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Abstract

This thesis reports on an investigation into the unbalanced magnetic pull (UMP) in a wound
rotor induction machine due to static rotor eccentricity. Wound rotor induction machines are
commonly used in wind turbines as doubly-fed induction generators (DFIGs). It is important
to maintain them in good working order and operational. There can be substantial bearing wear
in these machines due to their almost continuous operation, and it is important to maintain low
bearing wear of these machines in order to maintain good operation. These machines can have
high maintenance costs since they are located in remote locations and in the nacelle of the wind
turbine. When the rotor becomes eccentric (non-centred) bearing wear is increased and the
maintenance requirement increases. It has been illustrated that the UMP is higher per unit in a

wound rotor induction machine compared to the cage induction machine equivalent.

In this study, a new measurement rig is developed in order to measure UMP. The methods for
calculating UMP and splitting UMP and torque forces are addressed in this thesis. Furthermore,
a new method for minimizing UMP is also introduced by using damper windings. Different
tests and calculations are presented in this thesis. The understanding of the radial forces
involved in producing UMP in a wound rotor induction machine is addressed. There is little

literature on UMP in a wound rotor induction machine.
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Chapter 1: Introduction

1.1. Background of the Study

The electrical machine produces both tangential and radial electromagnetic forces on the
surfaces of the rotor and stator in the air gap. The rotating torque is produced by tangential
electromagnetic forces when the rotor of the machine is exactly centred and the net radial
electromagnetic force on the rotor is zero. Most electrical machines work with some degree of
rotor eccentricity since the axes of the stator and rotor rarely correspond to each other. This
can be due to wear of bearings, bending in the rotor shalt, tolerances in manufacturing and

many other manufacturing influences.

The imbalance in the electromagnetic forces on the stator and the rotor produces a net radial
force on the rotor if the stator bore axis does not match with the axis of the rotor. There will
obviously be an equal and opposite force on the stator. The electromagnetic force acting on the
rotor depends on the degree of movement of the rotor axis away from the stator axis. This is
called rotor eccentricity. The total force is the sum of the forces acting on the rotor surface
around the air gap and this varies in an irregular manner when there is a net force. This net
force pulls the rotor even further out of alignment and is known as Unbalanced Magnetic Pull
(UMP). Further increase in eccentricity and UMP may cause damages to the machine in

motion.

Rotor eccentricity is expressed in different ways, but usually it is defined in terms of either
static eccentricity or dynamic eccentricity. If the radial motion of eccentric rotor remains
stationary with the stator, and the rotor still rotates on its own axis, it is called static eccentricity
and results in a steady pull force towards the point of minimum air gap. When the rotor still
rotates on stator centre but is not rotating on its own axis this is said to be dynamic eccentricity,
and results in the rotating UMP force vector. Static eccentricity can be caused by a misaligned
or worn bearing whilst dynamic eccentricity can be caused by a bent shaft. Both conditions can
be caused by general manufacturing and assembly variations and can exist together. Most
studies that attempt to model this problem assume that the eccentricity is constant down the
axial length of the machine but this is an approximation to the real situation and axial variation

of eccentricity is investigated in this study.

Normal analysis techniques usually ignore the tangential force on the rotor surface and only

consider the normal force. The analyses then usually assume the normal force is produced only
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by the flux crossing the air gap in a radial direction. If a harmonic air gap flux wave technique
is used to analyse the UMP then it can be shown that the UMP is produces by two flux waves
existing in the air gap which have pole-pairs differing by one. Hence, for a 4-pole machine, as
investigated here, rotor eccentricity produces a 2-pole flux wave and a 6-pole flux wave, and

these to flux waves interact with the 4-pole main flux to produce UMP.

Along with UMP in the machine, there are different factors which influence in the mechanical
wear and aging in an electrical machine, speed and performance. Rotor eccentricity can
produce uneven current distribution in parallel windings in a machine and these can lead to

localized hot spots in some coils with winding degradation and failure.

In recent years, induction machines have been used in wind turbine systems as generators.
There are two types of induction machine: (a) squirrel cage induction machines and (b) wound
rotor induction machines. Both machines have stator structures which similar to alternating
current synchronous generators, and these consist of a hollow cylinder of laminated sheet steel
with punched longitudinal slots. A Magneto-Motive Force (MMF) wave is produced in the air
gap when a polyphase winding (invariably a 3-phase winding in larger machines) is placed in

the slots and connected to a suitable ac supply.

A wound rotor induction machines rotor is similar to that of squirrel cage induction machine.
The only difference is that short circuited squirrel cage winding is replaced by a three phase
insulated winding in a similar manner to the stator. The winding of the rotor is usually wye
connected and accessed via external slip rings on the shaft. Traditionally, the purpose of slip
rings is to provide external additional resistance to each phase of the rotor to improve the
starting characteristic of the motor. There were also ways to recover the energy dissipated in
the resistors via schemes called slip-energy recovery schemes. However, the concept of the
slip-energy recovery has now been extended to allow generation at sub-synchronous speeds by
injecting power into the rotor at slip frequency via the rings, with the power coming from the
grid via back-to-back 3-phase inverters. At super-synchronous speeds power exits the rotor via
the slip rings. In this way the machine can now be used as a generator with wide speed range
and a partially rated inverters system, with most of the power still flowing from the grid-
connected stator windings. This had led to a renaissance in the use of wound rotor induction

machines.

However, Dorrell [56] did show that wound rotor machines do have higher UMP compared to

their cage rotor equivalents and given the remote locations of many wind turbines and difficult
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access to the generator at the top of the turbine tower in a nacelle, it is highly advantageous to
be able to calculate the UMP in a machine and also search for methods to minimize the UMP.
Any calculation methods needs to be validated experimentally. To this end, the main aim of
this study was to set up a test bed for the measurement of UMP in a wound field induction

machine and initiate the study of the use of auxiliary windings for reducing UMP.
1.2. Research Problem

A rotating moment about the axis of the induction machine is created if the rotor of the machine
is mechanically centred within the stator and slotting effects are neglected. A net radial force
created due to change in position of the rotor at this unstable point pulls the rotor further out of

alignment; this force is known as unbalanced magnetic pull (UMP).

This thesis is aimed at studying of UMP, and also the reduction of the UMP, in a wound rotor
induction machine. When the rotor position in a stator is not in centre of the stator bore or there
is the presence of some other asymmetric rotational magnetic flux in the air gap of a machine
then there is a cause of UMP in the machine. UMP increases wear on bearings and plays a role
in shortening the life of a machine, or reducing maintenance periods of the machine. In extreme
cases it can cause failures. Moreover it also affects the support structures of rotor and stator
since it can also lead to vibration, especially when the eccentricity is of the dynamic form where
the force vector is rotating. Usually UMP is the effect of rotor eccentricity; either static
eccentricity and dynamic eccentricity or possibly a function of both. The process of assembling
and manufacturing motor may result in air gap eccentricity. The manufacturing tolerances of
the stator bore and centring of the bearings can cause static eccentricity as already stated. The
wearing and incorrect positioning of bearings results in excessive UMP. When the rotor moves
its position from the stator centre but still rotates on stator centre, i.e., it does not rotate on its
own centre, is said to be dynamic eccentricity. These both eccentricities can exist at the same
time. The normal causes of the dynamic eccentricity is a bent shaft, manufacturing tolerances
and incorrect manufacturing. Incorrect manufacture is less likely to produce this situation.
Rotor whirl at a critical speed can also produce dynamic eccentricity although this may not be
synchronous with the rotor [68]. The non-centred position of rotor in a stator or the presence
of unsymmetrical magnetic flux in the air gap causes unbalanced magnetic pull (UMP) in a
machine. This affects the motor in terms of maintaining good performance and causes bearing

wear.
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1.3. Objectives

Induction machines are widely used as generators in wind turbines as already discussed. It is
important to maintain good operation and low bearing wear of these machines. The radial
forces and vibrational behaviour of the rotor results in unbalanced magnetic pull in the machine
and these are key factors in producing excessive bearing wearing and required increased
maintenance. The main objective of this research is to calculate and measure the unbalanced
magnetic pull in the machine caused by static rotor eccentricity (which is probably the most
common form of eccentricity) and to develop methods to minimize the UMP. In the case of
static eccentricity the radial air gap length is fixed and is caused by the incorrect positioning of
rotor or stator at the time of manufacturing or by the ovality of stator core. The occurrence of
static eccentricity is because of rotor centric axis is displaced from the stator axis but remains
stationary with respect to the stator. The permeance harmonic method is used to analytically

calculate the UMP.

This research put forwards the methodology to reduce UMP in machine by introducing damper
windings in the machine. Moreover, the method of positioning rotor in different eccentricities

is also proposed to observe the minimization effect of UMP in the machine.

The main work in this thesis concerns the UMP measurement rig however analysis is put
forward to enable further study elsewhere and the use of UMP damper windings are discussed.
The machine studied here requires rewinding in order to have damper windings with sufficient
MMEF to control the UMP and was thus deemed to be outside the scope of the project in terms
of experimental study. However, pole-specific search coils were fitted in order to detect rotor

eccentricity and this is reported on.
1.4. Organization of the Thesis

This thesis is structured as follows:

Chapter One: This chapter provide an introduction to the research and the main objectives

behind this research.

Chapter Two: A literature survey of UMP in rotating electrical machines is presented. This

chapter aims to review UMP analysis and measurement methods.
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Chapter Three: An analysis method for calculation of the machine UMP is presented in here.
The determination of machine slip, torque, permanence and air gap length is presented in this
chapter. Furthermore, the method of coupling impedance is used to calculate the UMP using

additional pole windings in the machine.

Chapter Four: This chapter provides a methodology for the measurement of the UMP and
also proposed a method for minimizing UMP in a wound rotor induction machine. The results
obtained from the proposed methods are discussed here. A study for the detection of rotor

eccentricity is also put forward in this chapter and initial results are given.

