor (Fig. 6), while in the event of
fault (Fig. 7), all mutual inductances suffer in mean value
reduction. Mutual inductances involving phase A are less
influenced by the fault, as expected.
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Fig. 6. Stator phases mutual inductances waveform — healthy motor
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Fig. 7. Stator phases mutual inductances waveform — faulty motor

Stator-rotor inductances of IM are the main contributors to
torque generation. For healthy motor, they are symmetrical,
alternating, rotor angular position-dependent functions with
characteristic trapezoidal shape (Fig. 8 — blue line). Therefore,
spectrum of trapezoidal inductance signal contains only odd
higher-order harmonics (Fig. 9 — blue bars). However, in the
presence of slot wedge faults, a local dip in the waveform is
formed each time specific rotor loop passes by stator slots with
missing wedges (Fig. 8 — red line). As a result, new even
harmonic components in the Fourier series appear (Fig. 9 — red
bars). These additional components will further induce
characteristic harmonics in flux linkages and consequently, in
induced voltages and currents. This will affect torque
production by causing unwanted pulsations.

The fallen-out magnetic slot wedges also have impact on
rotor inductance matrix. Similar to stator inductances, rotor
inductances in the healthy machine are fairly constant
quantities with small oscillations around the mean value. These
oscillations are the consequences of stator slotting. Slot wedges
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reduce these oscillations by making stator inner circumference
more magnetically uniformed.
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Fig. 9. Mutual inductance between stator phase C and rotor loop 20 - Fourier
series coefficients

In Fig. 10 blue line illustrates rotor loop self-inductance
waveform in healthy motor. There are exactly 48 oscillations in
one rotor revolution due to the number of stator slots. When
slot wedges are missing stator magnetic uniformity is lost
which will locally diminish rotor self-inductance just as rotor
loop passes by faulty slots. Since three neighboring slots are
impacted by the fault, there will be three more prominent
oscillations combined with lower mean value in the inductance

waveform (Fig. 10 — red line).
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Fig. 10. Rotor loop self-inductance

A detail of rotor self-inductance spectrum, both for healthy
and faulty motor, is shown in Fig. 11. In order to emphasize the
emergence of additional spectral components, dominant mean
value is excluded from the figure. Despite their small
magnitudes, higher-order components have a significant
impact on the energy conversion process which will be
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illustrated and discussed in the next Section.
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Fig. 11. Rotor loop self-inductance — spectrum with mean value excluded

As the last characteristic example of the magnetic wedge
fall-outs impact on machine’s inductances, mutual inductance
between arbitrarily chosen rotor loops is shown in Fig. 11
(healthy machine in blue and faulty in red line). Magnetic
coupling between two rotor loops subjects to complex
mechanisms of flux lines formation and it is dependent on
relative rotor position and the mutual position of the loops
themselves. The situation grows even more puzzling when slot
wedge fault is present, as observable in Fig. 11- red line.
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Fig. 12. Mutual inductance between first and 31 rotor loop
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Fig. 13. Mutual inductance between first and 31 rotor loop — spectrum with
mean value excluded

Singled out higher-order components of the mutual
inductance between first and 31% rotor loop, shown in Fig. 13
are compliant with the expected increase in number and
magnitude of additional components in the spectrum, similar to
elaborated phenomena in Fig. 11.
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IV. SIMULATION RESULTS

Based on FEA calculation of machine’s inductances
presented in Section 111 and MCCA model derived in Section
I MATLAB&Simulink model of the machine under
investigation (Appendix) was developed.

The output of FEA computations i.e. waveforms of machine
inductances are firstly represented with Fourier series
coefficients. These coefficients are then used for the formation
of time and position varying inductance matrices of dynamic
MCCA machine model. Inductances independent from
geometry variations which cannot be calculated using 2-D
representation of the machine: stator end-winding and rotor
end-ring leakage inductances are added to the MCCA model
inductance matrices as constant values. Their values are
provided from separate simulations performed using
commercial FEA software with such built-in options. MCCA
model is able to simulate transient behavior of the machine
under arbitrary supply and loading conditions, similar to
conventional dg models, but with much more insight into
construction-dependent properties of the specific machine.

Stator line currents during steady-state operation under the
rated load of healthy machine are illustrated in Fig. 14. The
machine was supplied from three-phase balanced voltage
source of 6 kV at rated frequency of 50 Hz. Rated speed of the
machine was 2985 rpm, rated torque 3.23 kNm and rated output
power 1.03 MW. As expected, line currents are balanced in the
case of healthy machine.

200

100

Iabc 4]

-100

-200 -

10 10.02 10.04 10.06

t[s]

10.08 10.1

Fig. 14. Stator line currents under full load — healthy machine

Under the same supply and loading conditions, but with
magnetic wedge fault present, unbalance in stator line currents
is clearly visible in Fig. 15. Fallen-out magnetic wedges led to
unbalanced inductances of stator phase windings (Fig. 5 and 7)
which consequently caused noticeable imbalance in the
currents as well.

Fig. 16 shows differences between arbitrary rotor loop
current waveforms in case of the healthy and faulty machine. It
is noticeable that, in the event of fault, rotor loop current
waveform will contain more prominent oscillations which were
expected as the result of emergence of additional components
in the inductance spectrum of the faulty machine.
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Fig. 15. Stator line currents under full load — faulty machine
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Fig. 16. Current waveform of arbitrary rotor loop under full load

Parasitic torque pulsations are direct outcome of increased
oscillations in the machine inductances and currents. In the Fig.
17, the machine toque waveform is illustrated for rated
operational mode with and without fault. Increased torque
pulsations may provoke an unwanted mechanical response
from the machine which could reflect on the level of noise and
vibrations. Exceeding level of vibration can have great impact
on bearing deterioration, may cause cracks in the winding
insulation and tightness of the lamination stack.
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Fig. 17. Rated electromagnetic torque

V. CONCLUSION

In this paper MCCA model of high voltage squirrel-cage
induction machine is used to investigate the influence of stator
slot magnetic wedge failures on machine’s performance. Series
of magneto-static FEA simulations illustrated differences in
waveforms of characteristic inductances of the machine in case
of healthy machine and the machine with three consecutive
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fallen-out stator magnetic wedges. FEA results provided input
data for MCCA inductance matrices formation, using the
Fourier series coefficient. Through observation of the
machine’s terminal quantity disturbances, performed
simulations in MATLAB&Simulink dynamic MCCA model of
IM demonstrated remarkable differences in steady-state rated
operation, regarding stator line currents, rotor loop currents and
generated electromagnetic toque. Further research may include
targeted thorough analysis of the terminal quantities in the
interest of reliable and non-invasive detection of fallen-out
wedges.

APPENDIX

TABLE |
MOTOR PARAMETERS

Rated Power 1.03 MW
Rated Speed 2985 rpm
Rated Torque 3.23 kNm
Rated Voltage 6 kV
Number of Stator Slots 48
Number of Rotor Slots 36
Stator Inner/Outer Diameter | 430/780 mm
Air Gap Width 4 mm
Lamination Stack Length 765 mm
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