© 2017 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for
all other uses, in any current or future media, including reprinting/republishing this material for
advertising or promotional purposes, creating new collective works, for resale or redistribution to
servers or lists, or reuse of any copyrighted component of this work in other works.



The Detection and Suppression of Unbalanced Magnetic Pull in Wound Rotor
Induction Motors Using Pole-Specific Search Coils and Auxiliary Windings

David Dorrell
Senior Member, IEEE
University of KwaZulu Natal
Durban 4041, South Africa
Dorrelld@ukzn.ac.za

Abstract --This paper puts forward a concept for measuring
rotor eccentricity in a wound rotor induction machine. The
analysis is fully developed in the theory section then an
experimental rig is described and measurements are taken.
These are compared to the calculated values. Pole-specific
search windings are necessary in a wound rotor machine
because standard sideband current measurement techniques are
only valid for cage induction machines. The search coils can also
be used to suppress unbalanced magnetic pull.
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L INTRODUCTION

When the rotor in an electrical machine is not centered in
the stator bore it is generally called rotor eccentricity and can
cause radial forces, vibration and bearing wear. It has
recently been extensively studied in permanent magnet
machines [1], [2]. Condition monitoring methods are also
used to monitor developing faults, such as rotor eccentricity
[3]-[5]. The normal method is to assume that the rotor is off-
center by a constant amount down from the axial length of
the machine, although [6] investigated a more realistic
scenario where the eccentricity varies down from the axial
length of the machine. When the rotor is not centered in an
induction motor the unbalanced magnetic pull (UMP) can
vary substantially with voltage and load [6] and this can be
difficult to assess. In this paper a wound rotor machine is
investigated; the UMP in this type of machine can vary
greatly from its cage-rotor equivalent [7] and it is
substantially higher. Fig. 1 illustrates this with a breakdown
of the airgap magneto-motive force (MMF) and flux waves in
terms of a 4 pole machine and this figure shows the
interaction of these. The main difference is the lack of 2 pole
and 6 pole MMF waves on the rotor that can damp the
additional flux waves generated by the rotor eccentricity,
hence reducing the UMP. This is because the cage structure
has many effective parallel paths which evens out the airgap
flux and reduces the radial pull. The use of additional damper
windings has been investigated [7]-[10] and a similar theme
is investigated here. However, this is combined with using
pole specific search coils to assess the degree of eccentricity.

Rotor eccentricity has been defined as either static (rotor
offset from the stator bore but rotating on its axis) or dynamic
eccentricity (rotor rotating on the stator bore axis but not on
its own axis). Obviously both types of eccentricity can exist
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together and in [2], [11] the eccentricity was studied (with
finite element analysis (FEA)) in general terms of a rotating
eccentricity which does not correspond to rotor speed. There
is small level of static eccentricity existing even in newly
manufactured machines due to the method of manufacturing
and assembly. It can result in steady unbalanced one-
direction UMP. During the run time, this may drive to bent
rotor shaft, bearing wear and tear, etc. Furthermore, static
eccentricity can become a reason for a certain degree of
dynamic eccentricity. If these effects are not detected at early
stage they can lead to rotor rub, which, in turn, will cause
major breakdown of the machine.

In this paper a mathematical analysis is put forward in
terms of static rotor eccentricity which varies down from the
axial length of the machine. If a machine with p,, pole-pairs
has search coils with p,, £/ pole pairs then the analysis goes
on to illustrate how the electro-motive forces (EMFs)
induced into these coils can be calculated. The paper then
gives some experimental results using a 4 pole wound rotor
induction machine rig designed for measuring UMP. This is
not straightforward to measure although [12] shows a
method. The machine is modified with additional 2 pole and
6 pole windings. Some search winding voltages and UMP
results are given. Pole-specific detection windings were
outlined in [13]. This concept is developed further here.

A.  Condition Monitoring Techniques Review

Condition monitoring of induction motors has been a
challenging task for the engineers and researchers although
there are now several commercial systems available to
industry; they are mostly aimed at the monitoring of cage
induction motors. The aim is to achieve a relatively low cost
and/or non-invasive system which is still powerful in terms
of monitoring for online detection of developing faults. Many
plants are of high cost capital investment or high turn-over
production so that it is very advantageous to invest in a
monitoring system. With a condition monitoring system, a
fault can be detected at an early stage. Maintenance can then
be carried out at planned downtime at an early stage,
protecting the machine or plant from catastrophic failures and
reducing the cost of maintenance. There are many diagnostic
methods of detecting faults in induction machines, depending
on the method of monitoring.