Chapter Five: This chapter presents a conclusion and summary of the thesis and some

potential future work for this research.
1.5. Publication Arising Directly from the Master Research

This work has contributed to three technical papers:

1. D. G. Dorrell, and O. Kayani. "Measurement and Calculation of Unbalanced Magnetic Pull
in Wound Rotor Induction Machine." Trans. on Magnetics, IEEE Vol. 50, no. 11, Nov.
2014

Abstract: This paper addresses the measurement and calculation of unbalanced magnetic pull (UMP) in
a wound rotor induction machine. A new rig for measuring UMP is presented. To the authors’ knowledge
this type of rig has not been tested before. The paper details the force calculation method and a method for
splitting the UMP and torque. Wound rotor induction machines are now popular as generators in wind
turbines. It is important to maintain good operation and low bearing wear, and the UMP in these machines
is higher than the cage-rotor equivalent because the cage damps the UMP. There is little literature on the

UMP in a wound rotor machine.

2. D. G. Dorrell, O. Kayani and A. Salah, “The detection and suppression of Unbalanced
Magnetic Pull in Wound Rotor Induction Motors Using Pole-Specific Search Coils and
Auxiliary Windings,” to be presented at [EEE ECCE Conference, Montreal, Sept 2015.

Abstract: In large induction machines (such as large cage induction motor pumps in the petro-chemical
industry and cage or wound-rotor induction generators in wind turbines) reliability and longevity is
advantageous. This is particularly relevant to wind turbine generators which can be inaccessible. There
will be some degree of tolerance and wear that will lead to low-level rotor eccentricity. For a pm-pole pair
machine there will be pn=xl pole pair flux waves set up by the eccentricity which will generate unbalanced
magnetic pull (UMP), as well as additional higher space harmonics. This paper addresses the use of stator
damper windings to reduce the side-band flux waves and hence attenuate the UMP. Examples are put
forward in terms of a 10 pole cage-rotor machine with static or dynamic rotor eccentricity and then

extended to use a 4 pole machine wound-rotor machine. A tested analytical model is developed to include
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these damper windings and the wound rotor; they are shown to reduce the UMP, particularly in a wound-
rotor machine. The simulations here are in terms of a wound-rotor machine but this can be extended for

DFIG operation.
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Chapter 2: Literature Review and Research

2.1. Literature Review

The research on unbalanced magnetic pull emerged in 1918 through a publication on the work
carried out to determine UMP [1]. Rosenberg worked on “critical induction” in machines and
tried to investigate whether it results in higher unbalanced magnetic pull in machines than any
other induction machines [2]. He also tried to evaluate UMP by calculating the air gap flux
imbalance using B-H curves. His paper also describes UMP effect as a basis on the critical

speed in machine designs.

Electromagnetic forces due to rotor eccentricity have been extensively studied using analytical
methods. UMP in synchronous and induction machines due to static eccentricity was studied
analytically by Robinson 1943 [3]. A set of linear equations was presented to calculate the
UMP for eccentricities up to 10 % of the average air gap length. Crawford puts forward the
consideration of slot combinations, windings, rotor assemblies, critical speeds, and vibration
problems. The methods to calculate the vibratory forces and acoustic noise have all been

investigated in relation to air gap eccentricity and unbalanced magnetic pull [4].

A study of UMP was performed on machines having series windings in conditions of light load
by Covo [5]. He tried to understand the fluctuating behaviour of eccentric forces on machines

and calculated UMP more precisely.

In [6], Summers put forward on extensive study on 2-pole A.C machines and theorized UMP
using rotating field components. He came up with a theory that twice-line-frequency vibrations
are produced with static eccentricity caused by deformations in motor and twice-running
frequency vibrations are produced due to imbalances and irregularities in rotor causing
dynamic UMP. The twice-slip-frequency beat vibrations are generated as a reaction of static
and dynamic eccentricity UMP in these 2-pole A.C machines. The work was followed by
Robinson [7], who found the existence of line frequency vibrations using mechanical
resonance. Further work was carried out by Jordan [8] in 1967 and Rai [9] in 1974. Evidence
of rotor eccentricity causing noise in a machine was documented by Ellison and Moore [10].
The UMP can be reduced by the use of parallel windings and this was modelled in [3], [ 11],
and [12].
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The dependence of the machine pole number on the damping of the rotating magnetic field in
a rotor cage were observed by Schuisky [13] in 1971. The air gap permeance modulates the
MMF wave which consists of sinusoidal wave series and a constant component. This work
explains the presence of the magnetic field harmonics in a machine. The occurrence of
homopolar flux was identified in two pole motors. This flux crosses the air gap and returns
through the bearings, shaft and casing [14]. In [15] a study did contrast the variation between
a two pole machine and a machine with more than two poles and concluded that the two pole
motor was a special case. [16] — [ 18] further studied two pole induction motors and investigated

UMP and homopolar flux in them.

Belmans [19] stated that there occurs a linkage between homopolar flux and UMP in a machine
with static eccentricity. His work showed that a UMP with twice supply frequency is produced

by the generation of homopolar flux.

The emission of acoustic noise as a result of radial vibrating field theory in a two pole single
phase induction motor was studied by [20]. This presented the effects on the vibration and
noise caused by static and dynamic eccentricities due to homopolar flux in an induction motor.
It was noticed that a number of low frequency radial forces in a motor were caused by
homopolar flux. [21] reported on further analysis of the noise and vibrations in machines. [22]

puts forward work on UMP which is applicable to different pole number machines.

In 1983 [23], Williamson came up with an analysis technique based on the study of machines
using generalised harmonic analysis [23]. This method was earlier used to identify rotor cage
end-rings, inter-rings and stator windings fault by Williamsons and Smith in 1982 [24].
Williamson and Mirzoin in 1985 [25], Williamson and Abdel-Magied in 1987 [26] and
Williamson and Adams in 1989 [27] also used this idea in their research to identify faults in a
motor. This method determines of coupling impedences, which links various circuits with

current flowing to any windings with applied voltages in the machines.

Swan presented a technique of conformal transformation to study induction motors in 1963
[28]. The method of generalised harmonic analysis along with the method of conformal
transformation were used on induction motors with parallel stator windings to compute UMP
by Dorrell and Smith in 1994 [29]. An approach to the study of UMP in a machine using earlier
approaches was presented by Smith and Dorrell in 1996 [30]. The divergence in the direction
of UMP from the direction of rotor eccentricity due to parallel stator windings was noted in

their studies together with the generation of twice supply frequency vibration.
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A model for the magnetic fields in the air gap of an electrical machine using permeance
harmonic analysis was presented by Heller and Joke in 1969 [31]. Further work was carried
out by Vandeuelde and Melkebeet in 1994 [32] to identify the integrated effects of rotor
saturation, eccentricity and slotting in the analysis of the magnetic field using permeance
harmonic analysis. A procedure to investigate the EMFs in induction machines with the rotor
rotating at variable frequencies using the permeance harmonic theory was developed by
Friichtenicht et al. in 1982 [33]. Winding variables were utilized to model the winding
distribution in order to calculate the MMF in induction machines by Stavrou and Penmare in
2001 [34]. Berman, 1993 [35], studied the effects of connection equalization in induction
machine stator windings with dynamic and static rotor eccentricities using permeance harmonic

analysis. They proposed an effective method to calculate MMF.

To observe and study the currents and inductances in a machine, WFA (Winding Function
Approach) has been used in several different publications [36]-[39]. WFA was first presented
and used in [40]. The linear behaviour with increasing MMF in the motor slots and the effects
of rotor bar skewing was studied in [41]. He also investigated the effect on machine inductance.
Further investigations on machines using this approach were developed by [42]. A modified
approach was developed in [42] and named MWFA (Modified Winding Function Approach).
Further work was conducted in [43] to [46]. Using machines with dynamic eccentricity, another
study of the MMF in the slots and rotor skew was published in [47]. Bassio et al. 2004 gave a

new method for the study of machines with dynamic and static eccentricity in [48].

UMP was noted as being linear with rotor eccentricity in switched reluctance machine by
Garrigan et al. [49]. However, a reduction in UMP was also noted when there was a reduction
in air gap in the saturation region. This is because when the air gap is small, the steel saturates,
so any additional increase in flux is difficult. Their study concluded that the windings,

connected in parallel played a vital role in reduction of UMP in the machine.

Brushless permanent magnet motors with levitation force and main windings were investigated
using rotating field theory by Dorrell et al. (2003) [50]. They put forward a mathematical
method to calculate the radial force using the theory on eccentric permanent magnet rotors.
Their results matched well the simulation results. A conformal transformation technique
presented by Swann 1963 [28] was utilized by Li et al. [51] in 2007 for a permanent magnet

machine in order to determine the magnetic field in the air gap.
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An increase in the UMP when a cage machine was loaded from no load was observed by
Dorrell in 1995, and Dorrell in 1996 [52][53]. The machine has static eccentricity. The
calculated and measured results matched well. Work was carried out on UMP reduction by
Dorrell 1999 in [54] where the factors of parallel stator, rotor windings connections and
variable frequency operations where investigated. Non uniform eccentricity, where the
eccentricity changes down the axial length of the machine, was studies uning rotating field-

theory by Dorrell 2000 [55].

An analysis was developed to calculate UMP using stator currents, rotor currents, damper
currents and flux waves in [56]. A wound rotor model was developed which included stator
damper windings. The assumption was made that the damper windings had little effect on
torque, even when there was rotor eccentricity. It was shown that the damper windings had
little effect in a cage induction motor but it was shown that they are more effective in wound
rotor induction machines. A number of recent papers, e.g., [57] and [58], addressed UMP but
few of them actually measure UMP. A method for measuring UMP by load cells was proposed
in [59], but it had disadvantages: the amount of eccentricity did not remain constant as force is
exerted, and a radial movement in eccentricity was noticed. A method for measurement of
UMP was put forward in [60]. Piezoelectric transducers were used and the rotor and stator
mounted separately. The stator was mounted on plate and rotor was mounted separately on

pedestals. This method was quite effective.

