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Abstract

Technological advancement in rotating machines demands integration of electrical motors
or generators in high speed flexible rotors operating at a wide range of speeds. These
machines present great rotordynamic challenges and at the same time they also present
great opportunities through the ability to achieve transverse actuation (in two indepen-
dent directions) without any significant sacrifice. These opportunities can be tapped by
developing electrical machines which can produce controllable transverse force for active
vibration control and also for fully levitating the rotor. The use of controllable transverse

force for vibration reduction may lead to the high operating life of mechanical components.

Bridge configured winding scheme is a specialized winding scheme which can be used to
generate transverse force efficiently in an electrical machine with a low power requirement
along with its primary function as a motor or generator. This winding configuration con-
sists of two power supplies and they are isolated from each other. One of the power supply
is responsible for the torque production and the other is responsible for the transverse
force production. However, the nature of the magnetic fields and the method of producing
controllable transverse forces especially in an induction machine with bridge configured

winding are not fully understood.

This thesis characterizes the presence of magnetic field components in a four pole bridge
configured winding and proposes a bridge supply scheme which can be used for the gener-

ation of controllable transverse force of any desired frequency.

The presence of eccentricity in parallel winding configuration electrical machines adds up
an additional frequency component of the unbalanced magnetic pull in comparison with the
series winding electrical machines. The bridge configured winding is also a parallel winding
configuration and a detailed investigation of the generation of unbalanced magnetic pull
is important to understand the phenomena of generation of the additional components of

vibration. This thesis investigates the generation of unbalanced magnetic pull in a series
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and parallel winding configuration electrical machine by analyzing the air gap magnetic
field. For this purpose an electrical machine with series and parallel winding configurations

has been modelled and analysed using COMSOL MULTIPHYSICS®.

The force generation in bridge configured winding is directly related to the currents flowing
across the bridge points. A coupled magnetic field and electric circuit model is developed
in the MATLAB® environment to analyze the behavior of bridge currents for static ec-

centricity, dynamic eccentricity and also combined both static and dynamic eccentricities.

A single or three phase of bridge supply leads to the generation of the force of multiple
frequencies in a bridge configured winding electrical machine. A supply sequence is pro-
posed based on the analysis of bridge configured winding orientation with respect to main
and bridge supply which can be used for the generation of the force of particular frequency

component.

Furthermore, the magnetic field and electric circuit equation model is coupled with the
rotordynamic equation of the rotor bearing system to analyze the vibration patterns at
different eccentricity conditions as well as at proposed bridge supply conditions. In addi-
tion to this, a simulation model is developed in MATLAB/SIMULINK® to demonstrate
levitation, and multiple frequency vibration suppression in a four pole bridge configured

winding electrical machine using PID and convergent control algorithm.

Two experimental setups having induction machines with bridge configured winding have

been developed to verify the results obtained from the numerical analyses.
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1. Introduction

1.1 Background

An electrical machine is an integral component of industry. It is widely used in various applications
viz., pumps, compressors, elevators and many other rotating machines. Among all types of electrical
machines, the induction machine is one of the most common types of electrical machines used across the
world. It is widely used because it is cheap and robust in nature and also it requires low maintenance.
Generally, an induction machine consists of a stator, squirrel cage rotor and bearings. The rotor
of the motor is supported by two bearings through a shaft. Figure [I.1] shows these three main
components of an induction machine. The orientation of rotor position with respect to the stator of
the electrical machine brings additional dynamics in the machine. An eccentric position of the rotor
makes air gap magentic field asymmetric which results in generation of unbalanced magnetic pull
(UMP). The generation of UMP may lead to wear and tear of bearing. The study shows that 40-50 %
of motor failure occurs due to bearing failure . There are various ways to control the generation of
UMP in an electrical machine. The bridge configured winding (BCW) is one of the effective winding
configurations due to its capability to generate and control UMP in an electrical machine. The present
work is all about study of UMP in a bridge configured winding induction machine as a whole and
bridge configured winding configuration in particular to understand the generation of desirable UMP

in a bridge configured winding electrical machine.

Figure 1.1: An electrical machine.
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1.1.1 Unbalanced magnetic pull

An asymmetric airgap magnetic field is the reason behind the generation of unbalanced magnetic
pull. There are various factors which leads to asymmetry in the air gap magnetic field. Bearing faults
and eccentricity faults are among common faults in an electrical machine which leads to unbalanced
magnetic pull generation. Due to manufacturing tolerances, rotor eccentricity is inherently present in
any electrical machine. A rotor is said to be eccentric, if the rotor center is having some offset with
respect to stator center of an electrical machine. Generally, three types of eccentricity exists in an
electrical machine, viz., static eccentricity, dynamic eccentricity and mixed eccentricity. A rotor is said
to be in static eccentricity condition when it rotates about its own axis but not about the axis of the
stator. Figure represents static eccentricity condition in an electrical machine. The rotor centre
A is offset to the stator centre O and the rotor rotates about the axis passing through the rotor centre
A. A rotor is said to be in dynamic eccentricity condition when it rotates about its own axis and the
rotor whirls about the stator centre axis. Figure represents dynamic eccentricity condition in
an electrical machine. The rotor centre A is offset to the stator centre O and the rotor whirls about
the axis passing through the stator centre O and rotates about the axis passing through the rotor
centre A. The combination of static and dynamic eccentricity condition is called mixed eccentricity
condition. A rotor is said to be in mixed eccentricity condition if the rotor whirls about any other axis
but not the axis of the stator centre and rotates about its own axis. Figure represents mixed
eccentricity condition, the rotor rotates about the axis passing through the point A and whirls about
the axis passing through the point B but not the axis passing through the point O.

An eccentric rotor generates additional p= 1 pole pair of magnetic fields where p is the pole pair of
the fundamental component of the magnetic field. The interaction of p pole pair of magnetic field with
p £ 1 pole pair of magnetic field leads to generation of unbalanced magnetic pull in an eccentric rotor
electrical machine. For example in a four pole electrical machine an eccentric rotor induces additional
two pole and six pole components of the magnetic field. Figure shows a simplified representation of
interaction of fundamental four pole component of magnetic field and additional two pole component
of the magnetic field in a four pole electrical machine which leads to generation of UMP . The nature
of rotation of eccentricity induced magnetic field is dependent on the type of eccentricity present in
the system. Different type of eccentricity condition leads to generation of different components of

harmonics of UMP.
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Figure 1.2: Various types of eccentricity conditions [@] static eccentricity, [@] dynamic eccentricity, mixed
eccentricity.
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mag
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Figure 1.3: Magnetic field components in an eccentric rotor electrical machine @ four pole magnetic field,
two pole magnetic field, [(c)] interaction of four pole and two pole magnetic field.
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1.1.2 Bridge configured winding

UMP is undesirable if it is present due to certain faults such as eccentricity in an electrical machine.
However, UMP can become desirable if it can be produced in required direction as per the requirement
to counteract undesirable UMP. The current trends in all rotating machines are; (i) integration of an
electrical motor or generator into the overall machine on a relatively longer shaft and, (ii) demand
of higher power densities than ever before for better economies and efficiency. Combined, these
two features mean that there is an ever-increasing opportunity to exploit the capability of electrical
motors or generators to exert controllable transverse forces (or UMP) on the rotor. These transverse
forces can be used for the multiple purposes such as vibration control, offsetting deflections due to
external loads, alleviating bearing loads, enabling intelligent condition monitoring and development
of bearingless machines.

The research group of Arkkio [2,3] and Chiba [4] have exploited the capability of electrical motors
and generators to exert controllable transverse forces on the rotor and to generate bearing forces for
bearing-less application. Both of these groups have achieved this by deploying two sets of stator
winding, one for the torque production and other for the transverse force production. Khoo [5]
introduced a stator winding called bridge configured winding, where a single set of winding has been
used for the torque and transverse force production. Bridge configured winding is a single set, double
layer winding scheme which can accommodate two different voltage or current supply sources which
are isolated from each other [5]. The single set of winding configuration is advantageous in the sense
that the same coils are used for the torque production and transverse force generation. Whereas in
dual set of winding scheme the stator slots accomodate two different winding connection which effects
the torque producing capability of the machine. Figure represents the winding diagram of an
induction machine with 36 stator slots and Figure [L.5] shows the circuit connection diagram of a single
phase of bridge configured winding. V4 and Vj 4 are the two different supply sources isolated from each
other and termed as main supply and bridge supply respectively. The main supply of the winding is
used for the torque producing component of the magnetic field (p pole pair magnetic field), whereas
the bridge supply of the winding is used for the production of an additional component of the magnetic
field of a pole pair difference (p + 1 pole pair magnetic field) with respect to the torque producing
component of the magnetic field. The bridge configured winding is a double layer winding having two

parallel paths. Coils (al — a3), (aad — aab) and (aal — aa3), (a4 — a6) form two parallel paths of the
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winding, A — A1 — B and A — As — B respectively. The coil group al — a3, a4 — a6, aal — aa3 and
aad — aab has been termed as W1, W2, W3 and W4 respectively. The main supply voltage source V,
produces the current i, which gets divided in both of the parallel path and a current i; = i,/2 flows
through it. A bridge supply voltage connected between the parallel path of the winding across point
A; and As generates a current i, which gets divided in upper (A2 — A — A;) and lower (A — B — Aj)
circuit of the winding and a current iy = i, /2 flows through it. It can be seen in Figure that the
bridge supply current is flows in the same direction to the main supply current 7; in coil groups W1
and W2, whereas it flows in opposite direction to that of the main supply current in coil groups W3
and W4. This addition and subtraction of currents lead to generation of asymmetry in the magnetic
field which with a proper control can produce a controlled UMP. The flow of current i; through the
coil groups W1, W2, W3 and W4 generates a four pole magnetic field whereas the flow of current i

through the coil groups W3, W1 and W2, W4 generates two pole magnetic field.
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Figure 1.4: Winding diagram of double layer bridge configured winding.

Khoo et al. [@] practically implemented bridge configured winding on a brushless permanent magnet
motor and showed its capability to generate controllable forces. However, the problem with the bridge
configured winding is that the direct relationship with respect to frequency of force and bridge supply
is not known. This is very much essential for either active control of rotor vibration or development

of a bearingless motor. In addition to that, one of the major hurdles in understanding of bridge
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Figure 1.5: Circuit diagram of single phase of a bridge configured winding.

configured electrical machine is the unknown behavior of the machine in its eccentric rotor conditions.

1.2 Motivation

The objectives of this work relate centrally to the more electric engine concept. One of the
main features characterise present trends in all rotating machines is the integration of an electrical
motor or generator into the overall machine. These machines present great rotordynamic challenges
and at the same time they also present great opportunities through the ability to achieve transverse
actuation (in two independent directions) without any significant loss. This opportunities can be
tapped by developing electrical machines having transverse force producing capability. It can be
a great contribution to the scientific community, if these effects can be achieved with low power
requirement. Bridge configured winding scheme is one such novel stator winding scheme which can
be installed in an electrical machine to produce transverse forces with a low power requirement along
with its primary function as a motor or generator. It is paramount to know the nature of the magnetic
fields and the method of producing controllable transverse forces in an electrical machine with bridge

configured winding.
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1.3 Aim of the research

Wear and tear in a rotor bearing system is an obstacle for proper functioning of a high speed
electrical machine. This problem can be solved if an electrical machine having the capability of
producing controllable transverse force is used. The biggest disadvantage of any such existing machine
is that the lateral force generation affects the torque production capability of the machine. The bridge
configured winding is a special winding scheme, where lateral force production does not affect the
torque generation capability of the machine. However, implementation of bridge configured winding
for active vibration control and bearingless application offers many challenges. The work in this thesis

aims to address these challenges by setting up the following objectives:

Study of effect of different eccentricity conditions on UMP generation in parallel stator winding

electrical machine.

e Establishment of the relationship between the frequency components of the induced bridge cur-

rents with the static, dynamic and mixed eccentricity conditions.

e Development of the method for implementation of current or voltage supply in the bridges to

generate transverse forces of selective frequencies in the air gap of the machine.

e Development of a generalized coupled field circuit and rotor model to analyse the effect of bridge

supply and effect of different eccentricity conditions.

e Development of an approximate MATLAB/ SIMULINK® simulation model for levitation and

unbalance vibration control.

e Development of an experimental setup of a 4-pole bridge configured induction machine for the

verification of the numerical results and developed bridge supply method .
1.4 Organization of the thesis

The thesis is organized into eight chapters. The brief description of each chapter are as follows
Chapter 1 describes the background of the study along with motivation and aim of the research. It

also presents organization of the thesis.
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Chapter 2 introduces the fundamentals of unbalanced magnetic pull in an electrical machine. An
exhaustive literature review involving unbalanced magnetic pull are discussed in this chapter to un-
derstand the state of art in this area.

Chapter 3 discusses the effect of eccentricity on the magnetic field and generation of the unbalanced
magnetic pull in electrical machines. These effects are explained for electrical machines with series
and bridge configured winding arrangements. A 3.7 kW, four pole machine having 36 slots with a
solid rotor is modelled and analysed using COMSOL MULTIPHYSICS® software. The numerical
analysis shows the presence of a pulsating 6-pole magnetic field in the air gap of an electric machines
with stator winding having parallel branches when the rotor is eccentric. Furthermore, a modified
expression of the magnetic field has been used for the calculation of transverse forces acting on the
rotor.

Chapter 4 deals with the development of a 2D electromagnetic finite element modelling of a bridge
configured induction machine. A finite element code is developed in MATLAB® environment for
this purpose. This developed code is capable of accommodating two sets of power supplies, one for
the torque production and the other for the transverse force generation. The chapter begins with the
discussion of the modelling of the stator electric circuit, rotor electric circuit and mechanical movement
modelling of the rotor. Furthermore, the analysis involving the effects of eccentricity conditions on
bridge currents and lateral force generation are presented. Relationships of the frequency components
of the bridge currents with different eccentricity conditions have been established. Also, a relationship
in between the bridge current and force frequency has been presented.

Chapter 5 describes the magneto motive force analysis of an electric machine having bridge config-
ured winding. The generation of different magnetic field components in electric machines with bridge
configured winding is explained with the help of magneto motive force analysis for independent exci-
tation of the bridge terminals. A bridge supply sequence has been proposed which can be used for the
generation of two pole magnetic field. Furthermore, an analytical relation between the force generated
due to interaction of main and bridge supply is presented. The force is calculated using Maxwell stress
method [7]. The coefficients of the relationship are calculated using Fourier transform of the magneto
motive force distribution.

Chapter 6 presents the coupled rotor model of a bridge configured induction machine. The rotor of

the motor has been approximated as a 4 DOF rigid rotor. It describes the study of rotor response
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in static and dynamic eccentricity conditions along with different bridge supply conditions. The later
part of this chapter describes a MATLAB/SIMULINK® model used for demonstration of levitation
and harmonic force compensation using PID and convergent control.