One of the most popular methods for fault diagnosis is the
motor current signature analysis (MCSA) as it is more



practical and less costly than others. The motor fault
diagnosis can be done in real-time by analyzing frequency
components of stator current signals. This was discussed in
[14], [15] and this system allows precise and low-cost motor
fault detection and it is non-invasive. Focusing on
eccentricity faults detection, the MCSA methods developed
are couched in terms of cage induction machines which may
not be applicable to wound rotor machines as studied here.

Acoustic noise generated by air gap eccentricity in
induction motors can be used for fault detection. Noise
monitoring is carried out by measuring and analyzing the
acoustic noise spectrum. In [16], Ellison and Yang carried
out tests in an anechoic chamber. It was found that slot
harmonics in the acoustic noise spectra from an induction
motor were functions of static eccentricity.
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Fig. 1. Airgap MMF and flux waves in terms of pole or harmonics number
and frequency.

Extensive work has been done in the detection of motor
faults by monitoring vibration. Cameron, Thomson and Dow
[17] verified that air gap eccentricity has resulted in vibratory
harmonics at frequencies of (f,,, fu2, fu3, OF fna). However, this
method requires expensive sensors or specialized tools fitted
to a specific location on the machine which weakens this
technique; line current monitoring only requires Rogowski
coils fitted to supply lines at the terminal box. Beguenane and
Benbouzid [18] carried out thermal monitoring technique for
induction motor using rotor resistance measurement. Another
system was described in [19]. Many methods were reviewed
in [20], [21].

A flux monitoring scheme can give reliable and accurate
information about electrical machine conditions and such a
system was described in [22]. If there is a change in the air
gap flux or winding voltage, this can indicate a developing
fault and it can be reflected in the harmonic spectrum. Verma
and Natarajan [23] reported the change of air gap flux density
as a function of static eccentricity. Thomson, Rankin, and
Dorrell [24][25] analyzed the respective relationships among
air gap flux, stator current, vibration signal, and air gap
eccentricity by strict analytical equations. [26] presented a
method for condition monitoring of electrical drives using

special flux sensors. Rotor bar faults as well as eccentricity
were determined based on leakage flux measurement [27],
which is obtained by means of a search coil placed at the rear
end of the machine. The leakage flux measurement is low
cost, less affected by other magnetic circuits in the industrial
environment, and easy to implement. [28] designed search
coils which are placed under the stator winding wedges of the
motor, and they were used for measuring the actual magnetic
flux.

B.  Presented Work

To summarize, this paper brings together work in [7],
which put forward the concept of using damper windings to
suppress UMP, and in [12], which presented an experimental
study on a constructed rig, that can be used to measure UMP.
The work develops the idea of using pole-specific windings
in order to detect rotor eccentricity. Initial results were put
forward in [29]. Here, an impedance matrix is developed to
predict the winding voltages as a function of eccentricity.
This is similar to that developed in [30]; however, it is
couched in terms of a wound rotor induction motor rather
than a cage machine. The primary motivation of this work
was to move the auxiliary windings technique one step
forward for control purpose. The newly investigated design
for search coils will be put forward to control the UMP.

II.  ANALYSIS

The aim of the work is to investigate the effectiveness of
detecting rotor eccentricity using pole-specific windings.
First, the airgap length needs to be described in terms of the
circumferential distance around the airgap (y direction) and
axial length down from the stator bore (x direction). This is
shown in Fig. 2 and described below. With this model the
induced EMF in pole-specific search coils need to be
calculated. To simplify the approach, only the static
eccentricity is studied here.

A.  Non-uniform Static Eccentricity

If the rotor exhibits static eccentricity, the air-gap length
can be expressed as varying in the circumferential ()
direction and axial (x) direction where
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This needs to be inverted to obtain the permeance waves
for the airgap length:
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The analysis given above assumes that the eccentricity is
not high so that the average permeance is the inverse of the
airgap length. The coefficients can be defined by
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Assuming that x is defined as zero at the centre of the bore
in the axial direction and the DE eccentricity decreases to
zero when moving from the DE to the NDE. Conversely the
NDE eccentricity decreases from the NDE to the DE. This is
illustrated in Fig. 2. L, is the axial length.
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Fig. 2. Definition of DE and NDE eccentricity.