A finite element analysis (FEA) was carried out for induction motor with open circuit and short
circuit test and results recorded [61] and this gave details of the machine used here. A new test
rig was setup to measure UMP of an induction motor under short circuit rotor and open circuit
rotor [62] and this study is the basis for this thesis. The analytical results from [61] and [62]
were analysed using condition monitoring methods [63], [65]. UMP varies with load and
voltage in an induction motor and [66] studied this. The method of adding damper windings to

machine has been proposed by different researchers [56], [67], and [68].
2.2. Research Development

The measurement and calculation of unbalanced magnetic pull in a wound rotor induction
machine is still in need of further investigation; there is still little literature on the topic. There
is extensive study of the cage induction machine in terms of UMP, including experimental

measurement, but there is little research on the wound rotor induction machine. This
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necessitates the measurement and development of methods for the reduction of UMP in order

to maintain its performance since the maintenance cost of these machines is relatively high.

Harmonic winding analysis together with the air gap permeance harmonic method are use
together here in order to put forward a method for calculating the UMP. Static eccentricity is
used because this is likely to be the most common form or eccentricity and also it is more

straightforward to put into the experimental rig.

Transducers are used to measure forces acting between the stator and rotor. They were
integrated into the rotor mountings. Moving the stator horizontally, and also shimming
vertically allowed the rotor to be centred and the UMP minimized. From here the rotor could
be moved to put eccentricity into the machine in a controlled and measured way. The machine
was a 4-pole machine so that additional 2-pole and 6-pole search windings were installed into
the machine in spaces left by the removal of slot wedges. These allowed an eccentricity
detection method to be investigated and they were also investigated to see if they could provide
sufficient MMF to control the UMP. The former investigation proved successful with
eccentricity easily detected with the pole-specific search coils. The latter investigation did

prove unsuccessful.
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Chapter 3: Analysis of Machine

Induction machines are extensively used as generators in the wind turbines. These machines,
when in wound rotor form, operate at speeds both above and below the synchronous speed
even when generating. Cage induction machines use a variable frequency inverter to vary the
synchronous speed so that they can always operate super-synchronous and hence generate. The
stator structures of both types of machine are similar, usually with distributed 3-phas windings.
When a voltage source is connected to the windings, a magneto motive force (MMF) wave is
produced in the air gap when the current flows. The rotor structures are also similar to each
other but the short circuited squirrel cage winding is replaced by a three phase insulated
distributed winding in wound rotor machine and this winding is accessed via slip rings. The
rotor windings are wye connected and attached to three slip rings. These slip rings are further

connected to the graphite brushes to provide access to rotor windings as shown in Fig. 3.1.

In this section some fundamental theory of an induction machine will be put forward in terms
of defining the slip and developing expressions for the torque from the equivalent circuit. After

this more specific analysis is developed in relation to machine operation with an eccentric rotor.

Rotor
Slip-rings

Stator

Figure 3.1: Rig including slip rings and graphite brushes.
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3.1. Machine Slip

Induction machine operate at a speed slightly lower than synchronous speed 7, when operating
as a motor and just above the synchronous speed when generating. When operating as a DFIG,
where voltages are applied to the wound rotor circuit, the machine can operate well below and
above the synchronous speed. It is important to calculate the slip of the induction motor which

is defined by

s=—"—= p.u (3.1)

where n_ is the synchronous speed and 7, is the mechanical speed of the rotor.

The synchronous speed of an induction machine is dependent on the machine pole number and

the frequency of the supply to the machine. It can be expressed as:

LY p— (3.2)
p

where f, is the electrical frequency of the supply and p is the machine pole-pairs. For

determining frequency of the fundamental rotor frequency £ (the slip frequency) the slip and

supply frequency are used:
f.=sf, Hz (3.3)

This relationship shows that the rotor frequency as a product of slip and electrical frequency

and that the rotor frequency varies with slip with constant supply frequency.
3.2. Torque

The DFIG machine is a wound rotor induction machine where both the stator and rotor are
supplied separately. The stator is grid connected and the rotor is connected to an inverter to
generate voltage sets of different slip frequencies. A rotor magnetic field is established due to
rotor currents and it reacts with the stator magnetic field which results in torque. The torque
magnitude is determined by angular displacement and by the magnitude of the product of both
the fields. The maximum torque occurs when the vectors are in quadrature to each other as
shown in Fig. 3.2. When a balanced 3-phase source in fed to the stator winding, stator flux is

generated with a constant magnitude and it rotates with a synchronous speed. In this state, with
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a rotor open-circuit, there is a no current flow and there is no production of rotor field ‘?r SO

no torque is produced. When the rotor is short circuited so that the stator flux induces rotor

EMFs, or the rotor is connected to a separate slip-frequency supply, current flows in the rotor

and produces rotor magnetic flux ‘T‘,, . This flux rotates at the same mechanical speed of the

stator flux ‘i’s . The torque produced by interaction of two fields is

To j¥ -V, =¥V,

sinf  Nm (3.4)

A N b—stator generator field ¥'s
Y.

/
TTTTTTTTY T T "
' S N
" L]
i L]
LR B L L L L L L L L L h . LB L R L L] -l

O v[
Rotor generator field ¥r

=

O

Figure 3.2: Magnetic pole system generated by currents in the stator and rotor windings.

These flux waves rotate at the same synchronous speed with respect to stationary state. The
turning of rotor may be asynchronous but the rotational speed of rotor flux is same as the

rotational speed of stator flux. The mechanical torque is related to the power absorbed by

resistance component R, (l—s) in the per-phase equivalent circuit (Fig. 3.3) and also, if the

machine is a wound rotor machine in a DFIG arrangement, the difference between the actual
slip-frequency power from the rotor inverter and the power apparently flowing into the rotor
in the equivalent circuit from V.. When the rotor is shorted, the mechanical power is calculated

from
P, =3if [—I_SJ& W (3.5)
s

where

R, = stator winding resistance
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L = stator leakage reactance
R = rotor winding resistance
L, = rotor leakage reactance
L, = magnetizing reactance

sk is the effective stator : rotor turns ratio

s 1s the slip of the motor.

Rs La ' Lr Rr R, 1—5

Figure 3.3: Equivalent circuit

Fig. 3.4 shows a simplified equivalent circuit with winding resistances and leakage inductances
neglects and the machine phasor diagram which illustrates that for optimal conditions for

torque production, the magnetizing flux is normal to the phasor of rotor current and flux.

s L

(1-—s)
s

.'Pm l-lll

¥
.

Figure 3.4: Simplified Equivalent circuit

Using the simplified circuit in Fig. 3.4 the mechanical torque is expressed using
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P=Tw

1-s\ R
T;nech :3 |i}{ |2( Sj_r Nm
S [0

m

where
T = motor torque
wy, 1s the mechanical rotational velocity.

The mechanical rotational velocity is obtained from

@, l-s
O
After simplification:
(1-5)o,
w, = rpm
p

Substituting (3.10) in (3.8), we get:

/ / <2 p/
T =310 P[ 28] — R _gpyp R 3PILTR gy
S (I—S

mech — r

The stator generated flux is expressed as

¥ =Li Wb
./ R/
Y =L =%S =% Wb
il| R,

Replacing ——in Eq. 3.11 gives
SO

s

Tmech = 3ple Nm

./
lr

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)
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The above expression shows that the magnitude of rotor current i and the generated stator flux

¥, control the torque Tecr if both vectors are maintained as in Fig. 3.4.

To obtain the desired torque in a DFIG the rotor currents are regulated in such a way that its
magnitude and the magnitude of stator flux act normal to each other but one is rotated by 180
deg electrical so that the torque is now negative. The generation of stator flux magnitude and

the physical position of the rotor control the torque in a DFIG.
3.3. Air Gap Length

In this section a thorough derivation of the expression for the air gap length is given when the
rotor is eccentric. This is then inverted to obtain an expression for the air gap permeance. This

is done for completeness of the analysis.

There is an air gap between stator and rotor which plays an important role on the performance
of the machine. The power factor, magnetising current, noise, cooling and overload capacity
are greatly affected by air gap length. Induction machine are designed taking into consideration
the air gap length for the performance of motor. In order to analyse the air gap length in a

machine consider the stator and rotor as cylinders as shown in Fig. 3.5.

AY

(x,y) Stator

i /

Rotor

Figure 3.5: rotor and stator positioning

The equation of a circle, which can be used to represent the rotor which is offset a distance D

from the origin is
(D+x)*+y’ =R’ (3.15)
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D represents the difference between the stator and rotor centres. Expanding the Eq. 3.15

D* +2Dx+x"+y* =R’ (3.16)
Rearranging Eq. 3.16

x’+y*=R*>-2Dx-D’ (3.17)
According to the Pythagoras theorem

X +yt =z (3.18)
Substituting Eq. 3.18 in Eq. 3.17

z2=R’-2Dx-D’ (3.19)
Since x =z cos@, using trigonometric equations and substituting in Eq. 3.19 we get

2 +2Dz cos@ =R’ -D’ (3.20)

By rearranging we get:

2" +2Dzcos@+D’ cos’ @ =R> —D* + D’ cos” 0 (3.21)
(z+Dcosf)’ = R’ —D’ (1- cos’ 0) (3.22)
D2

(z+Dcos)’ =R’ {1 _F(l — cos’ 6’) } (3.23)

D2
(z+Dcosf) = R, \/I_F(l_ cos’ 6) (3.24)

D2
(z+Dcos) = R,\/1+ s (cos20-1) (3.25)
Since (l—cos2 6?) = —%(cos 20-1) (3.26)

And D<<R
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DZ
J1+ E (cos20-1) =1 (3.27)

7

Therefore z+Dcos@=R z+D cos@=R, (3.28)

z=R —D cos@ (3.29)

The radial distance between rotor and stator g is assumed to be g = z — R *so that

g=R —DcosO—R (3.30)
g=R —R —Dcos0 (3.31)
Since D=dg, (3.32)
Then g=g,(1-dcosf) [m] (3.33)

where,
d = degree of rotor offset [p.u.]