Chapter 7 illustrates the development of an experimental setup to investigate the effect of unbalanced
magnetic pull in bridge configured winding induction machine. A normal four pole, 36 slots, 3.7 kW
induction machine has been re-wound to incorporate bridge configured winding. The machine is also
equipped with two pole, four pole and six pole search coils to investigate two pole, four pole and six
pole magnetic fields. This setup along with 37 kW bridge configured winding induction machine have
been used for the verification of several numerical findings.

Chapter 8 presents the important conclusion of the current research and outlines the directions for

future work.
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2. Unbalanced Magnetic Pull - A Literature Review

2.1 Introduction

This chapter presents the literature review of unbalanced magnetic pull (UMP) and its interactions
with the mechanical dynamics of the electrical machine. The literature shows that the study related
to UMP has started as early as 1899. Literature involving the origin of UMP, methods of UMP
calculation, electromechanical interactions and its applications are discussed in this chapter. The study

of literature review is divided into the following main sections and they are discussed individually:
e Background of UMP

Methods to calculate UMP

— Analytical methods

— Numerical methods

Effect of rotor eccentricity on UMP

Electromechanical interactions

Bearingless Machines

2.2 Background of unbalanced magnetic pull

The initial work on UMP involves basic calculations of UMP, fundamentals of UMP and its gen-
eration. The literature shows that study related to UMP has started as early as 1899. Alexander and
Pertsch [8] wrote a review paper on dynamo electric machines. From this paper, it has been found out

that Fisher-Hinnen (1899) gave the first formula for UMP for his dynamo design as shown in Equation

1)

(2.1)

B?A
Pull (indynes) = < $>

25 %100 " ga

Here, B is the density of flux in the air gap, in lines per sq. cm, A is the cross sectional area of
the pole face in sq. cm, x is the rotor displacement, g is the air-gap clearance, « is the ratio of the
reluctance of the total magnetic circuit to that of the normal air gap alone. Rosenberg [9] investigated
the occurrence and the effect of UMP in electrical machines and derived simple practical formulas. His

calculations are based on difference in the flux densities on opposite side of the air gap and developed
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the equations on graphical basis from the saturation curve. However, Rosenberg could not explain
the reason of production of UMP. Later in 1919 Stiel first showed that origin of the UMP is harmonic
fields in the air gap. Hildebrand |10] was the first to tabulate all known possible harmonic fields and

made following investigations,

e The reason behind generation of pulsating torsional vibration is magnetic fields that has same

number of poles but revolving at different speeds.

e The components of magnetic fields having difference of one pole pair leads to generation of

unbalanced magnetic pull.

e The components of magnetic fields differing by any number of pole-pairs larger than one, results

in deforming the stator and the rotor into a polygon.

Carr |11] proposed to generate different magnetization curve with respect to a varying air gap. This
can be used to obtain flux distribution for any given displacement and excitation current. Once the
flux density is known the total pull parallel to the axis of the displacement can be calculated as
the difference of the pull on both sides of the rotor. Robinson [12] again used saturation curve and
considered the effect of saturation, parallel paths in the stator winding and primary reactance. He
proposed the formula for the calculation of UMP for a constant displacement of 1/32 inch as

— 233 —4
Pull = 2.88¢>—2 [uK, + (1 — a) Kg] x 10 (2.2)
g

Here, By is the maximum flux density, g is the air gap length, e is the voltage factor at which
maximum pull occurs, to be found from saturation curve, a is the factors for parallel paths, K is the
factor allowing for the effect of saturation on flux density rise, K, is the factor allowing for the effect
of saturation and primary reactance on the flux density rise. Graybel [13] studied the mechanical
driving forces and electromagnetic driving forces acting in an electrical machine independently and
in combination. The fundamental component of mechanical driving force arises due to static or
dynamic unbalance. The amplitude of vibration can be adjusted by proper balancing of rotor. It
has been observed that multiple of rotational frequency component of vibration are present due to
imperfection in the mechanical design or presence of dissymmetry in the construction of machine.
Among all these components, second harmonic component of vibration is more troublesome. This

component of vibration is present due to shafts having portion of non circular area created due
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to presence of keyways, slightly elliptic bearings or any other mechanical imperfections. Multiple
harmonic components of force arises due to electromagnetic interactions as well. Among them, second
harmonic component of electromagnetic driving force is important. This driving force acting with
mechanically induced second harmonic force leads to beating effect. This effect can be troublesome if
the machine has an inherent resonant frequency equal to the double of supply frequency. The beating
effect can be eliminated by proper designing of frame in such a way that second harmonic component
generated due to mechanical driving forces vanishes. Covo [14] studied the available UMP calculation
formula and saw that these are not applicable for machines having eccentricities more than 10 %.
It is also seen that an increment in the number of poles leads to increment in average pull for a
given eccentricity. However, the magnitude of alternating component of magnetic pull decreases with
increase in number of poles. He further improved the available UMP formulations however, rotor skew
and rotor bar currents have not been considered. Summers [15] also studied the generation of double
supply frequency vibration component in a two pole induction motor. It was found that effect of double
supply frequency vibration component is more predominant in a two pole AC machine. This happens
because the distance between the poles are comparatively higher than the other configurations. The
phenomena of beating effect has also been explained. The beating effect arises due to the interaction
of double supply frequency component and second harmonic component of force generated due to
mechanical faults which differs by two times the slip frequency. Robinson [16] demonstrated that a
line frequency component of vibration is also present with the double supply frequency component of

vibration in all AC machines.

2.3 Methods to calculate unbalanced magnetic pull

The literature related to calculation of unbalanced magnetic pull can be divided in two subsections,

(i) Analytical approach and (ii) Numerical approach.
2.3.1 Analytical approach

Several authors have studied and derived the unbalanced magnetic pull acting in an electrical
machine by analytical approach. For the calculation of unbalanced magnetic pull, the first step is
the calculation of magnetic field distribution in the air gap. Most of the authors have used air gap
pearmeance approach and few of them used conformal transformation technique for the calculation

of magnetic field distribution. Few notable work using air gap permeance approach has been carried
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out by Jordan et al. |[17], Friichtenicht et al. [7], Belmans et al. [18] and Holopainen et al. [19]. The
permeance is the measure of magnetic flux passing through the air gap and defined as the inverse
of reluctance. For an eccentric rotor, the air gap permeance is calculated with the help of air gap
distribution. The air gap distribution in the stator reference frame can be approximated by using
trigonometrical relation using small angle approximation. If the variation in airgap length is very
small compared to the outer radius of the rotor and the air gap length of a concentric rotor, the

variation can be approximated as
5(0,t) = 6m(1l — ecos(f — wet — ¢¢)) (2.3)

Here, 0., is the mean air gap length, ¢ is the relative eccentricity (¢ = % where e is eccentricity, R
is stator inner radius and r is outer radious of the rotor), ¢, is the phase angle and w, is the whirling
frequency. The whirling frequency is zero when the rotor is in static eccentricity condition.

The air gap permeance is inversely proportional to the air gap length. With the help of approxi-

mated air gap length, the air gap permeance can be represented in terms of Fourier series as

AB,t) = ﬁ = AZ:%AA cos[A(0 — wet — )] (2.4)

The Fourier coefficients Ay are,

Mo 1 _
i o vz (2 =0) 25)
i \ )
2 _J1—=2
a%i’ﬂl_ez(lfl - ) (A>0)

Further, a sinusoidal distribution of MMF' is assumed which upon multiplication with air gap

permeance gives magnetic field distribution in the air gap of the electrical machine.

27

2
UMP =1 / L GL (2.6)
240

Upon calculation of magnetic field distribution, the unbalanced magnetic field can be calculated
by applying Maxwell equation as Equation or by calculating magnetic field energy (W) as in
Equation which upon differentiation with respect to eccentricity (€) gives unbalanced magnetic
pull as in Equation .

Here [ is the axial length of the rotor, b(6,¢) is the magnetic flux density, r is the outer diameter

of the rotor and pg is the permeability of free space.
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2m 12
W, = & / 6.1 500, 1) Rido (2.7)
2Jo Mo
UMP = oW (2.8)
de

The sinusoidal approximation of MMF distribution is a poor approximation for an eccentric rotor
motor especially when the stator winding has parallel paths. In these cases, conformal transformation
based method can provide better approximation because this technique can be used to study different
combination of windings. However, this technique has not been used much in the literature. Swann [20]
proposed conformal transformation technique to be used in electrical machine because of its capability
to accomodate different winding configurations. Dorrell and Smith [21] presented a detailed modelling
approach using conformal transformation by studying various winding configuration in an electrical
machine. Basically, in conformal transformation an eccentric rotor - stator configuration (set of two
eccentric circles) in Z plane can be transformed to concentric rotor - stator configuration (set of two

concentric circles) in 7" plane. This is achieved by utilizing a simple inversion as

(2.9)

I\
Il
| =

By finding a proper value of d in Z plane and c in T plane, an eccentric rotor machine represented
by circles of radius R; and Ry shown in Figure can be mapped on the T plane as two concentric
circles of radius r1 and ro as shown in Figure However, this transformation leads to irregular
slot pattern in 7T plane. This technique transforms a machine from magnetically asymmetric to
magnetically symmetric but electrically asymmetric, i.e. to a machine which has uniform air gap but
non-uniform winding distribution. Hence, any method based on this technique must be capable of
accommodating general asymmetrical winding. Further, phase band current in Z plane is obtained
using certain impedence matrix and connection matrix. With the known phase band current, the
magnetic field distribution can be calculated and unbalanced magnetic pull is computed using Maxwell

equation presented in Equation ([2.6)).
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. Jv stator
JY stator
Rl / LY /
x z k X et
rotor rotor T
Ra 2
D
d | ¢

(a) (b)

Figure 2.1: Z— plane, [(b)| T- plane. [21]

2.3.2 Numerical approach

Considering the limitations in analytical approach of calculations of UMP, the numerical approach
for the analysis of electrical machines has become quite popular. The trend is to use finite element
method for the simulation of electrical machine due to its flexibility and accuracy. The literature of
the numerical approach has been presented in two parts. The first describes the simulation of electrical
machines using FE method and later part describes the methods used for the calculation of UMP.
Silvester [22,23] and Hannalla and Macdonald [24] are among the first few authors who applied FEM
for the simulation of electrical machines. Vassent et al. [25] used FEM for the analysis of induction
machine by applying complex magneto-dynamic formulation considering steady state and sinusoidal
power supply. The simulation has been carried out by assuming the presence of single harmonic as the
supply frequency in the stator and slip supply frquency in the rotor. This kind of formulation where the
harmonics due to the motion such as locked rotor condition or velocity close to the synchronous speed
are not important give very accurate results with short-computation time [26-28]. However, when the
harmonics problems cannot be neglected, magneto-dynamic formulations fail in those conditions.

In addition to this, certain effects such as harmonics due to the rotor movement and the non-
sinusoidal quantities, the end-windings effects, and rotor-bar skew-ness are difficult to include. Vassent
et al. [29], Pham et al. [27] and Rodger et al. [28] implemented time stepping scheme with the rotor
motion at constant speed in order to take into account the harmonics due to the motion. The finite
element field equations are coupled with the circuit equations to incorporate the end-winding effects

[30,[31]. The time stepping method is quite useful in the sense that it can be used to calculate all the
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parameters of the machine. The skewed rotor effect and homopolar flux is not possible to incorporate
in a 2D FE model. Tenhunen and Arkkio [32] used 2D multi slice model to incorporate skewed rotor
effect. However, it comes at the cost of computational effort. Also, the homo-polar flux is usually
neglected in the finite element analysis [33].

In addition to these formulations, there are few formulations in which the transient dynamic
behavior of the induction machines is analyzed and reported by Vassent et al., [26] and later by Ho
et al., [34]. This transient dynamic analysis is performed by coupling the mechanical motion equation
with the coupled field-circuit equation. The basic steps involved in the finite element analysis of a

cage induction machine can be summerised as

Coupling of magnetic field and electrical circuit equations.

Coupling of magnetic field — electrical circuit equations with mechanical equation.

Use of Galerkin’s method for the discretization of the coupled magnetic field, electrical circuit

and mechanical equations.

Use of numerical technique such as Newton-Raphson algorithm to deal with the non-linearity

due to the presence of ferromagnetic materials.

The algebraic details of these procedures has been described in details by Salon et al., [35] and
Silvester and Ferrari, [33] in general and by Savov et al., [36] for cage induction motor in particular.

For the calculation of electromagnetic forces acting between the stator and rotor, two methods are
very popular, i.e. method based on principle of virtual work [37] and method based on Maxwell stress
tensor [38]. The virtual work method has been used by the group of Arkkio extensively to analyse
UMP acting in electrical machines |[39-41] The Maxwell’s stress tensor method is one of the most
efficient general methods for the calculation of forces on bodies under the influence of magnetic fields.
It leads to expressions that allow the computation of forces on diverse structures such as the rotor of
an electric machine. In contrast to the virtual work method which is based on energy, the Maxwell
stress tensor method describes the force directly in terms of the magnetic field strength. The methods
based on the Maxwell stress tensor have been used by Arkkio, [30] and Savov et al., [36].

The Maxwell stress approach computes the local stress at all points of a boundary surface and
then sums the local stresses using a surface integral to find the overall force. In three dimensions the

force is a surface integral given by
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? = fUMaxwelldg (210)

S

Here, 0arazweir is the the magnetic stress tensor, 7 is the unit normal vector of the integration surface

S and ? is the magnetic flux density.

F= f {% (?W) B (ﬁ.?) ﬁ} ds (2.11)

240

In a 2D model the surface integral is reduced to a line integral along the air gap. The normal o,,,, and

tangential 74, components of the Maxwell stress are

B? - B?
Onn = (5.~ 5) "2% ) (2.12)
2B, B;
S 2.13
= 0 (2.13)

Here, B,, and B, represent radial and tangential components of flux density respectively. If a circle

of radius r is taken as the integration path in the air gap of the motor, the forces can be represented

as )
F, = l/ (0pn cos @ — T sin0) rdo (2.14)
0
2
Fy, = l/ (Onn Sin @ + 144 cos 0) rdf (2.15)
0

Here, [ is the axial length of the machine.

2.4 Effect of eccentric position of rotor

Due to manufacturing tolerances, it is really difficult to manufacture a motor where the rotor is
concentric with the stator. This leads to requirement of study related to effects of eccentric position
on the behaviour of motor. There are two recent reviews related to eccentric rotor condition in an
electrical machine by Frosini and Pennacchi [42] and Salah et al. [43] which covers different aspects
of presence of eccentricity in a motor. Effects of eccentric rotor position, from generation of UMP
and means to control have been studied by many researchers. The important contribution has been

reported by the research groups of Dorrel and Arkkio. The study in the literature is basically focused
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on modelling various eccentricity conditions, generation of additional magnetic fields and different
frequency components of UMP with respect to eccentricity conditions.