B.  Generation of Additional Airgap Flux Waves

If the 3-phase supply is balanced with series connected
stator windings, the MMF wave is

]st(y:t) RCZJ" J(wt=np,ky) (4)

where, for a balance 3-phase current set, and using the
identity a = exp(j2/3), the MMF magnitude is
Jo=N;(1+a"a @ ) [ <3N |,y sr )

stTs

and the fundamental pole-pair number of the machine is p,,.
This includes winding harmonics n. I; is the phase current

phasor for phase a. This is a correction to the equation as
denoted in [6], [7]. The stator winding coefficient of one
phase winding is

z jnp,,,kyw (6)

w=l
where N,, is the number of slots that the winding is located in,
C,, is the number of series winding turns in a slot, and y,, is
the spatial location of the slot. The slot opening factor is
defined by the slot opening b, (in m) where
2sin(0.5np, kb,)
np,kb,

Ampere’s circuital law can be applied using
b,y = A )| [, () dv+C|  (@®)

The constant C is the homopolar flux term control as
described in [30] and [31]. This is particularly relevant to a 2
pole machine where p,, — I = 0 which is a homopolar flux
that crosses the airgap once and finds a return path via some
other route through the bearings and end region. This leads to
a distribution of the air-gap flux density due to the stator
MMF waves:
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The field magnitudes are
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This is for a machine with more than 2 poles. Refer to [30]

and [31] for the special case of a 2 pole machine.

C. Eccentricity Detection

Once the terms for the additional airgap flux waves have
been obtained then the UMP can be calculated as illustrated
in [6]. However, to get the EMF induced in the pole-specific
search coils, we need the airgap electric field which can be
obtained from:
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For a machine with p,, pole-pairs, it can be assumed that
there are two pole-specific search windings with pole-pair
numbers p, *+ I. Each pole-pair has two windings in
quadrature on a and f axes. The EMFs induced in these
windings can be obtained from:
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where the search winding coefficients are, for the p,+1 pole-
pairs and for p,,-1 pairs:
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For simplicity, it is assumed that the @ winding is on the
real axis and the § winding is on the imaginary axis. Phase a
of the main winding is also located on the real axis. This is
the expression for the voltage induced in the search coil by a
rotating flux wave set up by a balanced 3-phase current. If
the current set is unbalanced, then a backward rotating flux
wave will be set up and this can be accounted for and will be
the focus of further work. In [6] static eccentricity tends to
produce a steady pull in one direction, while dynamic
eccentricity creates a UMP vector rotating in synchronism
with the rotor. The analysis model of the dynamic eccentric
can be derived in the same way of static eccentricity.

If the winding harmonics are ignored so n = 1 only, then
the airgap flux is approximately:
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For the static eccentricity
w; =w; =w (ie., aconstant radial force in that direction)

For the dynamic eccentricity

;=0 — o, and w; = o + o, (i.e., there is a rotational
frequency radial vibration which corresponds to a rotating
force vector).

The flux waves have to be transformed into the rotor
reference frame in order to calculate the EMFs induced into
the cage and hence obtain the rotor current and MMF. For a
spatial circumferential position y’ on the rotor:

oy =t + k.

The study in [6] indicated that both static and dynamic
eccentricity produces their own p,+/ field components, the
only difference between them being the rotational velocity.
Also the EMF induced into the additional windings is
influenced by the air-gap flux density. So the pole-specific
search coil method absolutely could be used to predict the
dynamic eccentricity. This will be presented in the new work
after developing the test rig.

Obviously as the machine is loaded this approximation
becomes less valid but it can be used to calculate the search
winding voltages. The other flux waves due to higher
winding harmonics can be treated as leakage flux.

D. Impedance Matrix

An impedance matrix can be developed that incorporates
eccentricity and also the pole-specific search windings. As
developed in [30] and [31] it is possible to develop a
coupling impedance matrix.

1)  Condition monitoring
If we focus on the condition monitoring function of the
search coils when the rotor is open circuit, then:
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Similar expressions exist for the (p,+1) linkage

impedances. This is the most basic form of this impedance
matrix. The leakage reactance includes all the end effects,
slot leakage and winding harmonics. It can be further
developed to include unbalanced currents as included in [30].