D = difference between the stator and rotor centres [m]
g, = effective air gap length when the rotor is concentric [m]

The above expression represents the air gap in between stator and rotor of the machine with
static rotor eccentricity, as shown in Figure 3.3. The air gap length can be calculated using Eq.

3.33. This equation is expressed in axial (x) and circumferential (y) direction.
g(x, ) =g, (1-d(x) cos(ky —¢(x))) [m] (3.34)
In exponential form using Euler’s formula for a cosine

ix —ix

+
cos(x) =2 2e (3.35)
Eq.3.34 can be expressed as
gx =g, (1 it (2’“) (140 =400 )) (3.36)

31



Rotor Position at Mon Drive End [NDE) i Rotor Position at Drive End (DE)

Figure 3.6: DE and NDE Eccentricity

Now as the motor have Drive End (DE) and Non Drive End (NDE) so,

d J(kv=¢pr) +d J(kv— i)
gy =g, | 1-03] PN e (1) ] (337)
+dDE (x)e*](k)’*%E) +dNDE (x)e_J(ky_ dvor)

This has to be inverted to obtain an expression for the inversion.

3.4. Permeance

The presence of rotor slots, stator slots, eccentricity of, and dissymmetric in, stator and rotor,

and magnetic saturation results in pemeance wave of air gap. It is the inverse of air gap length.

P:%g (3.38)

Eq. 3.33 is used to determine air gap in between the stator and rotor of the motor, and

substituting in 3.38, and assuming there is axial variation of the static eccentricity at each end

1 _ !
i /g(x,y) g, (1-d(x,y)cos0)

(3.39)

This becomes
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1

P(x,y) = = ‘ . (3.40)
g(x,») o dyy (X)) wd, (x) e/ o)
gav Y. . .
+dDE (x)e_A/(ky_¢DE) +dNDE (x)e*/(ky* ¢w)[;)
So that
0 X ej(ky_¢DE)+8 x ef(ky*%'ng)
Pr,y)=—— =L |1 o (%) , e (%) | [m]  (3.41)
g(‘xﬂy) gav +6DE (x eij(kyiqﬁDE) +8NDE ()C)eij(kyi%"DE)

" 5 ) (LS, +2x) d 5. (%) (Lst —Zx)
where X)=| —— an x)=| — 2
o 2 dDE l’st wE 2 dNDE Lst

This gives a general expression for the air gap eccentricity where it varies at each end. The

axial x = 0 position is assumed to be at the axial centre of the machine.
3.5. Unbalanced Magnetic Pull

For determining the UMP, we need to calculate the current in stator and rotor windings. Using
the coupling impedance method (shown later), the air gap flux density is divided into a
harmonic series of waves rotating with different pole numbers in either direction. In the
harmonic Fourier series of the surface current distributions, currents and positioning of the
stator and rotor coils are required. This series is based on both time and space components. The
complex Fourier analysis of the machine is used to obtain the conductor density distribution
expression in terms of harmonic series. Complex Fourier analysis takes in account the
magnitude and positioning of the conductors on the surface of stator and rotor.

In Fig. 3.7, a linearized machine surface is considered with x axial direction variation, y is the
tangential direction variation and z is the radial direction variation. In this frame a coil with ¢
turns is located. Fig. 3.7 shows the position of this single coil on the stator. The complex Fourier

series can be expressed as

o0

n(y)=> (E"e’j""y) (3.42)

with
yl+bs C y2+bs C
c'= [ —e™dy— [ —e™dy (3.43)
', b o, b
by S Yo—bg S
where
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¢ = number of coil turns
b, = slot opening

y = variation in tangential direction

air-gap

ZT -c conductors +c conductors
' /Vz | /

Statar

Figure 3.7: Position of coil on stator

Eq. 3.43 in exponential form is

2zr
E" — j i(ef”kyl _e/"kyz )dy
0 bs

n
¢ = ks ¢ (e./”ky _e.f”k,VZ)
2y

where k" =n" harmonic stator slot opening factor which is defined as

sin (nk% )
K= —— 2

) nkb—s

2
1
where k=-—
r

r = average air gap radius,

b, = stator slot opening.

(3.44)

(3.45)

(3.46)
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For a set of series connected coils Eq. 3.34 can be expressed as
n(y)=2 Ne™ (3.47)

where 7 is the harmonic number = 1, 3, 5, etc. and

N’ =2L k'C e (3.48)
wr w=1

C, is the number of conductors in w slot and k? is the slot opening factor which is close to

unity and can initially be set to unity. The winding current is defined by
i,(t)=Re| I.e™ | (3.49)

The current density on surface is therefore

Jo(3:1) =R{ > (M) )} (3.50)

This is also known as the MMF wave on the surface. The stator MMF wave is

Jo(:1) =R{ Y (Wezete )} (3.51)

n=—0

The rotor conductor distribution is also obtained similar manner to stator

J. (:1) =Re{ i (N7 )} (3.52)

Nn=—00

The rotor with conductors can be represented similar to stator as shown in Figure 3.7. The

conductor distribution will be

00

n(v)=2 (M) (3.53)
_ n jnky
where ke (3.54)
2mr

and the rotor slot opening factor is
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_ sin(nk)

k" 3.55
- (3.55)
where /= number of loop.
y = tangential direction variation.
k = average gap radius.
The flux density due to current distribution can be calculated using Ampere’s law as
J(»t
b(y,z)=j ( ).dy (3.56)
g(»)
b(y,f)=Re Y Bme/ ) (3.57)
The electric field can be calculated from
db ( v, t)
e(y,t)= d 3.58
(1) =] all (3.58)

This is also known as the air gap EMF wave. When the machine is in the state of static
eccentricity in the direction of displacement the normal stresses in the air gap can be expressed

by Maxwell stress.

RACRRACR)
2u,

o (3.59)

n

where n indicates normal component and ¢ indicates tangential component. The normal

component of the flux density can be obtained from

b, (3.1)= gé‘;) (jj(y,t).dy+c) (3.60)

where o is the permeance of free space. At no load the tangential component b, (y,7) is

relatively small compared to b, ( y,t) and is neglected so that

o o) (3.61)

n 2#0
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Since the air gap flux density b, (y,¢) is a function of MMF and total permeance P and is a

function of rotor position with respect to time. Then air gap flux b, ( y.t) is

. M .
b =u P dy =—">—— ,t)d :
n(y’t) Il’to J-.]x(y’t) y gav(l_acose) _[]x(y t) y (3 62)

So Maxwell stress becomes

o jjx<y,r)dy]
G:(gw (1—6cost9) (3.63)

2ug

Solving Eq. 3.63 further we get

w ([, (y,t)a’y)2

B g, (1- 8cos0)2 x2u,

(v Sz

o= . (3.65)
2(nkg,,) (1- 6cos0)

(3.64)

Using the Maxwell stress, the force components in the x and y directions can be calculated from

2
F,=[orL cos0do (3.66)
0
- 2
. ﬂo[ Re{ > ( T /) )D
= — rL cos0dO (3.67)

and

2
F = j orL sin0do (3.68)
0

2 /uo( { ( ]_ o) )}J
F = j - rL sin0do (3.69)

o 2(nkgav)2(1 dcosd)’
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where » = Mean air gap radius.
L = Axial length of the stator.

The equations help in the understanding and calculation of the UMP in the machine. It can be
seen in the denominator that there is a (1 — & cos ) term inside the integral. Even when worked

through it can be seen that the UMP is approximately proportional the degree of eccentricity.
3.6. Addition of 2 pole and 6 pole Windings

The Machine is modified with the addition of 2 pole and 6 pole windings located in space at
the top of the slots. This space was obtained by the remove for slot wedges. The machine is old
and the windings was ridged so that these could be removed. This was done to assess a method
for measuring the eccentricity and also to the UMP in the machine taking axial variation in the
eccentricity into account. These two pole and six pole windings are introduced as shown in Fig.
3.9. There was one 6-pole winding and also two 2-pole windings in quadrature. The winding
diagram of these 2-pole and 6 pole search windings are shown in Appendices C and D
respectively. The machine specification is given in Appendix A and the main windings given

in Appendix B.

—

R

Figure 3.9: 2-pole and 6-pole search winding
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In a machine, a series of the flux waves contribute to the production of UMP in the motor. For
the generation of additional air gap flux waves, permeance modulation due to eccentricity is
utilized to produce a rotating electric field in the air gap with the correct pole number to induce
voltages in the pole-specific search windings. In this instance, for the 4-pole winding, voltages
are induced in the 2-pole and 6-pole search windings. If the windings with more turns and
MMEF capacity were used for the search coils then they can be short circuited and the induced
voltage generate current. This current will set up air gap flux waves too and these will oppose
the voltage-inducing flux waves, i.e., they will damp the UMP. This is similar the effect of

using parallel windings.

For determining additional air gap flux waves in motor the MMF equation (Eq. 3.53) is used.

o0

J.(n:t)=Re Y [ NI/ | (3.70)

n=—w
where N7 =J!

Substituting in Eq. 3.70
Jo(pt)=Re Y Jre ) 3.71)

Using the identity a = exp( J 2%) for a balanced 3 phase current, then

J! =N!(1+a"" +d"™" )1 (3.72)

s

J!=N!(1+a"" +a"™" ), =3N!T |, s, (3.73)

S

For a machine pole-pair number p,,, Eq. 3.71 is modified to

js (y,t) —Re i jsnej(wzfnpmky) (3.74)

n=—o0o

Moditying Eq. 3.48, stator winding coefficient of single phase winding is obtained

_ s 4
N! =§ZkSCwe~’""mkyw (3.75)

w=l
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As we know k =% substituting in Eq. 3.75

_ [t A
N" ZEZknge’”’”"’ky‘“ (3.76)
w=l1

Where p, = pole pair number of the machine
N,, = Number of slot where the winding is located
C,, = Number of conductors in w' slot

Using Eq. 3.46, the slot opening factor &, can expressed as

P 2sin(0.5n p, kb,)

N

3.77
np,kb, 77

The flux density in the stator due to current distribution is calculated using Ampere’s law as in

Eq. 3.56. Eq. 3.73 is substituted in Eq. 3.56 and modified to get the mathematical expression.

b, (x..t)= . (Ai’y)fjs (v.t)dy (3.78)

Ampere’s circuital law can be applied using the equation
b,(x,3,0 = A, (6 )| [ 1,0y +C | (3.79)

This leads to

b.(x,y,/)=Re z [E;wmej(wtfnpmky) n E:!p,fl (x)ej(wtfk(np,,rl)y) +Esnpm+1 (x)e/(wtfk(npmﬂ)y):' (3.80)

n=—0

Eq. 3.80 expresses the air gap flux distribution and shows the additional flux waves where

Dnp, + ‘/’l __yn S . .
o = T and B (x) = k;#gwé (x) represent flux density magnitudes.