A rotor is said to be statically eccentric if the rotor is eccentric in one direction with respect to the
center of the stator of an electrical machine. A rotor is said to be dynamically eccentric if the rotor
center whirls around the stator center. The electric machine which has both types of the eccentricity
is said to be in mixed eccentricity condition. The presence of static and dynamic eccentricity in an
electrical machine generates a magnetic field of p£ 1 pole pair, where p is the fundamental component
of the magnetic field. Both of the eccentricity condition generates same components of magnetic field
however its rotational frequency is different. p and (p & 1) pole magnetic field rotates with frequency
of fs Hz in static eccentricity condition whereas, (p+ 1) pole pair magnetic field rotates with (fs+ f)
Hz and p — 1 pole pair of magnetic field rotates with (fs — f.) Hz, here fs and f, are stator excitation
frequency and rotor rotational frequency respectively [39,44-46]. The magnetic field expression and
forces acting on the rotor in an eccentric rotor motor can be expressed as represented by Tenhunen et

al. [44] as

cos (pf — wt — ¢m) + %COS (P+1)0 — (w+we)t — (om + b))
b(0,t) =B, (2.16)

+% cos((p—1)0 — (w—we)t — (pm — Pc))
Here, 0 is the angular position, € is the relative eccentricity, ¢,, is the phase angle of magnetizing

current, ¢, is the phase angle of eccentricity field and w, is the angular frequency of the rotor which

w

can be defined in terms of slip(s), supply frequency(w), pole pair (p) as w. = (1 — s)p

The radial components of force acting on the rotor is calculated along vertical and horizontal
directions with respect to the cross-sectional geometry by surface integral over the rotor outer surface
as shown in Equation (2.6 and can be represented in complex form as

mRI

F = 2% (BpBp—1+ BpBpi1) . {cos (0 — wyt — ¢o) + jsin (0 — w,t — ¢y} (2.17)
0

Here, R is the outer radius of the rotor, [ is the axial length of the rotor, B, is the fundamental
component of magnetic flux density, B+ are the (p = 1) pole pair magnetic flux density. Equations
and represent the case of static eccentricity, if w. = 0, otherwise, it represents dynamic
eccentricity condition.

Arkkio [47] studied the effect of common asymmetries such as rotor-cage faults, eccentric rotors
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and unsuitable number of rotor slots in a squirrel cage induction motor. The study has been carried
out on two motor configurations i.e. two pole and four pole motor. The two pole motor has closed
rotor slots whereas four pole motor has semi open rotor slots. Also to consider the effects of circulating
current two types of stator winding has been used for the simulation, one with series connection and
one with parallel connection. The effect of rotor skew and core loss have been neglected. The following

findings have been reported,

e When the rotor has a broken rotor bar, it has been found that the force vector rotates with
the rotor. The presence of higher harmonics due to stator slotting along with fundamental
component of the force varies with time at twice the slip frequency. The higher order harmonics
component increases with the increase in the load and in between the no load point and rated
point the fundamental component is the dominant component. The parallel winding is able to
reduce the UMP and reduction is more in four pole winding compared to two pole winding. The
saturation in core tries to make magnetic field distribution symmetric and due to which UMP

reduces at high level of saturation.

e A broken end ring produces higher amount of UMP compared to a broken rotor bar. This ratio
is 4 in two pole motor and 3 in four pole motor. Parallel path is again able to reduce this force

however again reduction is more in four pole machine compared to a two pole machine.

e Both of the eccentricity conditions i.e. static and dynamic eccentricity conditions have been
studied. The simulation has been carried out for 20 % of static and dynamic eccentricity with
varying load. In the case of static eccentricity condition, the UMP increases steadily in a four
pole motor whereas in a two pole motor, the UMP first decreases and then increases with the
increase in load. This reduction happens because the two pole motor has closed rotor slots. At
low load the iron bridges are non saturated and it allows asymmetric flux to pass which results
in flow of circulating currents through the rotor bar and results in reduction in UMP. However,
with the increment in load these iron bridges gets saturated and does not allow asymmetric
flux to pass which results in increment of UMP. In the case of dynamic eccentricity, both of the
motor shows intial decerement of UMP with the load increment and at the load well over the
rated power UMP starts to increase. This happens due to the presence of higher harmonics in

the air gap field.
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e The study shows that if the no of rotor slots are even, then the large local forces in opposite
sides cancels each other and net resultant force is zero whereas if the number of slots are odd a

net force might occur in the machine.

Dorrell [48] studied and reviewed the various factors affecting the magnetic field asymmetry in
the air gap of the motor leading to UMP. An experimental study is performed to study the effect of
tooth saturation. The effect of slotting has not been presented because the effect of slotting comes
in terms of audible noise and high frequency vibration not the UMP. Parallel paths reduces UMP,
whether winding is on the rotor or the stator. The presence of rotor cage and parallel path shows
significant effect on the generation of UMP. A cage rotor has many parallel paths, it reduces UMP
considerably when compared with the wound rotor configuration. Bradford [49] showed that the cage
rotor is able to damp 80 % of UMP when compared to wound rotor in the same machine. Dorell and
smith [50] showed that parallel path in stator is less effective than a cage rotor because cage rotor
has many parallel paths. However the parallel path in stator winding also reduces the UMP. They
also showed that due to parallel connection a backward rotating magnetic field develops in the air
gap because of uneven distribution of stator winding currents which also generates twice of supply
frequency UMP. Which says that certain parallel connection which is used to damp UMP can also

create further problems. Dorrel [48] summarized the behavior of UMP in following conditions,

(i) Transient run-up UMP - As per the literature [51] the most common failure in an induction
motor is the bearing failure. Investigation of transient UMP is necessary because it happens
several times in motor and can cause severe damage to bearing of the motor. It has been seen
by many authors that transient UMP is much higher than the steady state UMP. It has also

been seen that in the case of dynamic eccentricity no load UMP is approaching transient UMP.

(ii) Use of parallel path - It has been seen that parallel path in the stator winding is able to reduce
UMP in the wound rotor motor. This reduction is more noticeable when cage rotor in dynamic

eccentricity case has been used.

(iii) Effect of variable frequency operation - Authors have studied UMP in a cage rotor and two
parallel paths in the stator winding. It is observed that the increase in frequency decreases the
UMP. This happens because very low current flows at a lower frequency in the rotor cage which

reduces the damping effect.
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(iv) Effect of tooth saturation - A method has been described to incorporate the tooth saturation.
Considering the mmf distribution to be same in the case of saturated and unsaturated conditions,
the flux density can be determined. If there is no saturation, then permeability of iron can be
considered infinite and MMF at a point in the air gap can be calculated as

b(:E, Y, t)g(m, Y, t)
Ho

F(z,y,t) = (2.18)

However, if tooth saturation is considered then there would be a drop of MMF in stator tooth

hence, total MMF can be written as

b(x,y,t)g(x,y,t) h 20(x,y, )l

F(x,y,t) =
Ho Hor L0

(2.19)

Here, [ is the length of the stator tooth and ., is the relative permeability. The relative perme-
ability can be obtained with the help of B-H curve of the stator core. An iterative method can
be used to obtain the flux density using Equation considering the saturation effect of the
tooth. It has been observed that tooth saturation reduces UMP. The UMP vibration has been

measured by the use of accelerometer fitted at the top of the stator casing.

Debortoli et al. [52] demonstrated the effect of parallel winding on UMP production. He inves-
tigated UMP in different winding connections, i.e. series as well as parallel and found that parallel
winding connection reduces UMP. In the parallel winding, the stator circuits which is located at the
farthest point from the rotor has lower inductance. Hence, a higher amount of current flows in those
circuits and it controls UMP even if the rotor is eccentric. These currents are called as circulating
current.

The rotor orientation can change axially with respect to length of the motor. Tenhunen [39]
modelled and studied all the possible orientations of the rotor, i.e. when the rotor is parallelly eccentric
and when the rotor is diagonally eccentric (one end eccentric and both end eccentric) with respect to
the stator. Both static and dynamic eccentricity have been considered in these orientations. To study
the effect of equalizing current, two machines have been simulated with series and parallel windings
having an eccentricity of 10%. The number of turns of the windings have been selected in such a
manner that it produces the same flux in both of the windings. The following observations have been
made in the static and the dynamic eccentricity conditions with respect to series and parallel winding

configurations,
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(i)

Static eccentricity - The behavior of equalizing currents flowing in the parallel winding at no
load has been calculated and it has been shown that, the induced current in one phase is higher
than other phases, which faces the minimum and maximum air gap position. It has been seen
that after a slip value of 0.01 the UMP starts increasing. The fundamental component of
UMP decreases slightly with the increase in load however, other higher harmonic components of
vibration increases. Since in both of the winding configuration (series and paralell) rotor cage
has been used hence in series connection the equalizing current flows only in the rotor side so
UMP is higher in the series connected winding than the parallel winding connection. It has
also been seen that at small slip UMP developed in series connected coils are much higher than
the parallel winding. This happens due to the closed rotor slot. At small slip, the iron above
the rotor bar allows the asymmetric magnetic field to flow and does not induce any circulating
current in the rotor bar, whereas when the load is applied, the iron bridge becomes saturated and
the field crosses the rotor bar due to which circulating current starts flowing in the rotor bar and
in return UMP drops down significantly. In other type of eccentricity, when the rotor is eccentric
at only one end diagonally, induced circulating current becomes half compared to parallel case,
however the nature of the circulating current remains the same. Since the circulating current
arises due to the induced emf in eccentric end only. The UMP decreases in eccentric end and
increases in concentric end. Hence, overall there is not much difference in the UMP in series and
parallel winding configuration machine in this type of eccentricity condition. In the 3rd type of
eccentricity, when the rotor is diagonally eccentric in both sides of the rotor, equal and opposite
circulating current is induced in the parallel winding of the stator as well as the rotor cage. Due
to that there is no net circulating current flows through the winding and UMP has no effect of

the parallel winding.

Dynamic eccentricity - The highest amount of UMP is generated with the series winding with
dynamic eccentricity. In series winding, there is no circulating current in the stator winding as
well as no equalizing current in rotor cage as well. It happens because the geometric non sym-
metry rotates synchronously with the magnetic field. Hence, the UMP reaches to its maximum
value. When the motor is in loaded condition, the rotor doesn’t rotate synchronously with the
magnetic field and hence UMP decreases. However, in the parallel winding connection there is

always a circulating current so there is always a drop in UMP compared to series connection.
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However, with the increase of load, UMP increases in parallel winding due to the effect of higher

harmonics.

Tenhunen et al. [53] used AMB for the generation of eccentric rotor motion as well as for the
measurement of forces acting on the rotor. They concluded that the forces in combined cylindrical
and conical motion can be obtained by adding the force in cylindrical and conical motion individually.
Yang [54] studied the stability regions, when the rotor of a motor is in static and dynamic eccentricity
conditions. An analytical method has been used by applying time transfer matrix method to find
out the rotor instability zones. Dorrell [55] studied the effect of varying eccentricity along the axial
length of the motor and presented a model for the study of UMP in cage induction motor. Both
dynamic and static eccentricity have been studied. UMP has been studied by various researchers
however, it is difficult to quantify or measure it. Dorrell et al. [56] has proposed a UMP index for the
comparative study of UMP for various motors of different sizes. UMP indexes termed as UMP factor
and UMP gap-factor have been derived considering different winding layouts, voltage and geometry.
These indexes can be used to compare level of UMP in different machines. It has been shown that
higher is the value of UMP factor and UMP gap-factor, lower is the UMP. Generally studies have been
carried out considering uniform variation of eccentricity along axial length however eccentricity can
vary along the axial length depending on non aligned side bearing or bent rotor. UMP gets affected
with core saturation and winding. Core saturation attenuates UMP. Parallel paths in the winding
such as parallel stator winding and squirrel cage rotor also helps in attenuation of UMP. The presence
of parallel paths in stator winding helps in reduction of UMP however, they also generates additional
vibrations. Various methods have been adopted for the measurements of UMP such as active magnetic
bearing, load cells and piezoelectric force cells. After application of loads, load cell goes through some
movement that has to be taken care for the measurements. Due to this fact, piezoelectric cells are a

better choice of force measurements, which has a very negligible movement.

2.5 Electromechanical interactions

The literature related to UMP in electrical machine is mostly focused on study related to its effect
and modelling. However, the coupling of rotor motion with magnetic forces in an electrical machines
bring additional dynamics. There are very few studies related to electromechanical interaction reported
in the literature. The term electromechanical interaction means, the combined study considering
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the rotor equation of motion and UMP generated by the machine. The few notable work related to
electromechanical interactions in electrical machines have been discussed in this section [3}/7,38,(57-62].

Friichtenicht et al. [7] developed an analytical model considering the magnetic forces and rotor
equation of motion. As a first step, airgap magnetic field is calculated using airgap permeance approach
and subsequently forces generated due to eccentric rotor motion are calculated. The total unbalanced
magnetic pull being generated due to the eccentric position of the rotor consists of two rectangular
components of forces, whose line of action is perpendicular to each other. One component of force
acts along the direction of shortest airgap, whereas the other component of force acts along the
perpendicular direction of the shortest airgap. The first component which acts along the shortest
airgap can be related to electromagnetic spring constant (k.) and the another component acting along
the perpendicular direction to shortest airgap can be related to electromagnetic damping constant
(de). These constants k. and d. have been calculated by differentiating transverse and tangential
components of the forces with respect to eccentricity and rotational speed respectively. The derived
formula for stiffness and damping coefficients have been represented in Equations and

respectively.

2 2 42
2 % _ Sp+1 . §p+1.£Schr.p+l . (E _ _ )
ke = _WZBP 0 spytBpi  1Hoerpt s TP l)E (2.20)
e 4/,(/0 - 312,71 . §§_1-5§chr.p—1 . <E +p— 1)
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Here, &senr.pt1 is the skew factors of the eccentricity harmonics, og4gp+1 is the geometrical leakage
coefficients of the eccentricity harmonics, &,+1 is the winding factors of the eccentricity harmonics,
Bp+1 is the resistance-reactance ratios of the rotor mesh, s,+1 are the eccentricity harmonic fields slip.

Belmans et al. [38,/57] studied the effect of electromagnetic forces by developing a combined ana-
lytical model of rotor equation of motion and forces due to the eccentric position of the rotor. The
rotor is modeled as a Laval rotor where a disc of mass m is concentrated in the middle of massless
shaft having spring constant K,,..;, and damping constant C,,..n. The effect of forces on crtical speed
of the machine have been studied. It has been demonstrated that electromagnetic forces reduces the
critical frequency of the motor. The modified natural frequency and damping ratio of the system due

to electromagnetic forces can be represented as shown in Equations (2.22) and ([2.23]) respectively.
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K — K
We = \/<m“h9> (2.22)
m

Cmech - Cmag
2we.m

e = (2.23)

Here, K,,ecn is the mechanical spring constant and K, is the electromagnetically induced spring
constant. Cy,ecp, is the mechanical damping coefficient and €44 is the electromagnetically induced
damping coefficients.