2)  UMP control

The matrix can be further developed to include additional
winding current and active UMP control. If passive damping
is used, i.e., the windings are short circuited, then
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and Ry, is 2 pole winding resistance. The self-inductances of
the 2-pole and 6-pole windings are almost constant. Also the
mutual inductances between the two windings of each
winding set are zero, because these windings are 2-phase and

(20)

2n

and there are no speed terms.

Developing the UMP detection matrix could be done to
include the rotor current as

vsfph B 1 Zs,s Zs,r
ls ph _ _
vr—ph i " Zr,s Zl‘,V
r=p
a a a
vpm—l — 0 me 1,s me 1r
2 [Z} Tl 78 s
vpmfl O me 1,s me-],r
a 0 a a
vpm+1 me+] s me+1 r
WA 0 ] |7z 7
L pm+l | pm+l,s pm+1,r

0000 |

0000

0000
0000
0000

0000

lr—ph

S O O O

(22)

And similar linkage impedances exist for p,+t1. We can
obtain the UMP as given in [7] where
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Equation matrices (20) and (23) can be combined and
active voltage control used for UMP reduction as in (24); this
can be programmed and will be the focus of further study.

o] (2 Zh 2D 2 2l

ijq ZZ»HS ZZm 1,Cs 0 0 0 _l‘sfph
meq me—l ;0 me—l cs 0 0 imel
v:mﬁ = Z;mﬂs 0 0 ZZ»M cs 0 ifwl

pm+l meﬂs 0 0 0 me+1 cs _~
F, Fo Filpn Fappm R . Faﬂ,pmﬂ _ifmﬂ
R R LT o D o S

III. EXPERIMENTAL RIG AND RESULTS
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A 4 pole wound rotor induction machine was modified as
shown in Fig. 3. Data for this machine are given in Table I
and some data were obtained from simulating the machine in
SPEED software [32].

TABLE I

MACHINE SPECIFICATION

Name plate details

Power [HP] 10 (or 7.46 kW)
Speed [rpm] 1420

Frequency [Hz] 50

Stator voltage [V] 400/440 Delta
Stator rated current [A] 13

Rotor Voltage [V] 200

Rated rotor current [A] 22

Number of Poles 4

Slip [p.u.] 0.0533

Measured geometry [mm]

Axial length rotor core 103.9
Axial length stator core 100.9
Stator outer diameter 353

Stator inner diameter 228.15
Rotor outer diameter 226.42
Shaft diameter 120
Airgap length 0.5

Stator slots 48

Stator slot opening 3.9

Turns per slot 34 in series

Stator wire diameter

1.725 — by calculation from SPEED

Stator winding

Single layer lap with 13 slot pitch

Coils per pole per phase 2

Stator slot depth 26.82

Stator tooth width 8.22

Rotor slot opening 3

Rotor slot depth 22.5

Slot width 3.5

Rotor wire diameter 1.9 mm from SPEED
Turns per coil 6 in series

Coils per phase 12

Rotor connection

Star through 3 slip rings

Measured resistances

Rph stator (DC, cold)

1.82 ohm

Rph rotor (DC, cold)

0.23 ohm

The rotor for this machine was separately mounted on
pedestals that included piezoelectric force transducers; these
allowed the direct measurement of the UMP on each bearing.
As the start of the study, the machine was modified to include
the simple pole-specific search windings as illustrated in Fig.
3(a). These had 6 poles and 2 poles. Fig. 3(b) shows the



mounting of the rotor with the transducers as well as the rotor
slip-rings. Fig. 3(c) shows the clock dials that were used to
measure the eccentricity measurement.

(a) Search coils being fitted: single 6 pole winding; red
coils down top of slots; and blue coils wound round
winding only next to end of core

(c) Variation and measurement of static ecentricity

Fig. 3. Experimental with 4 pole wound rotor machine and additional 2 and
6 pole search windings. Clock guages (c) were used to measure the
eccentricity which was set by moving the stator with respect to the
rotor.