In the similar manner Eq. 3.57, this can be used to calculate the EMFs in the additional

windings. Substituting Eq. 3.77 in Eq. 3.58 we get the stator EMFs:
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e (x,y,z)szdy (3.81)

dt
e, (x,p,1) =Er*! (x) e/l ) (3.82)
_— _Enpmil X _ a)jn _
where E"(x)=—* W) _ ke, 5(x) (3.83)

k(p, 1) Kp,(p.t1)g,

For obtaining expressions for induced EMFs in these windings, the following expressions are
used which are modified according to each pole pair number which has two windings in o and

B axes quadrature.

l% 2xr
Epy(@B)=Re | [ =" (x,p0)n" (y)dydx (3.84)
—Is/ 0
4
%an
iyl B)=Re [ [ =" (x,y,t)n"  (y)dvdx (3.85)
,% 0
where n;l); (y)=N :H)la A (3.86)
n’m (y) = jN /PR (3.87)
(h+)p (h+)p
n (y) =N (3.88)
and n™ ! (v)=jN" e/ (3.89)

(m

where N”»*! is defined using Eq. 3.76

(h+1)

p S ]7 +l)kyw
(/+1) o 272.},. z w(h+1) (390)
And oLy kC S 3.91
n () _27”,. - s“o(h1) € ( . )

where /h = search coil numbers

41



Ignoring the winding harmonics in the motor, so with n =1, air gap flux is represented as

follows using Eq. 3.80

bs (x’ v, Z) ~ (Efm ej(wt—Pmky) + Espm—l (x)ej(w]t—k(Pm—l)y) + Eflwl (x)ej(wzt—k(pmﬂ)y) ) (3 .92)

For the DE and NDE of the machine as shown in Fig. 2.5, B{""*” (x) is applied to both DE and

NDE in order to calculate the UMP from Eq.3.60 so that

2
b, (x, y,t)
o, =
2,
( B/ @) | Bl (1) oI @k D) | Bt () gl @itk (aD) )2
o, = : : (3.93)

24

And Force for x and y components is calculated by
2r
F = IUS rLcos@d6
0

27 (Espm ej(wtfpmky) + Espnﬂ (x)ej(wlt*k(pmfl)y) + Espml (x)e]'(ﬂ’zt*k(ﬁmﬂ)ﬁ

E=]

2
) rL.cos@do (3.94)
0 2/”0

2z
F,= Ias rLsin 8d @
0

27 (Espm ej(wtfpmky) + Espwl (x)ej(w]tfk(pmfl)y) + Espwl (x)ej(wztfk(pmﬂ)y)

r=]

0 2”0

2
) rLsin0do (3.95)

3.7. UMP Attenuation by Additional Windings

The main purpose of this test is to measure the attenuation on UMP caused by the MMFs in
the search windings which can be utilized as damper windings if they have sufficient turns and
MMF capacity. They are short circuited or even additional voltage can be injected. The use of
these damper windings has been used elsewhere. In terms of condition monitoring of the open
circuit search coils winding (voltage), or short circuit damper winding (current), it does appear

to be a straight forward method of detecting machine functional faults and the maintenance
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costs are reduced due to at early stages detection. This helps in minimizing the chances of

motor failure in plants.

In the past extensive work was carried out for the detection of faults using condition
monitoring. Hwang et al. [69] mentioned flux monitoring as an accurate and reliable techniques
for acquiring information on the electrical machine condition. A set of equations is put forward
in [70], [71] that inspect the relationships between the air gap flux, stator current, air gap
eccentricity and vibration signal. Search coils were included at the rear of the machine to
determine the eccentricity and rotor bar faults on the basis of measurement of leakage flux in
[72]. The main purpose of using the leakage flux measurement is its ease of implementation.
In [73], Verma et al. presented work and stated that the change of the air gap flux density is a
function of static eccentricity. The utilization of special flux sensors for condition monitoring
of electrical drives was presented by Frosini et al. [74]. Placement of search coils under the
wedges of stator winding of a motor is done in order to measure the actual magnetic flux was
used in [75]. The same methodology of placing search coils under the wedges of stator
windings in a machine is used in our experiment to detect the winding voltages. For this

purpose the development of an independence matrix is required.
V=Zi (3.96)

Where V'is the induced voltage, Z as an impedance and [ is the induced current in the windings.
In order to simplify the analysis then the machine is assumed to have an open circuit rotor and

running light. Eq (3.96) can be written in the form of matrix as:

ve =1 Z] (3.97)

o o o O
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Vo th,ph 0000 _iph_
v;‘m_l Z;‘m_l’ph 0000y
B _| 78
Vit | = %pm_l’ph 0000 8 (3.98)
vaJrl Z§m+l,ph O O 0 O
s =5 0
_vpm+1_ _me+1,ph O O 0 O__ -
where Z oo = R ¥ X ttage + I X g (3.99)

and j X can be abstracted from the following simplification using the expression for EMF:

% 2xr
En@=Re [ [ —e (x,y,6)n" (y)dydx (3.100)
,% 0
where el (x,y,t)=E" (x)e‘i(wt_k(p”’)y) (3.101)

_Es”pm (x) _ _j/’loa)‘Tsn

EP(x)= = : 3.102

(%) e Cpig. (3.102)

n (y)=(N)e m* (3.103)

and J!'=3N'T| (3.104)

It is relatively straightforward to extend the analysis to include the rotor current, and this will
be the focus of future work. Substitute Eq. (3.104) in Eq. (3.102), Eq. (3.102) in Eq. (3.101),
and Eq. (3.101) and Eq. (3.103) into Eq. (3.104). After simplification we obtain:

&, (t)=Re| jXT ™ | (3.105)
And the value of

3L, N, [ 1\
X:M(N:t) (3.106)

Kp.g.,
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which is X and is known as the magnetizing reactance. The other two factors: tooth MMF
and core back MMF in Eq. (3.99), can be neglected depending on the design and manufacture

of the machine. In a similar manner the expressions for other impedances are obtained from

G e e U
Zy =] = Z@i?ﬁ; 5 (mean)( NG )) (3.108)
ze = 5 ;:‘(l;‘:ijlv)lg 5 (mean)( Nz, ) (3.109)
2= k3;j/(l;f,:L+S]1v);gav 5 (mean) (V21 (3.110)

For control of UMP additional winding currents are introduced into Eq. (3.98), then

— - 2 [ ﬂ a /5' ar.
Vph th,ph th pm—1 th pm—1 th pm+1 th pm+l1 (lph
O Z;lm 1,ph ZZm 1,ph 0 0 0 iZm—l
O = me—l,ph 0 me 1,ph O 0 ifm—l (3 1 1 1)
0 Z§m+],ph O 0 ZZln+1 ph 0 iZm-H
0 = .

- - _meﬂ,ph O 0 0 meﬂ ph | _lfmﬂ

If the windings are shortened then

a . ”ﬂoa)LsN;I 1

Z = J (mean N/ 3.112
o = o 1) (N ) (3.112)

= .y oL N = = 1

zr = 0= s §(mean)( jN/" 3.113
o (g (53) G
a . ”ﬂOQ)LsN;1 +

Z = S (mean)( N2 3.114
ph,pm+1 =J k3pm (pm + l)g ( )( h+1) ) ( )

T wL N g

z" 0" s §(mean N” 3.115

o = (o (%5:5) G

UMP can also be obtained in the similar manners as expressed
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lph
104
lpm—l

a B a B
Fa _ Fmph Fa,pm—l Fa,pm—l Fa,pm+1 Fa,pm+1 iﬁ
F FD( Fﬁ Fa Fﬁ pm—1 (3116)

B.ph B.pm=1 = B.pm=1 = B,pm+1 = B,pm+l .o

lpm+1

B
_lpm+1 i

This outlines the method that can be used to damp and control the UMP through axillary
windings. The specific search windings fitted to the machine have too few turns and are of thin
wire so that the MMF is insufficient to affect the UMP. This was tested by injection of DC
currents into both the main winding (5 A) and search coils (0.5 A). There was no detectable

change in UMP.

However, there was good EMFs induced into these windings when the rotor was eccentric and

this is studied later in the next chapter.
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Chapter 4: Methodology and Experiment

4.1. Machine and Settings

For calculating the UMP, a new test rig is developed. A 4-pole wound rotor induction machine
was utilized for this purpose. These machines are commonly used in wind turbine systems as
generators. This machine is also known as Doubly Fed Induction Generator (DFIG) as both
stator and rotor are separately connected to power supplies. The insulated winding of rotor of
this machine is connected to external slips rings on the shaft via a WYE connection. The main

specification in given in Appendix A and the winding diagram is shown in Appendix B

The main purpose of the slip rings is to provide resistance to rotor windings in series on starting
for this particular machine. The main purpose of this resistance is to reduce starting current and

increase torque in the state of rotor since it is a motor. The test rig is shown in Fig. 4.1.

Slip-rings

Metal plate

Figure 4.1: 4 Pole wound rotor induction machine
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The machine rotor was set on a pair of metal plates and bolted tightly with the base to reduce
the vibrations due to the motion of rotor. These metal plates support the rotor bearings of the
Non Drive End (NDE) and drive End (DE). Within these rotor support structures are the piezo-
electric force transducers which measure the UMP forces. The machine supports are shown in

Figs. 4.2 and 4.3.