One of the important work in the area of electromechanical interaction has been carried out by
Arkkio et al. [63] who formulated a parametric force model using numerical simulation when the rotor
of the induction motor is having a cylindrical circular whirling motion. The developed model is also
verified using experimental measurements. The parametric equations are developed by assuming a

second order frequency response function as formulated in Equation ([2.24)).

Fo(s) = K(s)pe(s)

K(s) = ko + s2-L 4 et

! S—Zp+1

(2.24)

Here, F. is the force acting on the rotor for the displacement p., k is the variables proportional to
square of the fundamental component of the flux density in the air gap, z,+1 are the whirling frequencies
at which the slips of the two eccentricity harmonics becomes zero. The earlier developed force models
do not include the effect of saturation. However, this model includes the effect of saturation in a
way that the numerical model which has been used to estimate the parameters of Equation is
modeled considering the saturation effect. Further this transfer function has been converted to set of

differential equations as shown in Equation (2.25) to analyze the transient response of the rotor.

dp—1 = 2p-1qp-1 + kp-1pc (1)
p+1 = Zp+14p+1 + kpr1pe (1) (2.25)
Fe(t) = gp—1 + qpt+1 + kope (1)
The developed parametric model by Arkkio et al. |[63] has been used further by Holopainen et al. [58,
59] to analyse rotodynamic instability in an electrical machine through electromechanical interactions
by coupling these parametric force equations with a Jeffcott rotor. It was found that the cross-coupled

stiffness term is a major source of instability in an electrical machine.
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Holopainen et al. [19] formulated a new parametric force equation for squirrel cage induction motor
considering cage current harmonics. Further, this parametric force model is coupled to Jeffcott rotor
to study the electromechanical interactions [61]. It is found that the electromechanical interaction
affects the most when the motor is being operated at first bending critical speed. The parametric

force model which includes cage-current harmonics and one equation for the total electromagnetic

force is represented as formulated in Equations ([2.26),(2.27) and (2.28]).

ar — 1.4 % . .
iy 14+ ijlgp_l +ap—1 (@th) +szS(BZ)*> ol (Swst+d0) _ (2.26)
bpr1 F T bpy1 + Gpt (B;t +J'8wsgc’"> el(Swsttdh) = (2.27)
EZ(t) = keyz + Cp_l(z;_l)*ej(swst"‘ﬁbo) s Cp+1(z;+1)*e—j(swst+’l9bo) (228)

Here, i;,l and i; .1 are the space vectors of the harmonic components of the cage currents, the
circumflex above a symbol refers to the space-vector character, p is the number of pole pairs, the
asterix (*) denotes the complex conjugate, ws is the electrical supply frequency, s is the slip of the
rotor with respect to the fundamental component of the stator field, 1 is the phase angle of the
magnetic-flux-density space-vector at t = 0, F7, is the total electromagnetic force exerted on the rotor,
and ap+1, Tp+1, ¢p+1 and k. are the system parameters.

Further, electromechanical studies have been carried out for an inbuilt actuator where control force
can be generated by having additional winding in the stator slots. Laiho et al. [3] developed a low
order parametric model for an inbuilt actuator for rotor vibration control. The developed model is
consist of a rotor equation of motion coupled with actuator force and eccentricity generated force.
However, the force generated due to slot harmonics and unipolar flux have not been considered for the
analysis. Sinervo and Arkkio [62] developed a coupled model considering the effect of slot harmonics

and unipolar flux. The three forces have been coupled with the rotor equation of motion, namely

unbalance force, actuator force and magnetic force due to the slot harmonics and unipolar flux.
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2.6 Bearingless machines

The idea of development of bearingless machine is based on the generation of asymmetry in the
air gap magnetic field through certain stator winding structures. Researchers started working and
analyzing various winding structure as a means to suppress unbalanced magnetic pull since 1970
itself [64]. The various winding structure arrangements on the working of electrical machines such as
series, parallel and combination of series and parallel connection, combination of series and parallel
winding connection with equalizing connections have been investigated. Figure represents various
winding arrangements used by Ellison and Yang [64] to study the effect of these winding arrangements
on unbalanced magnetic pull generation.

Many researchers have used similar combinations of winding arrangements to study their effective-
ness on unbalanced magnetic pull. Berman [65] analyzed combination of series and parallel configu-
ration of the stator winding for a four pole three phase induction motor. Each phase of the winding
has two parallel branches comprising of three series connected coils and two equalizer connections.

Figure shows the one phase of the winding configuration used by Berman. Dorrell and Smith
[21] investigated the three different possible connections of a ten pole double layer machine having ten
phase bands. As a first possibility, they have considered a simple series connection winding scheme
consisting of two loop currents and two driving voltages as shown in Figure [2.4(a)l The second
connection is that of the phase bands connected in parallel as shown in Figure [2.4(b)l The third
possible connection considered is a winding pattern having two adjacent phase bands connected in
series to form five parallel paths. This pattern also has the option of having or not having equalizer
connections as shown in Figure

The development of bearingless machine is based on the idea proposed by Hermann [66] in 1973.
He proposed a magnetic bearing arrangement where forces are generated by the interaction of p and
p £ 1 pole pair magnetic fields by using two sets of stator coil arrangements. The development of

bearingless machines can be classified in two sections based on the stator coil arrangements as

(i) Development of bearingless machine using dual set of stator winding

(ii) Development of bearingless machine using single set of stator winding
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Figure 2.2: Winding configurations used by Ellison and Yang, @ series configuration, @ parallel configura-
tion, combination of series and parallel configuration, [(d)] combination of series and parallel configuration
with equalizing connection [64].

Figure 2.3: Combination of single phase of series and parallel winding configuration used by Berman [65].
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o

Q%

Figure 2.4: Winding configurations used by Dorrell and Smith, @ series configuration, @ parallel configu-
ration, combination of series and parallel configuration [21].

2.6.1 Dual set of stator winding

Most of the research related to bearlingless machines are related to dual set of stator winding
configuration.

Figure shows the magnetic field interaction in a dual set of winding machine. Here, four
pole winding is the torque producing winding and two pole winding is responsible for transverse
force generation. It can be observed that at the location one, four pole and two pole magnetic
fields are having same direction and being added whereas at location three, they are in opposite
direction and being substracted. As a result, the magnetic flux density increases at location one and
decreases at location three. The increase in magnetic flux density at location one results in transverse
force generation at location one. The direction of force generation can be reversed by reversing the
direction of supply in two pole stator winding. Figure represents circuit connection diagram
for dual winding configuration. The two sets of coils are wound in the same stator slots and are
supplied with two three phase inverters. Chiba et al. [4] implemented dual set of winding scheme
in an induction motor. Two phases of four pole and two pole windings have been used, where four
pole windng is the torque producing winding and two pole winding is the additional winding to create
asymmetry in the magnetic field. A dual set of winding scheme for a cylindrical salient pole motor has
been implemented by Chiba et al. [67]. The development of bearingless squirrel cage induction motor
brings few additional challenges. A squirrel cage rotor can be seen as both the four pole and the two

pole winding connection. The two pole suspension winding current gets induced in the rotor bar which

TH-2237_126103028

33



2. Unbalanced Magnetic Pull - A Literature Review

further reduces the radial force as well as introduces a phase delay ,. To deal with the problem of
phase lag in radial force generation and unstable operation of radial position of the rotor, several rotor
circuits have been investigated and two rotors with two pole and four pole winding has been proposed
by Chiba et al. . It has also been demonstrated that the best operation is achieved when the rotor
has a four pole winding and the torque producing winding is a four pole winding. However, a design
procedure is required for the construction of multi-phase rotor because improper design may lead to
increase in secondary resistance which would result in reduction in overall efficiency of the motor .
Chiba and Fukao proposed an optimal design technique for the development of multi phase rotor of

a bearingless machine having dual stator winding. The group of Chiba also successfully developed a

bearingless induction machine having squirrel cage rotor .

Motor Drive
3-phase
Inverter

Figure 2.5: Dual set of winding scheme, @ Interaction of four pole magnetic field and two pole magnetic field

@ Circuit diagram .
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2.6.2 Single set of stator winding

The development of dual set of winding connections reduces the torque producing capability of an
electrical machine because the same slots are shared by the auxiliary winding to produce the transverse
forces. However, a single set of winding can be used for the generation of torque as well as transverse
forces without changing the copper quantity in the stator slots. The recent notable works on the
development of single set of winding scheme are described in [5}6},74-81]. These single set of winding

connections can be classified into four groups,
(i) Split winding design, [75-77]
(ii) Middle point current injection design, [74]
(iii) Parallel connection design, [78,/79]
(iv) Bridge configured winding (BCW) design, [5,/6/79-81]

Figure [2.6] shows the circuit connection of split winding bearingless machine. A three phase stator
winding is converted to six phase winding by dividing into six coils meeting at a neutral point. The
net resultant force is generated in these kinds of winding connection by independent unbalance current
supply in all six phases of the winding by using a six phase inverter [75-77]. “um, tvm, twm are the
main components of phase currents and i, iys and i, are the suspension currents which is used to

create asymmetry in the supply.

-
5 Cdl
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Figure 2.6: Split winding circuit diagram [78].

Figures [2.7(a)| and [2.7(b)| show the formation of magnetic field and circuit connection diagram
of a middle point current injection winding bearingless machine. In this type of machine, six set of

coils are connected in three phase sequence and each phase is consist of two coils connected in series.
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Figure 2.7: Middle point current injection winding scheme, I@l Interaction of four pole magnetic field and two
pole magnetic field, @ Circuit diagram .
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2.6 Bearingless machines

Two inverters are used as a power supply where one inverter is used to supply motor driving current
in all three phases of the winding and the other inverter connected at the middle point of the series
connected coils in each phase of the winding is used to create asymmetry in the air gap which leads to
generation of transverse force. Figure [2.7(a)[shows the magnetic field generation with respect to these
two supply sources. The machine is wound as a two pole machine, the main supply inverter create a
two pole magnetic field whereas other inverter (suspension inverter) creates a four pole magnetic field
in only one side of the machine. These two components of magnetic field interacts and a radial force
is generated. The force direction can be reversed by reversing the current supply direction using the
suspension inverter [74].

Figures[2.§(a)| and [2.§[b)| represent the formation of magnetic field and circuit diagram in a parallel

connection winding bearingless machine. In the parallel connection bearingless machines, similar to
other configuration, six coils are connected in three phase sequence, where each phase consists of
two coil sets. In this configuration two sets of coils in each phases are arranged in parallel spatially.
Two sets of inverters are used for the power supply where, one inverter is used for motor current and
another one is used to supply suspension current. The main supply inverter is connected at the middle
point of the two coil sets in each phase of the winding whereas the suspension inverter is connected
at the end terminals. Figure shows the formation of magnetic field with respect to these two
supply sources. The motor is wound as a two pole motor, here a main supply generates a two pole
magnetic field and suspension supply generates four pole magnetic field and interaction of these two
magnetic fields results in transverse force generation. Similar to other configurations by reversing the
sense of supply through the suspension inverter force direction can be reversed [78,[79].

Figure [2.9) represents the circuit diagram of bridge configuration winding. This winding config-
uration has two parallel paths. The author has exploited the advantage of the parallel path in the
winding by adding an additional supply source in between. However, this additional supply source
should be isolated from the main supply source. In Figure 2.9 the main supply has been termed
as motor supply and bridge supply has been termed as TF (Transverse Force) supply. The main
supply is used for the generation of p pole pairs of the magnetic field and the bridge supply is used
for the production of p £+ 1 pole pairs of the magnetic field [5]. Among these winding configurations,
in split and middle point current injection winding scheme a rotational MMF is induced across the

suspension terminals whereas no rotational MMF is induced in the parallel winding and the bridge
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Figure 2.8: Parallel connection winding scheme, @ interaction of four pole magnetic field and two pole
magnetic field, [(b)] circuit diagram [78].
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Figure 2.9: Bridge configuration winding scheme [@]
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2.6 Bearingless machines

configured winding [78,/79]. This phenomena provides additional advantage to the parallel and the
bridge configured winding scheme where passive vibration control is possible by simply short-circuiting
the suspension terminals of the winding connections. The suspension inverter of the parallel winding
connection has to carry half of the torque currents and this places bridge configured winding scheme
in an advantageous position when the sense of the control requirements of these winding schemes are

compared.
2.6.3 Control methods

Generally two types of control methods have been used in the literature for the vibration control
or for the development of bearingless machines. The PID controller [4,67,68,72,[82] which does not
require any model of the system and an adaptive controller [83-88] which is a model based controller.
Chiba et al. [4] developed a bearingless induction motor, where PID controller is used to generate radial
force command (F'). Based on the feedback measurements the error is amplified and the required force

signal is generated by a PID controller as shown in Equation ([2.29)) .

F = kpe + kqé + k; / edt (2.29)

Here, k, is the proportional gain, kg is the derivative gain and k; is the integral gain and e is the
error signal. Further this force command is converted to current by using a force-current relationship.
A force-current relationship is developed by the author by formulating an inductance matrix. The self
inductance and the mutual inductances between the two pole and the four pole windings are measured
as a function of radial displacement of the rotor. The flux linkage and current relationship can be

written as shown in Equation(2.30)).

wa L4 0 —Ma M,B la
wb 0 L4 Mﬁ Mo ib
_ (2.30)
Ve ~Ma MB Ly 0 ia
Vg MB Ma 0 Ly ig

Here, Ly and Lo are the self inductances of four pole and two pole winding, M« and M are the
mutual inductances between four pole and two pole winding, i4, % and i,, ig are the instantaneous

currents of four pole and two pole windings respectively. The inductance matrix is used to calculate
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the magnetic energy (W,,) as shown in Equation (2.31) . The radial forces acting on the rotor can
be calculated by differentiating magnetic energy with respect to a and § along « and g direction

respectively as

W =14 xLxi (2.31)

F, % —cos 2wt sin 2wt la
= =MIJI (2.32)

Fg % sin 2wt cos 2wt i3

The similar procedure has been used by the most of the authors for the development of bearingless

machines using PID controller [67],68,(72,82].