A.  Simple Search Coils

The main winding was originally held in by slot top
wedges. These were removed and the space was used to
insert search windings. The 6-pole search windings consisted
of 24 coils with two turns per coil. The span of each coil was
8 slots and half of the slots had a 6-pole coils side in the slot
top. There were two 2-pole windings in quadrature. These
were formed from 12 coils of one turn and 24 slot pitch. Each
slot had on 2-pole slot side in it. Thinner wedges were made
and used to hold the search windings in as illustrated in Fig
3(a). Centering and setting the eccentricity requires careful
adjustment. During testing, when the rotor was nominally
centered there was about 4 % eccentricity; when there was
nominally 20 % eccentric it was found to be 14 %; and when
there was nominally 40 % eccentricity it was found to be
about 30 % eccentric. This was obtained via measurement of

the UMP and comparison to finite element analysis as
illustrated in [29]. The machine was further modified with a
stator rewound with the same 3-phase 4-pole winding and
incorporation of the 2-pole and 6-pole quadrature search
windings into the slots. This allowed more substantial search
windings to be installed which could carry sufficient current
to damp the UMP. The rewound machine is shown in Fig. 4.
This also shows the measurement system.

Wound Rotor
mduction machine

2 and 6 poles

terminals

(b) Side view

Fig. 4. Instrumentation with rewound stator.

The first set of tests simply had one 6-pole search winding
inserted. The results in Fig. 5(a) show an almost linear
characteristic. The open-circuit (running light) and short
circuit (locked rotor) results are different. The degree of
eccentricity is not precise as discussed above and there is a
degree of eccentricity variation down the axial length of the
machine. The machine was then dismantled and two 2-pole
search windings were inserted on quadrature axes (« and f).
The eccentricity was less in these tests but again there is a
linear characteristic. The short circuit tests were done at 50 V
and, if linearity is assumed, then these results should be four
time less. However, an induction machine demagnetizes as it
is loaded hence the results are less.

In Fig. 5(b) the 2 pole and 6 pole search winding voltages
are given for open circuit operation and these show
approximate linearity. These were initial results and the
method of physically measuring the degree of eccentricity is
still being developed. To test the theory developed above, the



induced voltages in the winding was calculated for a given
phase current and eccentricity. Equations were programmed
in MATLAB.
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Fig. 5. Induced search winding voltages with a variation of eccentricity with
2 and 6 pole search windings.

It can be seen in Fig. 5(b) that the results match the
measured reasonably well given the approximate nature of
the eccentricity measurement. The search windings, if they
are suitably robust with sufficient turns and conductor current
carrying capacity, can be used to control the UMP (hence the
later rewinding). This can be used to reduce bearing wear as
described in [7].

B.  Functional Search Coils

As discussed above, after some initial tests, the stator was
rewound with the same 4-pole 3-phase winding but new six
and two pole search windings were inserted; these were
designed with more turns. They have two phases which were
in quadrature. All the windings were correctly placed in the
slots with suitable wedging. The winding schemes for the
search windings are shown in Fig. 6 and the windings details
are presented in Table II.

TABLE II

WINDING PARAMETERS
Four-pole main winding
Phases 3
Parallal paths 1
Effective turns per slot 34
Connection Star

Resistance (Room Temp.) 1.4 Ohm

Six-pole winding

Phases 2 (in quadrature on a and f axes)
Parallal paths 1

Effective turns per slot 44

Connection Short-Circuit

22.5 Ohm
Two-pole winding

Resistance (Room Temp.)

Phases 2 (in quadrature on o and S axes)
Parallal paths 1

Effective turns per slot 15

Connection Short-Circuit

Resistance (Room Temp.) 14.3 Ohm

Fig. 6. 2-phase search windings: 6-pole search coils, 12 coils per phase, and

44 turns per coil and 2-pole search coils, 12 coils per phase, and 15
turns per coil — one phase of each shown.

In Fig. 7 the new search winding voltages are given for
open circuit operation and locked rotor test, and these again
show approximate linearity. The voltages induced into the 2-
pole and 6-pole coils are nearly identical and this can be
accounted for by addressing the total turns and flux linkage
per pole. The total turns per phase for the 6-pole winding is
528 with a peak flux linkage of @4 so that the flux linkage is
528®4. From (9) and (10) the peak flux densities of the 2
pole and 6 pole flux waves and the frequencies are the same.
Therefore, the flux linkage per pole for the 2 and 6-pole flux
waves are approximately @, = 3@¢. The total turns per phase
for the 2-pole winding is 180 so that the flux linkage is
180d, = 540d¢. Hence, with the same frequency, the induced
open-circuit search winding voltages are almost equal.