Figure 4.2: NDE of the motor
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Figure 4.3: DE of the motor

The rotor of the motor is separately mounted on the plates which are helpful in positioning of
the rotor and setting of air gap between rotor and stator during the experiment. This is shown

clearly in Figs. 4.2 and 4.3.

A set of two transducers are mounted at each end of the rotor mounting on top of the metal
plates as shown in Fig. 4.4. These transducers are used to measure the UMP and there are four

of these in total.

Figure 4.4: Transducers
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Figure 4.5: Analyser

The radial forces that are generated are due to the UMP of the motor. For displaying the

measured forces these transducers are connected to digital analyser, as shown in Figure 4.5.

For measuring the height and the air gap between the rotor and stator, clock gauges are used

for this purpose.

The parameters of the motor are given in the Appendix A.
4.2. Transducers

Transducers are used to measure the active force regardless of point of action. A set of 4 sensors
are used to measure forces in the experiment and each transducer consists of a 3-component

force sensor which measures the force introduced through the top plate.

A pair of 3 quartz plates is used to measure the forces in the x, y and z directions. In each
sensor, positive and negative charge appear at the connections depending upon the direction of
force applied. Positive charge gives negative voltage at the output of the charge amplifies and

vice versa. Fig. 4.6 shows 3 component force sensors in each of the sensor.
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Figure 4.6: Component force Sensor

These sensors are connected to a summing box through integrated 3 wire cables. They are

mounted under the metal plate on which the motor is mounted. Fig. 4.6 shows the placement

of sensors on the test bed.

The summing box is connected to a multichannel change amplifier for measuring
multicomponent force. It works on piezoelectric measurement concept, where sensors covert
mechanical quantities into an electric charge. From the Fig. 4.7, it can be seen that the sensors

are placed in parallel to measure the entire acting force.
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Figure 4.7: Sensors position

The eight channel charge amplifier calculates the forces on each channel as follows

Channel 1 = Fyi+2 4.1
Channel 2 = Fx3+4 (4.2)
Channel 3 = Fyj+4 (4.3)
Channel 4 = Fyo+3 (4.4)
Channel 5 =F, 4.5)
Channel 6 =F» (4.6)
Channel 7=F» 4.7)
Channel 8 = F4 (4.8)

To formulate calculations following expressions are used:

Fx = Fxi+2 + Fx3+4 (49)
Fy=Fy1+4 + Fx43 (4.10)
F,=Fa+Fao+Fs+Fu (411)

The experimental work is carried out to determine UMP in the machine and to reduce the UMP
using different techniques of moving rotor eccentricity by changing rotor eccentricity in the

DE and NDE. Only the x and z components are needed since the z measures the axial thrust.
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4.3. Measurement of UMP

A 4 pole wound rotor induction machine is utilized to perform the experiments. This machine
is set on a pair of metal plates and is bolted tightly with the plates bolted with the base; the
reason of bolting it tightly with the base is to reduce vibrations in the machine in running

condition. These both plates are set on the sides of the machine as shown in Figs. 4.7 and 4.8.

Figure 4.7: 1% side of machine.
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Figure 4.8: 2" side of machine.

The rotor of the machine is separately mounted on plates, which helps in adjusting the height
of the rotor with respect to the stator. This is dine using shims. The end of the machine with
sliprings and carbon brushes is named as Non-Drive End (NDE) and the end with machine with
the drive shaft is named as Drive End (DE). The piezoelectric transducers are set under the
metal plates mounting rotor on DE and NDE, as shown in Fig. 4.4. The machine is then excited

and the connection of machine with an autotransformer as shown in Appendix E.

These transducers are used to measure UMP forces acting on the machine in the running state
and are capable of measuring forces in the x, y and z directions. The forces are measured as
follows Fxi2, Fz1 and F,; for the DE and Fx34, Fz3 and F,4 for the NDE. There are 3 channels for
each end. Defining the distance between the vertices of the shaft axis to the centre of
transducers as x and the length of the shaft axis from the height of transducers as y as shown

in Fig. 4.9.
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Figure 4.9: Test motor cofiguration

Then the vertical forces can be defined as:
Fp=F i+ Fy+ Fi+ F, (4.12)

Considering the point of meeting where vertices from the shaft meet the horizontal line between

the transducers, we can equate x and z in order to calculate the net x direction force:

Fo=Fy+ I, (4.13)
Since the z direction forces are tangential to x direction forces, then

F., = tan(0)F, (4.14)
From Fig. 4.9 it can be seen that.

tanf = X/, (4.15)

So Eq. 4.14 becomes
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Fg= %/(F;I_F;Z _Fz3+Fz4) (4.16)

The open circuit (running light test) and short circuit (locked rotor test) are performed to
measure UMP of the machine. Under load conditions (locked rotor) UMP and torque exists
together at the same time and can be separated depending on locking bar whether it is blocked

against the rotor mounting and stator bed.

The torque expression is
T =Fdsin@ (4.17)
T =F, sin(0)+F, sin(0)+(F, —F, )cos(0)+(F., —F,)cos(8)  (4.18)

While running a torque transducers can be used to separate torque and UMP in the machine.
The normal air gap in an induction motors is usually small which makes it difficult to set and

measure eccentricity.

The rotor and stator of the machine were not at the same height. In order to bring rotor and
stator heights into alignment, the rotor mountings were shimmed with thin metal plates. These
shim plates were measured to be 0.35 mm using Vernier callipers. Adjusting the height of the
rotor also sets the air gap between rotor and stator. The air gap between the stator and rotor
was measured using clock gauges. This is a trial and error method used after the rotor was
nominally centred. This was done my minimizing the UMP of the machine. The air gap was
continuously measured using clock gauges. When setting the centre positon, a number of trial

fittings was done until it was nominally centred with an air gap length of 0.55 mm.

The motor is tested under open circuit test and short circuit test to obtain the UMP.
4.3.1. Open Circuit Test

The rotor of the motor is mounted on the shaft and the centre line of the shaft does not coincide
with the centre of the mass. A centrifugal forces is produced when the shaft rotates and this
force bends the shaft towards the centre of eccentricity of the mass. This causes the initial
eccentricity of the rotor in a machine. The rotor was nominally centred with a 0.55mm air gap.
By the help of shims to level the rotor, it was found that the rotor had 4% (0.04 x 0.55 =
0.022mm) eccentric at the start of the test which makes rotor centred with 0.57 mm air gap.

The machine was then excited and forces are tabulated in Table 4.1. The force was measured
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at different voltages from 0 to 240V using an autotransformer. The rotor was open-circuit and

this is effectively equivalent to the running light test in a cage induction motor.

Table 4.1: Rotor nominally centred.

\% I FX12 FX34 FY14 FY23 F71 F72 FZ3 F74 eFZ
50 0.754 3 5 0 0 1 -3 -4 2 -4

100 1.4 16 21 -1 3 6 -15 -18 11 -16
150 2.1 36 47 -2 6 15 -34 -39 24 -34
200 2.9 57 74 -1 10 25 -53 -62 38 -52
240 3.78 62 77 -2 12 31 -60 -65 42 -52

The rotor was then moved from 4 % eccentricity to 20 % eccentric position (nominal); the

eccentricity was found to be 14 %. The forces were again tabulated with voltage variation as

shown in Table 4.2.
Table 4.2: 20 % eccentric position of rotor.
\% I FX12 FX34 FY14 FY23 F71 F72 FZ3 F74 eFZ
50 0.714 -17 -18 2 -2 -13 10 9 -15 -9
100 1.36 -74 =72 2 -1 -57 42 38 -56 -33
150 2.05 -166 -163 5 -3 -130 94 86 -129 -79
200 2.83 -250 -244 5 0 -195 140 131 -195 -119
240 3.66 -265 -260 8 2 -204 148 140 -204 -120
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Now the rotor is moved to the 40 % eccentricity position and it was found to be 30% eccentric.

The results are tabulated in Table 4.3.

Table 4.3: 30 % eccentric position of the rotor.

\% I FX12 FX34 FY14 FY23 F71 F72 F73 Fz4 eFZ
50 0. 683 -39 -40 2 -2 -27 24 24 -28 -7

100 1.31 -165 -170 8 -8 -119 105 102 -123 -35
150 1.96 -362 -360 6 -6 -260 228 218 -262 -76
200 | 2.791 -530 -525 3 -1 -384 332 317 -381 -116
240 3.7 -570 -560 4 2 -410 354 345 -410 -121

These measured forces were then matched with the results obtained using Finite Element

Analysis (FEA). This was done to adjust the position from the approximate nominal positions

set with the clock gauges. It was found that measured UMP was nearly matched with the FEA

results as shown in Figure 4.10.
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Figure 4.10: Open circuit UMP measurement results.

These results show that an increase in UMP occurs as voltage increases. This is verified with
the theory of the machine when voltage is applied to the rotor displacements it gives rise to
UMP. However, as the voltage approaches the rated value of the machine then it levels out as

the core starts to saturate.
4.3.2. Short Circuit Test:

The rotor bar is locked using a locking bar as shown in Figure 4.11 to perform the experiment.
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Figure 4.11: rotor with locking bar.

The machine was then excited and several results were obtained when rotor was short circuited
at the slip rings. These measured results again matched well the simulated analytical results.
For the skewed analytical simulation, the measured UMP is significantly higher than the un-
skewed simulations at all eccentricities. The skew increases the UMP as discussed in [64].
There is an axial saturation and damping effect on UMP due to the skew on the rotor. The flux
levels will change along the axial length since the phase angle between the stator and rotor flux

waves will vary down the axial length of the machine [66].
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Figure 4.12: Short circuit locked rotor UMP measurements.

When the machine was tested rotor with a locking bar, torque was obtained by measurements.
Torque was extracted from the force measurements when rotor was locked with a locking bar
against the stator bed. The test was performed with V), = 48 V and line current ljine = 11.1 A
and 11.85 A simulated. The torque was 5.1 Nm measured and 4 Nm simulated. It was found
that the correlation reasonable for a locked rotor test. This torque can be difficult to predict and

the difference is probably partly due to the skew which increases the effective rotor resistance.