The PID controller doesnot suit well where disturbing forces are having multiple frequency com-
ponents. For the compensation of disturbance forces which has more than one frequency components,
the convergent control algorithm has been found to be very effective. The convergent control tech-
nique is a feedforward control method which can deal with the disturbance forces having multiple
harmonic excitation components. Burrows and Sahinkaya [86] and Knospe et al. [87,88] showed that
convergent control algorithm can be used in a rotor system to compensate several harmonics distur-
bances. Tammi [83,89] used convergent control algorithm for active vibration control of the rotor. It
is established that the convergent control algorithm is more effective and simpler compared to other
harmonics compensation algorithms such as adaptive FIR filter with LMS algorithm. For multiple

sinusoidal signal, the convergent control law can be written as

Uns1 = YUp — ag™ L (zpe 1wk (2.33)

Here T is the length of the time step, w is the frequency of the known disturbance, v and « are
two constants and zp is the vector of measured signal. In case if there are more than one frequency
component of disturbance, then the control law has to be applied in parallel.

The complex multiplier g is a matrix which gives the phase and amplitude of the output as a function
of change in amplitude and phase of the control signal. For a particular frequency component w, it

can be obtained from system’s transfer function G as

g=G(jw)=CGHwl - A)'B (2.34)
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where A, B and C are the matrices of the LTI state-space model.

Laiho et al. [84] implemented convergent control algorithm for vibration suppression in a dual
winding induction motor where one set of the winding is used as an inbuilt actuator to suppress
the rotor vibration. The low-order linear state space model used as an actuator is identified using
finite element simulation data. Sinervo and Arkkio [85] used convergent control technique to suppress
rotor vibrations occurring at multiple frequencies in a dual winding two pole induction motor where
four pole winding is used as an actuator. Three vibration components are suppressed simultaneously
occurring at rotor rotational frequency, magnetic field rotational frequency and double the magnetic

field rotational frequency minus the rotor rotational frequency.

2.7 Summary

An exhaustive study of the literature has been carried out to understand the state of the art of
UMP. It has been found that all the available analytical and numerical studies mostly revolve around
the UMP generation due to the eccentricity present in the machine. Analytical model can calculate
UMP very quickly and provide an approximate idea about its magnitude, but it cannot take account
of the magnetic saturation, skew effect, effect of slots etc.

There are few studies related to the study of UMP in electrical machine having parallel paths in
its stator winding. However, the generation of additional pulsating force in electrical machine having
parallel paths in its stator winding requires further investigation.

Several authors have addressed the coupled modelling of magnetic field and electric circuit equa-
tions. A few of them have also addressed the coupled modelling of magnetic field, electric circuit and
rotordynamics equations. However, in these coupled models, either the bridge configured winding is
not addressed or a low dimensional electromagnetic model have been used. So, there is strong need
to develop a coupled magnetic field, electric circuit and rotordynamics model for bridge configured
winding induction machine with a detailed electrodynamic model.

It has been found that mostly dual set of winding scheme has been used for the development
of bearingless machines. However, single set of winding scheme specially bridge configured winding
scheme brings additional advantage in terms of controllable transverse force generation. This leads to

the requirement of a detailed study of bridge configured winding scheme such that the behaviour of
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this winding machine can be established in different conditions.
It is also important to develop an analytical model of UMP, generated due to the eccentricity and
due to the input bridge currents for a bridge configured induction machine before a detailed numerical

study is carried out.
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3. Effect of Eccentricity on Magnetic Field

3.1 Introduction

Bearing faults and eccentricity faults are among the generally available faults which lead to un-
balanced magnetic pull generation in an electric machine. An asymmetric air gap magnetic field
generates UMP in an electrical machine. There can be many reasons of asymmetry in the air gap
magnetic field. In this chapter the asymmetry in the air gap magnetic field due to eccentric rotor case
has been analysed.

In the literature it has been shown analytically that in a series winding 2 pole motor, static
eccentric position of a rotor generates a magnetic field of f; Hz, where fs is the stator coil excitation
frequency. In the case of dynamic eccentricity condition an eccentric rotor generates a magnetic field
of f, Hz, where f, is the rotor whirling frequency [7]. It has also been shown that in a 2 pole series
winding motor a pulsating component of UMP is generated along with the constant component of
UMP. The pulsating component of UMP arises due to the presence of homopolar flux. However, in
a 4 pole series winding connection motor a constant pull acts along the shortest air gap [90]. The
effect of parallel path on UMP generation has been studied by few authors mainly by the group of
Dorell and Arkkio [21,50,/90H92]. It has been demonstrated that parallel paths of the winding shifts
the direction of the UMP from the shortest air gap direction. In addition, a pulsating force of double
supply frequency is generated in a parallel winding and statically eccentric rotor motor. Later, Smith
and Dorrell showed analytically that in a statically eccentric rotor, a constant component of UMP
is generated due to the interaction of the p and p £ 1 pole pairs of the magnetic field, where p and
p £ 1 components of the magnetic field revolves in the same direction and a pulsating component of
UMP generates due to the interaction of p and p 4+ 1 pole pairs of the magnetic field, which revolves
in the opposite direction |50]. The generation of the constant and pulsating components of the UMP
in a statically eccentric rotor has also been verified by ”Dorrell and Smith” through experimental
results [92]. Finite Element (FE) analysis of UMP in parallel stator winding connection has been
carried out to show the effectiveness of the parallel paths in passive suppression of UMP [90]. It
has been shown that due to the presence of static eccentricity a pulsating force of double supply
frequency acts on the rotor. Recently, various studies have been carried out to study the effect of
different eccentricity conditions in electric motor [43,/46,53,93-95]. However, no numerical as well
as experimental analysis of eccentricity generated pulsating magnetic field has been carried out to

investigate the additional force components in different types of eccentricity conditions. A parallel
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3.2 Description of series and parallel winding connection

stator winding helps in passive suppression of UMP. In general, due to the eccentric position of the
rotor, the inductance of the parallel paths of the stator winding changes. It results in change in
impedance of the parallel path of the stator winding, due to which a potential difference occurs across
these parallel paths and a circulating current flows through the parallel paths of the winding which
reduces UMP to some extent. Among parallel winding configurations the bridge configured winding
is more effective because upon short circuiting the bridge points of the parallel path the potential
difference across the parallel path vanishes which leads to effective passive suppression of UMP.

The main objective of this chapter is to analyse the reason behind the generation of additional
pulsating component of UMP in a parallel winding electrical machine. For this purpose a comparative
study of series and parallel winding electrical machines has been carried in different eccentricity condi-
tions. The behaviour of the air gap magnetic field has been studied to establish the reason behind the
generation of the additional component of the UMP. Based on the study additional component of the
magnetic field harmonics has been used to derive the force expression for the case of parallel stator
winding electrical machine. Also the passive vibration suppression capability of bridge configured

winding has been analysed with respect to air gap magnetic field generation.

3.2 Description of series and parallel winding connection

An induction machine with 36 slots have been chosen for the study of effect of eccentricity. In
order to compare and investigate the behaviour of the machine, this machine has been simulated using
a series and parallel winding configurations. For the series winding connection a single layer and for
the parallel winding connection a double layer bridge configured winding scheme have been selected.
Figure and Figure represent the winding layout of the series winding connection and
the parallel winding connection respectively. Figure and Figure represent the circuit
connection of the series winding connection and the parallel winding connection respectively, whereas
Figure represents the circuit connection of the bridge configured winding (BCW) scheme. The
difference between any normal parallel winding scheme and the BCW scheme is that the half of the
coil of the parallel side is interchanged. It can be observed in Figure that the parallel sides of
phase A coils a4 — ag has been interchanged with coils aa4 — aag as compared to their location in Figure
Similarly, parallel sides of phase B coils by — bg has been interchanged with coils bby — bbg

and parallel sides of phase C coils ¢4 — ¢g has been interchanged with coils ccy — ccg. When points
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3. Effect of Eccentricity on Magnetic Field

Ay — As, By — By and (1 — Cs of Figure are not connected, it is called bridge OFF condition
and when points Ay — Ay, By — By and C; — C5 are connected with each other, it is called bridge ON
condition. Also, an additional supply source can be added in between these points. This has been
addressed in the later chapters. Hereafter, in this chapter, the bridge configured winding in bridge

OFF condition has been referred as parallel stator winding.
3.3 Basics of force calculation

Analytical expressions of the eccentricity generated magnetic field in the air gap and the lateral
forces due to its interactions have been derived in [7,17,18]. These expressions have been derived for
the static and the dynamic eccentricity conditions. The mixed eccentricity condition can be expressed
as combination of the static and the dynamic eccentricity conditions. Neglecting the higher harmonic
components of the magnetic field, the magnetic field expressions for the static, dynamic and mixed

eccentricity conditions can be written as shown in Equations (3.1]), (3.2) and (3.3|) respectively as,

betatic = 222 cos (p — 2 fut — ) + LA cos ((p £ 1) 0= 2fit — (bmE ) (3.1)
po 2pé
MoAmr /JfongAm
bdynamic = 5 cos (pf — 27 fst — &) + T cos((px1)0 =27 (fs £ fr)t — (dm = ba))
(3.2)
oAmr o€sTAm
brmixed = a Py cos (pf — 27 fst — dpm) + MW cos((p£1)0 —27fst — (dm £ 0s))
(3.3)
oEdT Am
S cos (£ 1)0 = 2 (fy % /o)t = (9m + 00))

where fs is the stator excitation frequency, ¢, is the eccentricity angle in static eccentricity condi-
tion, ¢g4 is the eccentricity angle at t = 0 s in dynamic eccentricity condition, f,. is the rotor rotational
frequency, €, is the static eccentricity, €4 is the dynamic eccentricity, o is the permeability of the free
space, A, is the amplitude of the main supply current density, p is the pole pair of the main supply
fundamental field, ¢,, is the phase angle of the main supply, r is the rotor radius and ¢ is the mean air
gap length. It can be observed from the magnetic field equations that the air gap magnetic field of the

statically eccentric rotor has p, p — 1 and p 4+ 1 pole pair magnetic field, which has the same frequency
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Figure 3.1: Series and parallel winding configuration @ Series winding; Parallel winding; Series
winding circuit; @ Normal parallel winding circuit; BCW parallel winding circuit.
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3. Effect of Eccentricity on Magnetic Field

component as that of the stator supply frequency fs. The air gap magnetic field of the dynamically
eccentric rotor has p, p — 1 and p + 1 pole pair magnetic field which has the frequency component of
fs, fs — fr and fs + f, respectively. The air gap magnetic field in the mixed eccentric rotor condition
has p pole pair magnetic field of frequency fs , p — 1 pole pair magnetic field of frequency fs, fs — f
and p + 1 pole pair magnetic field of frequency fs and fs + f.. Lateral force acting on the rotor along
z-axis for different eccentricity conditions can be calculated using the Maxwell equations by substitut-
ing magnetic field expressions in Equation for different eccentricity conditions. Fig s, Fsq . and
Fym_» represent the forces acting along x axis in static, dynamic and mixed eccentricity conditions

respectively.

2T
b2(0,1)
F,=rl '~ cos (0 3.4
/ 210 ©) o4
0
/LoA?nT%E
Fss_l‘ - 4p252 S (¢S) (3 5)
A2 r?]
Foyr= %E—d cos (27 frt + bq) (3.6)
po A2, 12l po Az, r2leq
P = S0 o 4 4 BB o, a1

Similarly, lateral forces acting on the rotor along y-axis for different eccentricity conditions can

be calculated by substituting the magnetic field expression for different eccentricity conditions in

Equation (3.8)

2
b2(9,¢
F, =1l / 2(% ) sin (0) (3.8)
0
,qu?nTka .

Fysy = W sin (¢s) (3.9)

A2 12
Fyqy = % sin (27 frt 4+ dq) (3.10)

poA2,r%les poA2,r2leq

Fomy = T sin (¢s) + e sin (27 it + bq) (3.11)

where Fy, , Fyq, and Fy, , represent the forces acting along y axis in static, dynamic and mixed
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3.4 Numerical simulation of series and parallel stator winding electrical machines

eccentricity conditions respectively.

3.4 Numerical simulation of series and parallel stator winding elec-
trical machines

A 2D FE model of a 3.7 kW four pole induction motor having 36 stator slots and with a
solid rotor has been modeled for a series and a parallel stator winding connections in COMSOL
MULTIPHYSICS® to study the effects of different eccentricity conditions on the air gap magnetic
field harmonics and lateral forces acting on the rotor. A solid rotor has been considered for the
modelling of the rotor to avoid the rotor bar effects. Triangular elements have been chosen for the
discretization of the geometry of the series and the parallel stator winding motor. 52664 triangular
elements, 9056 edge elements and 356 vertex elements have been used for the series winding motor
whereas 54512 triangular elements, 9236 edge elements and 356 vertex elements have been used for
the parallel stator winding motor. Figure represents mesh of a 2-D FE model of 36 slot induction
motor used in the simulation. Table represents the specifications of the machine considered for
the numerical modelling. Table also represents the specifications of the experimental setup used

to verify the numerical model.
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Figure 3.2: Mesh of a 2-D FE model of a 36 slot Induction Machine

3.4.1 Numerical investigation of forces acting on the rotor

The forces acting on the rotor has been calculated for three different eccentricity conditions in
the series as well as the parallel stator winding connections. The stator winding excitation frequency

(fs) is 50 Hz and the rotor rotational frequency (f,) is 25 Hz. Figure represents the comparison
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Table 3.1: Electrical machine parameters

Numerical Simulation Parameters
Parameters Series Winding Parallel Winding
Connection Star Star
Supply Voltage 380 V, 50 Hz 380 V, 50 Hz
Layer Single Layer Double Layer
Per Phase DC Resistance | 6.8 Ohm 6.8 Ohm
Stator Inner Radius 52.5 mm 52.5 mm
Rotor Outer Radius 51.5 mm 51.5 mm
Static Eccentricity 1/8 mm 1/8 mm
Dynamic Eccentricity 1/8 mm 1/8 mm
Mixed Eccentricity 1/8 mm + 1/8 mm | 1/8 mm + 1/8 mm
Rotor speed 25 Hz 25 Hz
Experimental Setup Specifications
Parameters Motor I Motor II
Power 3.7 kW 37 kW
Stator Slots 36 60
Connection Star Star
Supply Voltage 240 V, 50 Hz 240 V, 50 Hz
Rotor Bar 26 32
Operating Condition No load No load
Air Gap Length 0.5 mm 1.25 mm

of full spectrum FFT of the forces acting on the rotor in the series stator winding connection in all
the three eccentricity conditions. It can be observed from Figure that in the series stator winding
connection motor, in the static eccentricity condition the developed force has a DC component (0
Hz), in the dynamic eccentricity condition the developed force has a 25 Hz (f,) component, which
is the whirling frequency of the rotor, in the mixed eccentricity condition the developed force has
the combination of the DC component along with the whirling component 25Hz (f,) . Figure
represents the comparison of full spectrum FFT of the forces acting on the rotor in the parallel
stator winding connection in all the three eccentricity conditions. It can also be seen in Figure |3.4
that in all the eccentricity conditions, the parallel stator winding connection machine generates an
additional frequency component of the force in comparison to the series stator winding connection
machine. Additional force components at 100 Hz (2f;), and 125 Hz (2f; + f,) are generated in the
static and the dynamic eccentricity conditions respectively. In the mixed eccentricity condition both

of the additional components of force of the static and the dynamic eccentricity are present. The

analytical force expressions obtained in Equations (3.5)) - (3.7) and (3.9) - (3.11) do not remain valid
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Table 3.2: Comparison of the frequency components of force

Series Winding Parallel Winding Analytical Expression
]S:—Jtciteircltricity 0 Hz 0 Hz, 100 Hz (2f;) | 0 Hz
Ez(ilirg;ity 25 Hz (f,) ?;HPZIZ({Q)fS Lpy | B @)
%f:;ﬁmdty 0 Hz, 25 Hz (f,) (1)0%Z17{z2 5(21:115)@), 0 Hz, f, (25 Hz)
125 Hz (2fs + fr)

for the case of the parallel stator winding motor because it doesn’t give all the frequency components
of the force obtained through the numerical simulation as shown in Figure This happens because
magnetic field expressions obtained in Equations - does not predict all the components of the
magnetic field in the case of parallel stator winding connection. Table [3.2]represents the comparison of
all the frequency components in the force obtained in different eccentricity conditions in series stator
winding, parallel stator winding and from the analytical expression. The air gap magnetic field of the
machine with eccentric rotor has been investigated further to know the reason behind this additional
force component in case of parallel stator winding. The investigation of the air gap magnetic field has

been carried out in section 3.4.2.
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Figure 3.3: Comparison of FFT of forces acting on the rotor in series winding motor in different eccentricity
condition.
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Figure 3.4: Comparison of FFT of forces acting on the rotor in BCW winding motor in different eccentricity
conditions when bridges are in OFF condition.