The measured and calculated search coil voltages are
compared in Fig. 8. This is with an open-circuit rotor. The
voltages are now much higher than those with the first search
coil arrangements due to the increased number of turns. The
voltages are close and differences will be due to the variation
between the nominal eccentricity setting and actual setting.
The 5% eccentricity setting is probably close to 10% and the
40% eccentricity setting is probably close to 35%



eccentricity. The 2 pole winding is measuring lower voltage
because the machine is designed as a 4 pole machine so the
stator yoke is narrower than an equivalent 2-pole machine;
hence, there would be some finite MMF drop around the
core-back and a lowering of the 2-pole flux. However, the
results appear reasonable.
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Fig. 7. Induced search winding voltages with a variation of eccentricity.

The search windings are now short circuited to produce
effective damper windings. The measured and calculated
damper currents are given in Fig. 9 and appear close given
the issues with setting the degree of eccentricity. The currents
increase rapidly with eccentricity level. The UMP
characteristics are shown Fig. 10; these show the UMP
results with the search coils winding open-circuited so there
is no damping current. These results are compared the UMP
result with the winding short-circuited. These illustrate that
the damper windings significantly damp the UMP at the
synchronous speed but the effect is much reduced when the

rotor is locked. This is because as the slip increases the
machine demagnetizes and the fundamental stator and rotor
MMFs cancel each other. However, the winding harmonics
begin to influence the UMP. This was discussed in [30] and
[31]. The damping effect of the 2 and 6 pole windings are for
the fundamental flux wave therefore it is to be expected that
the UMP damping is much lower under locked rotor
conditions. For a doubly-fed induction generator (DFIG), as
often used in wind turbines, then they will operate between
about s = 0.25 to s = -0.25 [32] under controlled stator and
rotor currents so that the damping windings will be effective
under these conditions.
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Fig. 8. Calculated and measured voltages in the search winding with a
variation of eccentricity.
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Fig. 9. Calculated and measured currents in the search winding with a
variation of eccentricity.

The measured and calculated search coil losses are
compared in Fig. 11. The losses in the 6-pole winding was
more than the 2-pole because it has higher resistor than 2-
pole winding. Obviously, the losses are increasing with
increase of the eccentricity level. It is worthy, using winding
copper losses in detection the eccentricity failure. Using the



matrices in (18) and (20), UMP could be calculated as in Fig.
12.

To evaluate the effectiveness of the Auxiliary Windings
method, the vibration was sensed on the stator frame and on
the bearing housing. The vibration spectra are presented in
Fig. 13. The results exhibited that the amplitude of principal
harmonic in the motor was reduced after shorted the
additional windings. The black circle in the figure was used
to show the reduction in the amplitude.
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Fig. 10. Variation of measured UMP with eccentricity at open circuit test and
locked rotor test.
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Fig. 11. Calculated and measured copper losses in the search winding with a
variation of eccentricity.
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IV. CONCLUSIONS

This paper has developed the theory for calculating the
EMFs induced into pole-specific search coils in a 4-pole
wound rotor induction machine. A rig was constructed that
can measure the search coil voltages and set the rotor in a
non-centered manner. A 4-pole wound rotor induction motor
was adapted to include pole-specific windings with 2 and 6
poles and it was illustrated that monitoring the voltage in
these can be used to assess the rotor eccentricity. However,
the running light (open circuit) and locked rotor tests show
that the search coil voltages are very much a function of
loading. In addition these windings can be used to inject
current to adjust and damp the UMP. A method of
incorporating damper windings in order to reduce the UMP
and, hence, bearing wear has been assessed.

The practical applicability of the research is linked to large
machines with low critical speeds which can be inaccessible,
for example, the doubly-fed induction generator (DFIG)



which is used in many wind turbine generators. Obviously,
There is small level of static eccentricity existing even in
newly manufactured machines due to the method of
manufacturing and assembly. It can result in steady
unbalanced one direction UMP. The paper also developed
impedance matrices for both condition monitoring and UMP
calculation and further work will be to program the control
matrix and compare to experimental measurement when
active UMP control is used.
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