The tests were also performed with changing rotor positions at the DE and NDE. First the rotor
position was changed at the DE to 40 % eccentricity with the NDE kept at nominally centred
eccentricity. It was repeated again with the NDE position changed to 40 % eccentricity and the
DE kept nominally centred. It was found the changed position end had higher force acting on

it in both cases as shown in Figure 4.13.

The net force on the rotor in this test is no longer at the axial centre as one end of the rotor is
not centred. The end with eccentricity will experience more force than the end which is centred
positioned. This was also performed with open circuit light running test and the results are

shown in Figure 4.16.
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Figure 4.13: Effects of axial variation of eccentricity on the UMP.

Table 4.4: NDE moved 40 % while DE centred.

\% I FX12 FX34 FY14 FY23 F71 F72 FZ73 F74 eFZ
50 0.719 36 33 3 -2 27 =22 221 25 9
100 1.36 150 137 12 -6 111 91 -84 103 39
150 2.046 326 305 19 -6 240 -200 -187 237 90
200 2.897 482 457 28 -5 360 -297 -273 349 139
240 3.82 524 493 41 -7 392 -321 -301 370 140
Table 4.5: DE moved 40 % while NDE centred.

\Y% | FX12 FX34 FY14 FY23 F71 F72 FZ3 F74 eFZ
50 0.708 34 37 0 0 24 -21 -24 28 7
100 1.35 144 154 4 1 106 -89 -97 115 35
150 2.05 320 346 4 7 235 -199 =217 258 77
200 2.9 473 507 8 13 351 -294 -316 380 121
240 3.85 509 543 15 16 374 -321 -339 406 120
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Figure 4.14: NDE moved 40% while DE centred.
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Figure 4.15: DE moved 40% while NDE centred.
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Figure 4.16: Axial variation of eccentricity.
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From the results it is clear that as the voltage keeps on increasing, the UMP also increases.
Although a linear behaviour is seen in the UMP when the DE is centred and the NDE is

eccentric, and when the NDE is centred and the DE is eccentric
4.4. 2 Pole and 6 Pole Search Winding

The motor was modified with different types of search coil. It was modified with 6-pole and 2-

pole specific search windings as shown in Fig. 4.17.

Figure 4.17: 2 pole and 6 pole Winding

The rotor of the machine was refitted as previously and mounted on pedestals that includes
piezo-electric force transducers to measure direct UMP on each bearing. The motor was tested

again with open circuit, and rotor short circuit with locked rotor.

Initially only the 6-pole search winding (as shown in Appendix D) was implemented and tested.
The motor was then tested with varying eccentricities (40 %, 60 % and 5 %) and the voltage in
the 6 pole winding was measured. Table 4.6 presents the results that were obtained from the

open circuit and short circuit tests.
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Table 4.6: Short circuit and open circuit with 6 pole winding.

Centred 0.55 mm airgap

Short Circuit (50V, 4.2 A)

6-pole V | FX12 FX34 FY14 FY23 F71 F72 F73 F74
Read 1 456mV -9 -2 -1 0 0 4 2 3
Read2 | 456mV -5 -2 -1 0 0 4 3 3

Open Circuit (200V, 0.93 A)

6-pole V | FX12 FX34 FY14 FY23 F71 F72 F73 F74
Read 1 1.6V -10 -1 1 1 27 28 28 34
Read 2 1.6V -10 -1 2 1 28 28 28 34

At 0.4 mm min airgap eccentricity (40 %)

Short Circuit (S50V, 4 A)

6-poleV | FX12 | FX34 | FYl4 | FY23 | FZ1 FZ2 FZ3 | F74
Read 1 | 576mV 6 11 2 2 -10 16 13 -6
Read2 | 568mV 6 12 -1 1 -10 16 14 -6

Open Circuit (200V,0.91 A)

6-pole V | FX12 FX34 FY14 FY23 F71 Fz2 FZ3 F74

Read 1 3.36V 100 102 2 5 -51 116 114 -40

Read 2 3.36V 103 104 2 4 -52 118 116 -42

At 0.2 mm min air gap eccentricity (60 %)

Short Circuit (50V, 4 A)

6-pole V | FX12 FX34 FY14 FY23 F71 Fz2 FZ3 F74

Read 1 1.48V 55 68 -2 3 -48 60 60 -47

Read 2 1.48V 63 64 -1 3 -48 61 58 -42

Open Circuit (200V, 0.78 A)

6-pole V | FX12 FX34 FY14 FY23 F71 F72 F73 F74

Read 1 10.2V 290 370 55 -28 -194 280 329 -242

Read 2 10.2V 300 356 32 -11 -199 276 317 =227

The Figure 4.18 shows the characteristics of the UMP as it varies with eccentricity. There is a
degree of eccentricity variation down the axial length of machine and the degree of eccentricity

is not precise.
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Figure 4.18: 6 pole results with open circuit and locked rotor.

For further experiments, the machine was dismantled and 2-pole search windings were inserted
(as shown in Appendix C) on quadrature axes (a and f). The results show linear characteristics.
The eccentricity was less in this test. The short circuit test was done at 50 V and if linearity is
assumed, then these results should be four times less but the induction motor demagnetizes as
it is loaded and results in UMP. The open circuit test voltages for the 2-poles windings are
shown in Fig. 4.19. It can been seen that it has a linear characteristic. The voltages for 2-pole
winding are higher. The 2 pole voltages should be scaled by 3/2 with respect to the 6-pole
voltages when considering the number of search winding turns and the analysis in the previosu
chapter. This approximately holds. The voltages in the 2-pole windings were investigated and

found to be 90 degrees out of phase. This is expected.
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Figure 4.19: 2 pole winding tests.

The results in Tables 4.7 to 4.12 show results from non-uniform eccentricity in the machine.
The test started with 40 % eccentricity at one end and the rotor is then moved one end at time
to reduce the eccentricity. As average eccentricity is reduced, the UMP and search coil voltages
are also reduced. This illustrates that even with non-constant eccentricity, the search coil
detection methods can be used to predict eccentricity. The search coils were open circuit and
the voltages measured. They were also shorted and a current was induced into them. Fig 4.26

gives the raw UMP data for farces ate each end of the machine.

From the comparison between UMP with different rotor eccentricities in Fig. 4.27 it is clearly
noticed that the UMP of the machine reduces with the rotor eccentricity pattern that is followed.

This evaluates that eccentricity plays a vital role in the reduction of UMP in the machine.

Similarly Fig. 4.28 is a comparison between the voltages of the search coil windings and the
UMP of the machine. When following the same pattern of the rotor eccentricities, the results

are in a descending order of voltages in the search coil windings.
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These results provides evidence for the relationship between the UMP with the voltages in the
search coil windings. The UMP in the machine decreases with the fall in the voltages of the

search coil windings with the changing eccentricities in the rotor.

Stator

40%eccentricity

QD
e

Figure 4.20: DE 40 % Eccentric

Table 4.7: DE 40 % Eccentric

Short Circuit (50 V, 3.5 A)

2-pole | 2-pole | 6-pole | ovoh | px34 | FY14 | FY23 | FZ1 | FZ2 | Fz3 | ¥z4
Va2 Vi A%
R‘“iad 1.8mV | 1.3V | 880mV | -50 21 5 -5 37 -36 -46 34

(A2 =14 mA, Al = 11 mA)

Read 2 after short circuited 2-pole windings, and the Ammeter reading 23 mA

-47 -20 -5 -4 28 -32 -36 24

Read 3 after shorting 2-pole windings at 121.19 V, 9.5 A with current 74 mA (A2=45 mA , A1=51 mA)

-269 -105 20 -21 171 -230 -235 174

Open Circuit (200 V, 0.902 A)

2-pole | 2-pole | 6-pole

FX12 | FX34 | FY14 | FY23 | FZ1 | FZ72 FZ3 F74
V2 Vi \4
Reiad 46V | 56V | 5V | <131 | 45 9 13| 101 | -106 | -106 | 102
Read 2 after short circuited 2-pole windings, and the Ammeter reading 82 mA ( A2=42 mA, A1=37
mA)
-141 -55 12 -9 102 | -104 -111 104
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Figure 4.21: NDE 40 % Eccentric

Table 4.8: NDE 40 % Eccentric.

Short Circuit (50 V, 3.5 A)

2-pole | 2-pole | 6-pole | oyyn | px34 | Fy14 | FY23 | FZ1 | ¥Z22 | FZ3 | ¥z4
V2 Vi \%
Read | 680 1.16V | 1.12V | 39 14 -6 4 41 24 20 | -33
1 mV
(A2=4 mA, Al= 16 mA)
Read 2 after short circuited 2-pole windings, and the Ammeter reading 14 mA
35 13 -5 5 43 22 2 | -31

Read 3 after shorting 2-pole windings at 124 V, 9.91 A with current 35 mA (A2=32 mA , A1=14 mA)

193 69 -16 12 -194 97 101 | -170
Open Circuit (200 V, 0.908 A)
2-pole | 2-pole | 6-pole | py iy | px34 | FYI4 | FY23 | FZ1 | FZ2 | ¥Z3 | Fz4
V2 Vi \%

Relad 352V | 52V | 44V | 105 | 36 | -12 | 11 | 99 | 60 55 | 93
Read 2 after short circuited 2-pole windings, and the Ammeter reading 85 mA ( A2=63 mA, A1=52
mA)

81 30 -8 10 -90 42 41 -83
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Figure 4.22: NDE 20 % Eccentric

Table 4.9: NDE 20 % Eccentric.

city

Short Circuit (50 V,3.51 A)

2-pole | 2-pole | 6-pole | vy | px34 | FYI4 | FY23 | FZ1 | FZ2 | FZ3 | FZ4
V2 Vi \%
R‘iad 780mV | 540mV | 480 mV | 8 1 5 3 16 | 6 2 11
(A2=7 mA, A1=3 mA)
Read 2 after short circuited 2-pole windings, and the Ammeter reading 10 mA
0 -11 1 2 -8

7

2 -1

Read 3 after shorting 2-pole windings at 125.5 'V, 9.62 A with current 35 mA (A2=23 mA , A1=9 mA)

39 12 -2 3 -47 -4 2 -42
Open Circuit (200 V,0 .92 A)
2-pole | 2-pole | 6-pole | oy | px34 | FY14 | FY23 | FZ1 | FZ2 | FZ3 | FZ4
V2 Vi \%
R‘;ad 144V | 144V | 12V | 24 7 2 3 34 | 6 3 25
Read 2 after short circuited 2-pole windings, and the Ammeter reading 14 mA ( A2=14 mA, A1=10
mA)
19 6 -2 3 -32 5 2 -22
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Figure 4.23: DE 20 % Eccentric

Table 4.10: DE 20 % Eccentric.