Table 3.3: Comparison of frequency components of the magnetic field

Series Winding | Parallel Winding | Analytical Expression
Static
Eccentricity 50 Hz (fs) 50 Hz (f5) 50 Hz (fs)
. 25 Hz (fs — fr), | 26 Hz (fs — fr), | 25 Hz (fs — f»),
Eféﬁ?iit 50 1 (1), 50 Hz (1), 50 1o (1),
Yy 75 Hz (fs + fr) 75 Hz (fs + fr) 75 Hz (fs + fr)
. 25 Hz (fs — fr), | 26 Hz (fs — fr), | 25 Hz (fs — f»),
%/Icljeestricit 50 Hz (£ ) 50 Hz (/. ) 50 Hz (f )
y 75 Hz (fs+ fr) | 75 Hz (fs + fr) 75 Hz (fs + f;)
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3.4 Numerical simulation of series and parallel stator winding electrical machines

3.4.2 Investigation of air gap magnetic field

The investigation of the air gap magnetic field has been carried out in both of the winding con-
nections motor to find out the presence of different components of the magnetic field. The eccentric

position of the rotor modulates the magnetic field and generates different harmonic fields in the air

gap.

r inner radius

Figure 3.5: Magnetic field calculation line in the air gap.

The air gap of the machine has been divided in four bands to get a uniform meshing. The radial
component of the magnetic field in the air gap has been calculated at 2'° (1024) nodes along a circle

of radius 52.25 mm, shown in Figure 3.5 at each instant of time as

B, = B, (0,t) cos (0) + By (6,t) sin (0) (3.12)

where B, and B, are the components of the magnetic field along = and y direction at the respective
nodes. Once the radial magnetic field is calculated at 1024 nodes at each instant of time, the temporal
variation and the spatial distribution of the radial magnetic field can be obtained with respect to
time. First, the temporal FFT of the radial magnetic field variation at a point (52.25, 0) has been
carried out in both of the winding connections with all the eccentricity conditions to see the presence
of the frequency component of the magnetic field. Figures and represent the comparison
of the FFT of the magnetic field variation at a point in the case of the series and parallel stator
winding connections in different eccentricity conditions respectively. It can be observed that in both
of the winding connections, in the static eccentricity condition the air gap magnetic field has only
fundamental component of the magnetic field i.e. 50 Hz, whereas in the case of the dynamic as well as
the mixed eccentricity conditions, the eccentricity induces a 25 Hz and a 75 Hz components in both, the

series as well as parallel connections. The temporal investigation of the magnetic field does not provide
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Figure 3.6: Comparison of temporal FFT of the magnetic field at a point in the air gap in series winding
machine.
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Figure 3.7: Comparison of temporal FFT of the magnetic field at a point in the air gap in BCW winding
machine when bridges are in OFF condition.

TH-2237_126103028

54



3.4 Numerical simulation of series and parallel stator winding electrical machines
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Figure 3.8: Magnetic field distribution in the air gap with series winding connection in different eccentricity
condition at a simulation time of 1 s.
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Figure 3.9: Spatial FFT of the magnetic field in the air gap with series winding connection in different
eccentricity condition at a simulation time of 1 s.
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3. Effect of Eccentricity on Magnetic Field

any information of the presence of any extra frequency component of the force in the parallel stator
winding machine because both of the machine show the presence of same frequency components of the
magnetic field. Table compares the presence of all the frequency components in series and parallel
stator winding connection obtained through temporal FFT with analytically obtained magnetic field
frequency. It requires further investigation to find out the presence of additional components of
the magnetic field. So, for further investigation the spatial distribution of the magnetic field has been
studied. The amplitude and phase of the spatial distribution of the fundamental as well as eccentricity
induced components of the magnetic field has been investigated.

Figure represents the comparison of the spatial distribution of the air gap magnetic field at a
particular instant of time in the series stator winding connection in different eccentricity conditions.
The spatial FFT has been carried out to see the presence of the harmonic components of the magnetic
field. Figure [3.9| represents the harmonic components present in the air gap magnetic field shown
in Figure [3.8]. It can be observed that the one pole pair, the two pole pair and the three pole pair
magnetic fields are present in the air gap for all the eccentricity conditions. Similar to the series winding
connection, the FET of the spatial distribution of the magnetic field of parallel stator winding has also
been carried out. The spatial FFT has been carried out at each instant of time and the amplitude
and the phase of the two pole, the four pole and the six pole magnetic field components have been
extracted to investigate the behavior of these harmonic components with time in different eccentricity

conditions.
3.4.2.1 Static eccentricity

Figure [3.10| represents the variation in the amplitude and the phase of the four pole, the two pole
and the six pole magnetic fields with respect to time for the case of the series stator winding connection
when the rotor is statically eccentric. It can be observed from Figure that the amplitude of the
four pole field, the two pole field and the six pole field becomes constant after some time. The phase
plots show that the four pole magnetic field, the two pole magnetic field and the six pole magnetic
field makes five rotations in 0.1 second, which says that the frequency of rotation of the four pole
magnetic field, the two pole magnetic field and the six pole magnetic field is 50 Hz. The same can
be observed from the FFT of the magnetic field variation at a point, which shows the presence of a
frequency component of 50 Hz as shown in Figure 3.6, The obtained frequency component of these
harmonic fields are in line with the analytical expression as shown in Equation .

TH-2237_126103028

56



3.4 Numerical simulation of series and parallel stator winding electrical machines

2 15 180 1o 0 o o °
2 > 05 0% % % S
0 20 5 S 5% % 5
T GC_) © 90 o o o o o
Xk 1 S o ° ) o ° o
5 5} o o o o o
= X a o o o o o
w— Q S5 = 0 o o o o o
o o = ) ) ) ) o
o Q B2 5 5 % 5 %
©
ERA 28 4 2 3 3 3 9
= < - ) o o ) q
5 5 S S S S T
(] o o o o o o
> 0 . . -180 o o o o o
0 0.5 1 1.5 14 1.45 1.5
Time (s) Time (s)
(a) (b)
P 0.02 : : 180 1o o ) ° °
= o o
2 2 % % 3 % 3
3 2T 2 2 3 % 3
T _0.015 o O 90r o o o ° o
X - O o o o o o
S x 2 2 5 9% 5 %
:: @ 0.01 = \D_/ 0 o o o o o
O o . = o o o o o
o Q 52 > S % S %
'g N ) o o o o o o
2 70.005 o 9 ° % % % S
S c < 5 °© 9 S5 9% 7
© o o ) o o o
S 0 . -180 o o o o o
0 0.5 1 1.5 1.4 1.45 1.5
Time (s) Time (s)
(c) (d)
2 0.03 ; 180 1o o o o °
2 - L S S S S
) 20 2 5 % 5 %
T ~ T QC) © 90r o o o ° o
x ££0.02 T2 5 5 S 5 %
= x a o o o o o
— Q =R o o ) o o
5o e O 0% % % % %
% o “6 % o o o o o
S ©001 2 9 5 % 5 5 9
= a -90 o o o o g
c © ) o o o o o
o £~ ) o o o o
o] o o o o o o
s 0 180 @ ° o o 2}
0 0.5 1 1.5 14 1.45 1.5
Time (s) Time (s)
(e)

Figure 3.10: Induction motor with series winding when rotor is statically eccentricl@l variation in amplitude
of the four pole magnetic field with time variation in phase of the four pole magnetic field with time

variation in amplitude of the two pole magnetic field with time variation in phase of the two pole magnetic
field with time variation in amplitude of the six pole magnetic field with time variation in phase of the
six pole magnetic field with time.
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Figure 3.11: Induction motor with BCW winding when rotor is statically eccentric and bridge is OFF I@l
variation in amplitude of the four pole magnetic field with time @ variation in phase of the four pole magnetic
field with time [(c)| variation in amplitude of the two pole magnetic field with time [(d)] variation in phase of

the two pole magnetic field with time @ variation in amplitude of the six pole magnetic field with time
variation in phase of the six pole magnetic field with time.
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3.4 Numerical simulation of series and parallel stator winding electrical machines

Figure [3.11| represents the variation in the amplitude and the phase of the four pole, the two pole
and the six pole magnetic fields with respect to time for the case of the parallel stator winding con-
nection when the rotor is statically eccentric. It can be observed from Figure that the amplitude
of the four pole magnetic field becomes constant after some time, however the two pole magnetic
field amplitude has small variations with time and the six pole magnetic field amplitude has higher
variations with respect to time. The phase plots show that the four pole magnetic field, the two pole
magnetic field and the six pole magnetic field makes five rotations in 0.1 second, which says that the
frequency of rotation of the four pole magnetic field, the two pole magnetic field and the six pole
magnetic field is 50 Hz. The same can be observed from the FFT of the magnetic field variation at a
point, which shows the presence of a frequency component of 50 Hz as shown in Figure[3.7] However
a small perturbation in the two pole magnetic field phase and a considerable perturbation in the six -
pole magnetic field can be observed. This perturbation in the phase of the six pole magnetic field can
be seen as the presence of a pulsating component of magnetic field of 50 Hz along with a rotational
component of 50 Hz. So, to accommodate this pulsating component of the six pole magnetic field, the

magnetic field equation in Equation (3.1]) should be modified.
3.4.2.2 Dynamic eccentricity

Figure [3.12) represents the variation in the amplitude and phase of the four pole, two pole and six
pole magnetic fields with respect to time for the case of the series stator winding connection when
the rotor is dynamically eccentric. It can be observed from Figure that the amplitude of the
four pole magnetic field becomes constant after sometime, however the two pole magnetic field and
six pole magnetic field show small variation in the amplitude with respect to time. The phase plots
show that the four pole magnetic field makes ten rotation in 0.2 second, which indicates that the four
pole magnetic field rotational frequency is 50 Hz, the two pole magnetic field makes five rotations
in 0.2 second which says that the two pole magnetic field rotational frequency is 25 Hz, and the six
pole magnetic field makes fifteen rotations in 0.2 second, which says that the six pole magnetic field
rotational frequency is 75 Hz. The same can be observed from the FFT of the magnetic field variation
at a point, which shows the presence of three frequency components 25Hz, 50 Hz and 75 Hz as shown in
Figure The obtained frequency components of these harmonic fields are in line with the analytical
expression as shown in Equation .

Figure [3.13] represents the variation in the amplitude and the phase of the four pole, the two pole
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Figure 3.12: Induction motor with series winding when rotor is dynamically eccentricl@lvariation in amplitude
of the four pole magnetic field with time [(b)] variation in phase of the four pole magnetic field with time
variation in amplitude of the two pole magnetic field with time variation in phase of the two pole magnetic

field with time @ variation in amplitude of the six pole magnetic field with time variation in phase of the

six pole magnetic field with time.
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Figure 3.13: Induction motor with BCW winding when rotor is dynamically eccentric and bridge is OFF I@l
variation in amplitude of the four pole magnetic field with time variation in phase of the four pole magnetic
field with time [(c)| variation in amplitude of the two pole magnetic field with time variation in phase of

the two pole magnetic field with time variation in amplitude of the six pole magnetic field with time
variation in phase of the six pole magnetic field with time.
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3. Effect of Eccentricity on Magnetic Field

and the six pole magnetic fields with respect to time for the case of the parallel winding connection
when the rotor is dynamically eccentric. It can be observed from Figure that the amplitude of
the four pole magnetic field becomes constant after some time, two pole magnetic field amplitude has
a small variation with time and six pole magnetic field amplitude has higher variation with respect to
time. The phase plots show that the four pole magnetic field makes ten rotations in 0.2 second which
says that the rotational frequency of the four pole magnetic field is 50Hz, the two pole magnetic field
makes five rotations in 0.2 second which says that the rotational frequency of the two pole magnetic
field is 25 Hz and the six pole magnetic field makes fifteen rotations in 0.2 second, which says that the
rotational frequency of the six pole magnetic field is 75 Hz. The same can be observed from the FFT
of the magnetic field variation at a point which shows the presence of three frequency components,
25Hz, 50 Hz and 75 Hz as shown in Figure 3.7 However a large perturbation in the phase of the six
pole magnetic field indicates the presence of the pulsating magnetic field, which is of same frequency
as that of the rotational frequency of the magnetic field. Hence, the magnetic field equation for the
dynamic eccentricity condition in Equation should be modified with an additional component of

pulsating six pole magnetic field.
3.4.2.3 Mixed eccentricity

Figure represents the variation in the amplitude and phase of the four pole, two pole and six
pole magnetic fields with respect to time for the case of series stator winding connection when the
rotor is in the mixed eccentricity condition. It can be observed from Figure that the amplitude
of the four pole magnetic field becomes constant with time, the two pole magnetic field and the six
pole magnetic field show variation in amplitude with respect to time. The phase plot of the four
pole magnetic field shows that the four pole magnetic field makes 10 rotations in 0.2 second, which
says that the four pole magnetic field rotational frequency is 50 Hz. The phase plot of the two pole
magnetic field shows the combination of two different type of rotations, five and ten rotations in 0.2
second which says that the rotational frequency of the two pole magnetic field are 25 Hz and 50 Hz.
The phase plot of the six pole magnetic field also shows the combination of two different types of
rotations, ten and fifteen rotations in 0.2 second, which says that the rotational frequency of the six
pole magnetic field are 50 Hz and 75 Hz. The same can be observed from the FFT of the magnetic
field variation at a point which shows the presence of three frequency components, 25Hz, 50 Hz and

75 Hz as shown in Figure [3.6] The obtained frequency component of these harmonic fields are in line
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Figure 3.14: Induction motor with series winding when rotor is in mixed eccentric condition I@l variation in

amplitude of the four pole magnetic field with time @ variation in phase of the four pole magnetic field with

magnetic field with timevariation in amplitude of the six pole magnetic field with timevariation in phase

time [(c)] variation in amplitude of the two pole magnetic field with time [(d)] variation in phase of the two pole
of the six pole magnetic field with time.
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Figure 3.15: Induction motor with BCW winding when rotor is in mixed eccentric condition and bridge is
OFF @ variation in amplitude of the four pole magnetic field with time @ variation in phase of the four pole
magnetic field with time [(c)] variation in amplitude of the two pole magnetic field with time [(d)] variation in

phase of the two pole magnetic field with time @ variation in amplitude of the six pole magnetic field with
time variation in phase of the six pole magnetic field with time.
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3.5 Modification in analytical expression

with the analytical expression as shown in Equation .