Short Circuit (50 V, 3.52 A)
2-pole | 2-pole | 6-pole | FX1 | pyay | py14 | FY23 | FZ1 | FZ2 | FZ3 | Fz4
V2 Vi \% 2
Read | 1.10m | 720m
312mV | -12 -6 -2 -4 0 -6 -6 1
1 A% \Y%
(A2=5mA, A1=3 mA)
Read 2 after short circuited 2-pole windings, and the Ammeter reading 10 mA
-11 -5 3 -3 3 -11 -8 2
Read 3 after shorting 2 pole windings at 123 V, 9.7 A with current 39 mA (A2=20 mA , A1=15 mA)
37 -20 -1 0 13 -55 -57 20
Open Circuit (200 V, 0.92 A)
FX1
2-pole | 2-pole | 6-pole FX34 | FY14 | FY23 | FZ1 | FZ2 | FZ3 | FZ4
V2 Vi \% 2
Read
. 1.56V | 1.12V 1.1V -18 -9 1 -1 1 -25 -26 8
Read 2 after short circuited 2-pole windings, and the Ammeter reading 22 mA ( A2=16 mA, A1=9 mA)
-20 11 1 0 2 -24 -30 11
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Table 4.11: DE 5 % Eccentric.

Short Circuit (50 V, 3.51 A)

2-pole | 2-pole | 6-pole | FX1 | pvsy | py1a | Fv23 | Fz1 | Fz2 | Fz3 | Fz4
V2 Vi \% 2
Read | 960m | 500m
624mV 17 6 1 0 -19 5 10 -19
1 A% v
(A2=5mA, A1=2 mA)
Read 2 after short circuited 2 pole windings, and the Ammeter reading 8 mA
15 6 0 1 -20 8 8 -16
Read 3 after shorting 2 pole windings at 121.33V,9.55A with current 24 mA (A2=25 mA , A1=9 mA)
71 26 -2 3 =70 21 32 =70
Open Circuit (200 V, 0.909 A)
2-pole | 2-pole | 6-pole | FX1 | pyay | py14 | Fv23 | Fz1 | F2z2 | Fz3 | Fz4
V2 Vi v 2
R‘iad 1.84V | 216V | 2V | 49 | 16 2 3 56| 20 20 | -41
Read 2 after short circuited 2 pole windings, and the Ammeter reading 32 mA ( A2=19 mA, A1=21
mA)
44 14 -3 3 -44 18 19 -41
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Table 4.12: NDE 5 % Eccentric.

Short Circuit (50 V, 3.52 A)

2-pole | 2-pole | 6-pole

FX12 | FX34 | FY14 | FY23 | FZ1 FZ72 FZ3 F74
V2 Vi \%

Read | 5060y | 700mv | 384mv | -3 q 2 5 q | s | 1

(A2=7mA, Al=2mA)

Read 2 after short circuited 2 pole windings, and the Ammeter reading 7mA

-3 -1 3 0 0 -1 -2 0

Read 3 after shorting 2 pole windings at 122.7 V, 9.7 A with current 52 mA (A2=32 mA , A1=20 mA)

5 3 4 4 14 | 30 | 22 | -1l

Open Circuit (200 V, 0.925 A)

2-pole | 2-pole | 6-pole | ov» | px34 | FY14 | FY23 | FZ1 | ¥FZ2 | ¥Z3 | Fz4

V2 Vi \%

R‘iad 136V | 760mV | 760mV | 49 16 | =2 3| 56 | 20 | 20 | -41
Read 2 after short circuited 2 pole windings, and the Ammeter reading 18 mA (A2=13 mA, A1=8
mA)

3 0 2 1 -15 -8 -9 -8
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Figure 4.26: Results of Different rotor eccentricities as the rotor is moved.
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Figure 4.28: Comparison of voltage with different rotor eccentricities.
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4.5. DC Testing

The test was performed by inducing DC into the 2- and 6-pole search coils in order to note the
UMP. The search windings were supplied with 0.5 A current and the attenuation of UMP was
tried to be noted. It showed a small change in the UMP and this was expected because the search
coils have a low current rating and few turns. The induced current was of about correct rating
of the wire used in search coils .This was not successful because the MMF is too low to make
UMP attenuation effective. To produce additional Unbalanced Magnetic Pull, the windings need
to have many more turns with ability to carry higher loading to be effective. For the above test,

the induced voltages can be found using

_ .
pa  _ i 3muoLN, g(mean)( N ) T, (4.19)

pm-lph — J Kp, (pm _l)gav (sC-1)

a _ 3 ﬂﬂosttN:t N AT Dyt -
Vot on = p (pm +1)gav 5(mean)(N(SC+l)) 1, (4.20)
In the similar manner the equations for Vpi ~1p, and Vpljn +1,p, Can also be expressed.
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Chapter 5: Conclusions and Future Work

This research work has developed techniques for measuring UMP in wound rotor induction
machines and studied methods to reduce UMP. The results showed correlated with previous
simulations of the machine. Open circuit and locked rotor conditions were implemented in

order to achieve the results. These are standard tests for an induction machine.

From the experimental results, it is clearly indicated that the effect of UMP is affected by
different rotor eccentricities, and with different axial variations of the eccentricity. The addition
of 2- and 6-pole search windings also play a role in the detection and reduction of UMP. These
search windings along with main windings were tested on different rotor eccentricities and the
results proved successful in terms of detecting the eccentricity. Further work is needed to
rewind the machine and test the damping capabilities of the damper windings. The voltages in
the 2- and 6-pole specific windings were observed and were used to assess the rotor
eccentricity. Here, the results were not successful because the search windings need an increase
in the number of turns because the additional UMP damping can only be produced with more

turns and the ability to carry higher loading.

Future work will be carried out using condition monitoring to control the UMP using
impedance matrices. The impedance matrices will be programmed in Matlab and compared
with the experimental results. The idea of using active voltage control for reduction of

unbalanced magnetic pull will be also verified using the matrix:

Vi th,ph Zgh,pm—l th,pm—l Zﬁh,pmﬂ th,pmﬂ
Vowr | | Zowroi Zyppmr 0 0 0 |l |
vl 128, 0 zZh oy 0 0 i
VZmH = ZZm+1,ph 0 0 Zjh,pm+1 0 ifm—l
§m+l me+l,ph O 0 0 th,pmﬂ iZm+1 (5-1)
Fa Fa,ph Faojpm—l Faﬁ,pm—l F{meH Faﬁ,pmﬂ _ipﬁm+l i
_Fﬂ _ _Fﬂ,ph F/;fpm—l Fﬂﬁjpm—l Fﬂofpmﬂ Fﬂ/):pmﬂ _

This is the first stage of the impedance matrix development because it still assumes the rotor is

open circuit. Rotor current inclusion is relatively straightforward.
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Appendix A: Motor Specifications

Name plate details
Power [HP] 10 (or 7.46 kW)
Speed [rpm] 1420
Frequency [50] 50
Stator voltage [V] 400/440 Delta
Stator rated current [A] 13
Rotor Voltage [V] 200
Rated rotor current [A] 22
Poles 4
Slip [p.u.] 0.0533

Measured geometry

[mm]

Axial length Stator and Rotor cores

100.9 and 103.9

Stator outer and inner diameters

353 and 228.15

Rotor outer diameter 226.42

Shaft diameter 120

Airgap length 0.5

Stator and Rotor slots 48 and 36

Skew 1 rotor slot skew

Stator and Rotor Slot opening 3.9 and 3

Mean length of one Stator winding turn 847

Turns per slot 34 in series

Mean length of one Rotor winding turn 801.66

Stator and Rotor turns 48 and 72

Stator and Rotor wire diameter 1.725 and 1.9 — by
calculation from SPEED

Stator winding Single layer lap with 13 slot
pitch

Stator Coil per pole per depth 2

Stator tooth width and length

8.22 and 26.82

Slot type Round bottom, parallel tooth
Rotor tooth width and length 5.72 and 22.5

Slot type Parallel slot, flat bottom

Slot width 3.5

Turns per coil 6 in series

Coils per phase 12

Rotor connection

Star through 3 slip rings

Rotor inertia

0.1734 kg/m’

Stator and Rotor tooth tip depth

land 1

85



Measured resistances

Rph stator (DC, cold)

1.82 ohm

Rph rotor (DC, cold)

0.23 ohm

Equivalent Circuit Parameters from SPEED

R2’ 3.01 ohm
X1 5.23 ohm
X2’ 3.37 ohm
Xm (420 v line-line) 198 ohm
Rc (using M19 29 gage) 10 k ohm
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Appendix E: Power Connections
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Appendix F: Technical Papers Published
The following papers have been published:

1. D. G. Dorrell, and O. Kayani. "Measurement and Calculation of Unbalanced Magnetic
Pull in Wound Rotor Induction Machine." Trans. on Magnetics, IEEE Vol. 50, no. 11,
Nov. 2014

2. D. G. Dorrell, O. Kayani and A. Salah, “The detection and suppression of Unbalanced

Magnetic Pull in Wound Rotor Induction Motors Using Pole-Specific Search Coils and
Auxiliary Windings,” to be presented at /[EEE ECCE Conference, Montreal, Sept 2015.
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