Figure represents the variation in the amplitude and the phase of the four pole, two pole and
six pole magnetic fields with respect to time for the case of the parallel winding connection when the
rotor is in mixed eccentricity condition. It can be observed from Figure that the amplitude of
the four pole magnetic fields become constant with time, the two pole magnetic field and the six pole
magnetic field show variations in the amplitude with respect to time. The phase plot of the four pole
field shows that the four pole magnetic field makes 10 rotations in 0.2 second, which says that the four
pole magnetic field rotational frequency is 50 Hz. The phase plot of the two pole magnetic field shows
the combination of two different type of rotation, five and ten rotation in 0.2 second, which says that
the rotational frequency of the two pole magnetic field are 25 Hz and 50 Hz. However, the phase plot
of the six pole magnetic field is a bit complex. It looks like, a combination of ten and fifteen rotations
in 0.2 second, however, ten rotation is prominent, which says that the field is rotating with a higher
magnitude, 50 Hz component and a smaller magnitude 75 Hz component. Also, a distortion in the
phase plot of the six - pole magnetic field demonstrates the presence of the pulsating component of
the magnetic field. Hence, the magnetic field equation for the case of the mixed eccentricity condition
should be modified with two additional components of six pole pulsating magnetic field of frequency

50 Hz and 75 Hz.
3.5 Modification in analytical expression

It has been seen in numerical investigation of the phase plot of the magnetic field of the parallel
stator winding motor that in each eccentricity condition there is an existence of pulsating component
of the magnetic field. The pulsating six pole magnetic field has the same frequency component as
that of the rotating six pole magnetic field. So, the pulsating six pole magnetic field for the case of
the static eccentricity, the dynamic eccentricity and the mixed eccentricity condition can be written
as shown in Equations - respectively which has the same frequency component as that

of the rotating six pole magnetic field component as,

Bstatic = Bsscos (27rfst - ¢ps) COs ((p + 1) 0 — ¢p8) (3'13)

denamic = B3d008 (27T(fs + fr)t - ¢pd) COoS ((p + 1) 0 — ¢pd) (3'14)
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3. Effect of Eccentricity on Magnetic Field

Biixed = B3scos (27Tfst - Cbps) COs ((p + 1) - ¢ps) + B3gcos (27T(fs + fr)t - ¢pd) COs ((p + 1) - ¢pd)

(3.15)

where Bs,, Bsg and ¢, ¢pq are the amplitude and the phase of the pulsating six pole magnetic field in
the case of the static and the dynamic eccentricity conditions respectively. By adding these pulsating
magnetic field to (3.1) - (3.3)), a modified field equation for the parallel stator winding connection for

the case of the static eccentricity, the dynamic eccentricity and the mixed eccentricity condition can

be written as shown in Equations (3.16)) - (3.18]) as,

oAm
bt = H cos (pf — 27 fst — b))
po

,LLOESAm
2pd

+ Bsscos (27 fst — pps) cos (p+ 1) 6 — ¢ps)

cos ((p£ 1) 0 = 2m fst — (m £ ¢5)) (3.16)

poAm

bgy = cos (pf — 27 fst — Pp,)

Mo5dAm
2pd

+Bsqcos (27 (fs + fr)t — dpa) cos ((p + 1) 0 — ¢pa)

COS((p:l:l)@—27T(f5 ifr)t_ (¢mi¢d)) (3'17)

bmi = ,Lh;;lm cos (pf — 27 fst — P)

o SA’ITL
1% §p5 cos((p£1)0 —2nfst — (dm £ b))
+W cos ((p£1)0 = 27n(fs + fr)t — (dm £ Ba)) (3.18)

+ Bsscos (27 fst — ¢ps) cos ((p+ 1) 0 — ¢ps)
+Bsqcos (2 (fs + fr) +t — ¢pa) cos (p+ 1) 8 — ¢pa)

where bgi, bgy and byy; are final magnetic field expression in the case of static eccentricity, dynamic
eccentricity and mixed eccentricity respectively. Considering these magnetic field and substituting it

in Equations (3.4) and (3.8]) , the force acting along x and y axis can be written as,

TH-2237_126103028

66
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A2 r2legm
Fpes = “"2# sin ()

A2 Bsg
| HoAmr* 1By
2pd

cos (2m(2fs)t — 2¢s — dm)

cos (¢dm) (3.19)

+/1,0Am7‘2l.8387['
2pd

A2 r?legm
Fpae == 257

+M0Am7”2lBgd7T
2pd

cos (21 (2fs + fr)t — 2¢0pa — Om)

sin (27 frt + dq)

cos (27 frt — dpm) (3.20)

Anr’lB
| HoAmr®1Baam
2pd

. ,LL0A72717‘2Z€7T .

A, 2 Bs
e = PO i 5+ Lo LB

200 sin (¢m)
A2 B,

+% cos (2m(2fs)t — 2¢ps — dm)

poA2,r3len
2p2§2
A, 2B

+/L0 T dT

2pd

cos (2m(2fs + fr)t — 2¢pa — Om)

-+ cos (27 fit + ¢s) (3.21)

cos (27 frt — b))

N ,qumrledw
2pd

P HoAnrtlesT
psy — 2p252
| HoAnT?1Bssm
2pd

po A2l BT
2pd

sin (27(2fs)t — 2¢s — Om)

sin (¢s) + sin (¢m)

(3.22)

A2 r2legm .
Foay = /l();p@TQd sin (27 frt + ¢dg)

| HoAwr?LBsam
2pd

sin (2w(2fs + fr)t — 2¢0pa — Om)

sin (27 frt — Pm) (3.23)

| oAt Bsgn
2pd
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3. Effect of Eccentricity on Magnetic Field

Fymy = W sin (¢s) + uOATg;;lBLJ sin (¢nm)
+’““’A";;zl38” sin (27(2f)t — 2¢ps — Pm)
+’1M;12’;127;:2l€ﬂ sin (27 frt + ¢s)

+% sin (27 fyt — )

+M sin (27(2fs + fr)t — 2¢pa — dm)

2pd

(3.24)

where Fys o, Fpq and Fy, , are the forces acting along x direction for the parallel stator winding

in the static, dynamic and mixed eccentricity conditions respectively. Fjs ., Fpqy and Fpy, , are the

forces acting along y direction for the parallel stator winding in the static, the dynamic and the mixed

eccentricity condition respectively. It can be seen in Equations (3.19) - (3.24) that the new force

expressions have all the frequency components shown in Figure @ Fps  and F, , have DC as well

as 2fs component of the force which is 0 Hz and 100 Hz. F;

pde and Fyq, have f,. as well as 2fs + f;

component of the force which is 25 Hz and 125 Hz. F,,;, , and F,, , have DC, 2f;, f, and 2f; + f,

components of the force which is 0 Hz, 25 Hz 100 Hz and 125 Hz.

3.6 Numerical simulation in bridge ON condition

102 _
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o
o

Force (N)
H
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10 — Static eccentricity
- Dynamic eccentricity
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-150 -100 -50 0 50 100
Frequency (Hz)

150

Figure 3.16: Comparison of FFT of forces acting on the rotor in BCW winding motor in different eccentricity

conditions when bridges are in ON condition.
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3.6 Numerical simulation in bridge ON condition

Figure [3.16| represents the FFT of the forces acting on the rotor in different eccentricity conditions

when bridges of the winding are in ON condition. By comparing Figure [3.4) and Figure it can be

observed that the bridge ON condition suppresses all the additional components of the forces. The

generated UMP has a DC component of force in the static eccentricity condition, 25 Hz component

in the dynamic eccentricity condition and a DC and 25 Hz components in the mixed eccentricity

condition.

To investigate the reason behind this suppression of additional components of forces, the amplitude

and phase of the air gap magnetic fields have been plotted similar to series winding and bridge OFF

parallel winding conditions. Figures - represents the variation in the amplitude and the

phase of the four pole, two pole and six pole magnetic fields with respect to time for the case of the

static, dynamic and mixed eccentricity conditions respectively when the bridges of the stator winding

are in ON condition. It can be seen that amplitude of the two pole, four pole and six pole magnetic

field become constant with time. Also phase plot in all the three conditions doesn’t show the presence

of substantial pulsating component of the magnetic field. Hence it can be concluded that the bridge

ON condition suppresses the pulsating components of the magnetic field which in turn suppresses the

additional components of the force generated in the parallel stator winding motor.

Table 3.4: Comparison of magnetic field behavior in numerical analysis

Numerical Simulation

Series Connection

Four - Pole Two - Pole Six - Pole
Rotation Pulsation Rotation Pulsation Rotation Pulsation
Static Eccentricity 5/0.1, 50 Hz | Not Present | 5/0.1, 50 Hz | Not Present | 5/0.1, 50 Hz | Not Present
Dynamic Eccentricity | 10/0.2, 50 Hz | Not Present | 5/0.2, 25 Hz | Not Present | 15/0.2, 75 Hz | Not Present
Mixed Eccentricity 10/0.2, 50 Hz | Not Present L;)(/)(/)OQ’Q,QEOHI-ZIZ Not Present ig;gi: 57)(5) gi Not Present
BCW Connection (Bridge OFF)
Four - Pole Two - Pole Six - Pole
Rotation Pulsation Rotation Pulsation Rotation Pulsation
Static Eccentricity 5/0.1, 50 Hz | Not Present | 5/0.1, 50 Hz | Very Small | 5/0.1, 50 Hz | 50 Hz
Dynamic Eccentricity | 10/0.2, 50 Hz | Not Present | 5/ 0.2, 25 Hz | Very Small | 15/0.2, 75 Hz | 75 Hz
Mixed Eccentricity 10/0.2, 50 Hz | Not Present i)(/)(/)027272§0HI—ZIz Very Small ig;g;: 57)(; IP{IE 50 Hz, 75 Hz
BCW Connection (Bridge ON)
Four - Pole Two - Pole Six - Pole
Rotation Pulsation Rotation Pulsation Rotation Pulsation
Static Eccentricity 5/0.1, 50 Hz | Not Present | 5/0.1, 50 Hz | Not Present | 5/0.1, 50 Hz | Not Present
Dynamic Eccentricity | 10/0.2, 50 Hz | Not Present | 5/0.2, 25 Hz | Not Present | 15/0.2, 75 Hz | Not Present
Mixed Eccentricity 10/0.2, 50 Hz | Not Present | 5/0.2, 25 Hz | Not Present ig;g;’ 57)(5) g; Not Present
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Figure 3.17: Induction motor with BCW winding when rotor is statically eccentric and bridge is ON I@l

variation in amplitude of the four pole magnetic field with time @Variation in phase of the four pole magnetic
field with time variation in amplitude of the two pole magnetic field with time @ variation in phase of

the two pole magnetic field with time @ variation in amplitude of the six pole magnetic field with time
variation in phase of the six pole magnetic field with time.
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Figure 3.18: Induction motor with BCW winding when rotor is dynamically eccentric and bridge is ON I@l
variation in amplitude of the four pole magnetic field with time@ variation in phase of the four pole magnetic

field with time variation in amplitude of the two pole magnetic field with time @ variation in phase of
the two pole magnetic field with time variation in amplitude of the six pole magnetic field with time

variation in phase of the six pole magnetic field with time.
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Figure 3.19: Induction motor with BCW winding when rotor is in mixed eccentricity condition and bridge
is ON variation in amplitude of the four pole magnetic field with time @ variation in phase of the four
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3.7 Conclusion

3.7 Conclusion

The work presented in this chapter is an investigation of the presence of the eccentricity generated
harmonic magnetic field components in the air gap, which is responsible for the lateral force production.
It has been demonstrated that the presence of pulsating six pole magnetic field is the reason behind the
additional component of the force in a parallel winding connection machine. Based on the numerical
investigation a modified magnetic field expressions have been used to calculate the UMP. The analytical
force expression calculated using the modified field expressions fits well with the simulation results.
The modified force expression can be used for active suppression of the UMP in parallel stator winding
machine. In addition to this passive vibration suppression capability of bcw winding scheme in bridge
ON condition has also been analysed. It has been established that in bridge ON condition the two

pole and the six pole magnetic field pulsation gets eliminated in bridge ON condition.
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4. Coupled Field and Circuit Model of an Induction Machine

4.1 Introduction

In the previous chapter behavior of UMP generation in different eccentricity conditions have been
studied by analysing the air gap magnetic field harmonics. Considering the limitation of commercial
finite element software, the present work deals with the development of a 2D finite element code of a
36 slot induction machine in MATLAB® environment and further behaviour of bridge currents and
UMP have been analysed in different eccentricity conditions. Upon short-circuiting of bridge points,
bridge currents flow through the winding, if the rotor of the motor is eccentric with respect to the
stator centre.

There are no studies in the literature which demonstrate the effect of the different eccentricity
conditions on the bridge currents and generated UMP in an electric machine with bridge configured
winding. The finite element (FE) modelling is an efficient modelling technique for the investigation of
machine behavior [35,36]. Recently few authors have used finite element modelling for the investigation
of unbalanced magnetic pull in different eccentricity conditions and the effect of parallel paths on
unbalanced magnetic pull [53,/96,97]. A few work has been carried out on FE modelling of bridge
configured winding to analyse the bridge currents in static eccentricity condition [81]. The developed
model does not predict the correct behavior of the bridge currents as well as UMP in the static
eccentricity condition. It has been shown that in static eccentricity condition, the bridge currents
have fs; £+ f. frequency components, where f; is the frequency of the main supply voltage and f, is
the rotor rotational frequency. However, in the static eccentricity condition the bridge current should
have only f, frequency component. It happens because in [81] a transformation matrix has been used
for the implementation of bridge configuration winding, which enforces equal bridge currents in all
the four legs of a particular phase. This is not a proper modelling of the bridge configuration winding
scheme.

The aim of this chapter is to develop a simulation model which can be used to study bridge
configured winding for the development of a bearingless machine. Hence, to understand and investigate
the actual behavior of the bridge currents and UMP in different eccentricity conditions in bridge
configured winding, a FE model of 3.7 kW bridge configured induction machine has been developed.
A generalized circuit equation has been used to implement the bridge configuration winding in the FE
model. The term generalized circuit means that the same numerical model can be used for the active

as well as passive vibration control analysis, i.e when bridge points are short circuited or bridge points

TH-2237_126103028

76



4.2 Fundamental equations

are connected with an external isolated supply source. However, the present analysis is based on two
conditions, (i) when the bridge points are open (bridge OFF condition) and (ii) when the bridge points
are short circuited (bridge ON condition). The analysis for the external supply through the bridge
points has not been considered in this chapter. The material nonlinearity has not been considered in
the developed FE model. Air gap stitching method has been used for the implementation of rotor
rotation, the static, the dynamic and the mixed eccentricity conditions. Considering the complexity
in combining rotor transverse motion in commercial softwares, this FE model has been developed
in MATLAB® environment. However in this chapter transverse vibration of the rotor has not been
coupled with the magnetic field and circuit equation. The coupling of rotor motion has been explained

in subsequent chapters.

4.2 Fundamental equations

=

This work is restricted to 2D field analysis, where the current density (J) and the magnetic vector

—,

potential (A) are z-directed (parallel to the axial length of the machine) and independent of z,

T =7 (x,y,1t) ® (4.1)

A=Ay ) K (4.2)

%
where x and y are the cartesian coordinates, k is the unit vector parallel to the z-axis and ¢ is
the time. Since, vectors J and A have only one component, they can be treated as scalars.
The 2D approximation of field equation in z-y plane can be written as
0 [10A 0 [10A 0A
— — == o= - dV =0 4.3
3%[ }Jr@y {uay] Tor — o (43)

udx

where ogradV is the source of the excitation. This formulation is based on a squirrel cage induction
machine, where two different types of conductors are used. The thick conductors (single conducting
area) are used in the rotor and the thin conductors (multi turn coils) are used in the stator winding.
The application of electrical continuity equation for the thick and the thin conductors gives gradV =

—U/l, where U is the applied voltage. Hence, the 2D approximation of the field equation can be

written as

ox

0 [10A 0 [10A 0A U
Lax] oy [uay] oo ToT =0 44
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4. Coupled Field and Circuit Model of an Induction Machine

we get the circuit equations for the thick and thin conductors by using E + % = —gradV and

Ohm’s law, J = o F, as Equations (4.5)) and (4.6 respectively.

A
U, = R, I, —i—Rr/ aa—ds (4.5)
s, Ot
nl 0A
s= R+ = | 0= 4,
Us=R +SS Ssaatds (4.6)

The subscripts r and s represent the rotor side and the stator side variables respectively and it
has been used consistently in the entire chapter. The combined field equation considering the thick

and the thin conductor excitation can be written as [98]

Ur
Is+0,— =0 (4.7)

zidloz| T | ;

0 [1814] 0 [1&4] 0A nyg
where o, is the electrical conductivity of the rotor bar, ng is the no. of turns in the stator winding,

S, is the c/s area of the stator coil, [ is the length of the rotor bar, U, is the voltage across the rotor

bar and p is the permeability.
4.3 Finite element modelling of BCW electrical machines

In general any electrical machine can be divided into five domains for the purpose of numerical
modelling i.e the stator core domain, the stator winding domain, the air gap domain, the rotor core
domain and the rotor conductor domain. The Galerkin method has been used for the application of
FE discretization in Equations , and . The elemental matrices have been obtained for
the field Equation for different domains of the machine. The elemental stiffness matrix for the
entire domain, the elemental matrix for the contribution of the induced emf in the field equation due
to rotor bar, the elemental matrix for the contribution of the excitation at the stator winding, and

the elemental matrix for the contribution of the excitation at the rotor conductor can be represented

as Equations (4.8), (4.9), (4.10), and (4.11)) respectively.
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4.3 Finite element modelling of BCW electrical machines

b= [N NG+ (NN ) dady (45)
¢ = //O'T{N} IN | dzdy (4.9)
pS = // {N} dxdy (4.10)
P = / {N}%dxdy (4.11)

The elemental matrix for the rotor circuit equation and the elemental matrix for the stator circuit

equation can be represented as Equations (4.12)) and (4.13|) respectively.

= RTO'T/ {N}dzdy (4.12)
g = o / (N} dz dy (4.13)

where v is the magnetic reluctivity (v = l%) and {N} is a vector of the shape functions. Two types
of elements have been used for the FE discretization. Eight noded quadrilateral elements have been
used in the stator core, the stator coil, the rotor core and the rotor conductors, whereas six noded
triangular elements have been used for the air gap modelling. For eight noded quadrilateral elements,

the elemental stiffness matrix, Equation (4.8]) can be written in natural coordinate system (£ — ) as

Bl 1.

= //y{gradN} |gradN | |J| d&dn (4.14)

However for six noded quadrilateral elements, the elemental stiffness matrix, Equation (4.8]) can

be written in natural coordinate system as

11
://V {gradN} |gradN | |J|d¢dn (4.15)
0 0

Similarly for eight noded quadrilateral element, the elemental stiffness matrix, Equations (4.9)) -
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4. Coupled Field and Circuit Model of an Induction Machine

(4.13) can be written in natural coordinate system as

-1-1

o = [ [ o () (N3] dedy (4.16)
1 1

—1-1
b = g [ [ Ny1a1dedy (417
,1i11
b = [ [ 5 (N1 dedy (118)
1 l1 o
o = o [ [ oyaidedn (4.19)
1 1
L

4o = Ro; {N} [J] d&dn (4.20)
/]

After assembling all the elemental matrices the final assembled field equation can be written as
Equation . The assembled rotor and stator circuit equations can be written as Equations
and respectively. The stiffness matrix has the contribution from the entire domain, hence k¢
has to be assembled for all the elements in the domain. However, ¢, p, and ¢, are applied to the rotor

conductor domains only and ps and g5 are applied in the stator coil domains.

o{A
[K]nxn{A}nxl + [Cr]an% _ [PS]nXZ[T]qu{IS}uXI
+[P7’]n><U{UT}v><1 =0 (421)
Relos bt + (@l ot = (07}, (1.22)
Relusa s + 1@l = (01,4 (4.23)

where n represents the number of nodes in the domain, u is the number of stator circuit currents, v
is the number of rotor conductors and z represents the number of coil side currents. In our analysis the
typical value of n is 29,572. The transformation matrix used for the transformation of phase currents
to the coil side currents is [T7,,,,-

The BCW scheme has a double layer winding with two parallel paths and one additional source
of power supply in each phase of the stator winding. The simulated motor is a 4-pole squirrel cage

induction motor which has 36 stator slots and 26 rotor bars. In a conventional 3-phase machine

the value of the stator circuit currents would be three. However in our analysis the value of the
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4.3 Finite element modelling of BCW electrical machines

stator circuit current would depend on whether we use a simple parallel winding connection or a
short circuited parallel winding connection with or without a power source. Hence for the inclusion of
parallel paths and bridge connections, the field equation and the stator circuit equation
have to be modified. To incorporate the parallel paths of the rotor bars of the squirrel cage along with
the end rings, the rotor bar equation has to be modified. This has been explained in details in

next subsections.
4.3.1 Introduction to BCW winding

Figure [4.1| represents the winding diagram of an induction machine with 36 stator slots and Figure
represents the coil connection diagram of the winding. Coils (a1l —a3), (aa4 —aab) and (aal —aa3),
(a4 —a6) form two parallel paths in phase A of the winding. Coils (b1 —b3), (bb4 —bb6) and (bbl — bb3),
(b4 —b6) form two parallel paths in phase B of the winding. Coils (c¢1 —¢3), (cc4 —cc6) and (ccl —cc3),
(c4 — ¢6) form two parallel paths in phase C' of the winding. For the explanation of the modelling of
the circuit, twelve coil groups (W1-W12) have been formed. Coils (al — a3), (a4 — a6), (aal — aa3),
(aad —aab), (b1 —03), (b4 —06), (bb1 —bb3), (bb4 —bb6), (c1 —c3), (c4—c6), (ccl —cc3), and (ccd — ccb)
has been termed as coil group W1, W2, W3, W4, W5, W6, W7, W8, W9, W10, W11, and W12

respectively.
+bb6 ‘i vz
" +bb4 N 18 +ad
e | . B —!' 4 "“’\\
f/ » "' o -0 ~T
[/ +bh2 > -..:l b1 o +aaf
) Iy 4
:f;.- +bbl 2 éﬂ _MS: al;’ﬂl kY
/ . |
III,+==6 I,I*ﬂ 0 a'm‘a
o Y wel-s |
e .
o @ 5 P N 0
b -3
.Imz‘; '\ ba 4 o +ob
5 o - .’n? »
N e e ¥
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Figure 4.1: Winding diagram of double layer bridge configuration winding.
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4. Coupled Field and Circuit Model of an Induction Machine

Figure 4.2: Coil connection diagram of the winding.

4.3.2 Stator winding circuit equation when bridges are open (bridge OFF condition)

Figure represents the star connected circuit diagram of a bridge configuration wound machine
when bridge points are not connected and machine is supplied with a three phase star connected power
source. We will refer this connection of the bridge as bridge OFF condition. The two bridge points of
phase A are A7 and Ao, the two bridge points of phase B are By and B and the two bridge points of
phase C are Cy and Cq respectively. The neutral points of the stator winding and the supply source
are O and O’ respectively. The three phase supply voltages are V4, Vg, and V¢ and the three phase
currents of phase A, phase B, and phase C are i4, ip, and i, respectively. The two parallel paths of
phase A are A— A1 — O and A — A2 — O and i1 and i4 — 41 are the currents flowing in these parallel
paths respectively. The two parallel paths of phase B are B— B; — O and B — B2 — O and i3 and
ig — 1o are the currents flowing in these parallel paths respectively. The two parallel paths of phase
C are C—C1; — 0O and C— C2 — O and i3 and i¢c — i3 are the currents flowing in these parallel paths
respectively.

The DC resistance of the each coil group including the end winding resistance is R and the end

winding inductance of the each coil group is L.s. The Kirchhoff’s voltage law (KVL) has been used to
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4.3 Finite element modelling of BCW electrical machines

A1

ic

Figure 4.3: Circuit connection when bridges are open.

write the circuit equations. There are five loops in the circuit shown in Figure Equations for these

five loops have been written as Equations (4.24) - (4.28]). In addition to these equations, Equation

(4.29) can be written by imposing the Kirchhoff’s current law (KCL) about the star point O of the

winding. By assembling Equation (4.19) for coil group domains W1, W2, ...,

, Q12 have been obtained respectively.

KVL for loop 1 (O'AA10B1BO’) can be written as

Q1+ Qs — Q5 —Qslyy,—— H{A + 2Ri; — 2Ry
dt
di dig
2L687 - 2Les - V — V
+ dt a B4

KVL for loop 2 (O'BB20C;CO’) can be written as

Qs + Q7 — Qo — Qu2li 4 i d}nﬂ + 2R (ip — i2)

d(ip —i2) dis
—2Rig + 2Ly B2 o1, S8 vy, — v,
Ris dt dt ¢ B
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4. Coupled Field and Circuit Model of an Induction Machine

KVL for loop 3 (AA20AA) can be written as

{ }n><1

Q2+ Q33— Q1 —Qulyy,,———— +2R(ia —i1)
dt
) d(ig —11) diq
_ _ b 4.26
2Riy +2Les— 2Les—r =0 (4.26)
KVL for loop 4 (BB1O0B2B) can be written as
{ }n><1 . 3
Q5+ Qs — Qs — Q7)1 ypy—— ;. — 2R (ip — i2)
1 d (lB — ZQ) dig
2 — 2 L e = 4.27
+2Ris A o (4.27)

KVL for loop 5 (CC10C2C) can be written as

{ }n><1

Qo+ Qi2 — Qio — Quilyy,—— T (ic —i3)
+2Ris — 2L68W + 2L65% =0 (4.28)
And KCL about point O can be applied as
tag+ip+ic=0 (4.29)
Final circuit equation can be represented as
@ T m e {5 - ) (4:30)

where Is = [il iA i2 ’iB i3 ic]T and Us = [VA — VB VB — VC 000 O]T.
4.3.3 Stator winding circuit equation when bridges are closed (bridge ON condition)

Figure represents the star connected circuit diagram of a bridge configuration wound machine
when the bridge points are closed or connected to a voltage source and the machine is supplied with
a three phase star connected power source. We will refer this connection of bridge as bridge ON
condition. An eccentric rotor generates a potential difference across the bridge points of the winding
due to which, upon connecting these bridge points, a current flows across the bridge points which
changes the dynamics of the machine. An isolated controlled voltage source in current control mode
can also be connected to these bridge points by which current can be injected in the winding to
generate the desired force for bearingless operation or for the purpose of active vibration control. The

aim of the present work is to study the effect of eccentric rotor when bridges are open and closed.
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il —ipyg ig =i +ipy
0

3 —ipc ic—i3+ipc

ip =i +ipp

Figure 4.4: Circuit connection when bridges are closed.

However a generalized model has been developed considering a voltage supply across the bridge points.
The DC resistance and the inductance of the coil connecting across the bridge points are R, and Ly
respectively. The voltage source connected between the bridge points A; and A in phase A of the
winding is V3 4. The voltage source connected between the bridge points By and Bs in phase B of the
winding is V3p. The voltage source connected between the bridge points C; and Cs in phase C of the
winding is Vpc. The bridge currents in phase A, phase B, and phase C of the winding are ip4, i3,
and ipc respectively.

The bridge currents in the coil groups are shown in Figure[£.4] Similar to the bridge open condition
the Kirchhoff’s voltage law has been used to write the circuit equations for eight loops as shown in
Equations - and the Kirchhofl’s current law has been applied about the star point O as

shown in Equation (4.39).
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4. Coupled Field and Circuit Model of an Induction Machine

KVL for loop 1 (O'AA;0B;BO’) can be written as

[Q1+ Q4 — Q5 — Qs]y .,y i d}nX1 + 2Riy — 2Riz
di disy
—Ripa + Ripp + 2Ls ClZl — 2Les— i =Vg—Vyu
KVL for loop 2 (O'BB20OC;1CO’) can be written as
d{A}, : ,
Qs + Q7 — Qg — Q12]1X”TX1 — 2Rip — 2R3
. . . dis
+2Rip + Ripp + Riyo — 2Lend%
dis dip
_2L€SE + 2Les dt = VC VB

KVL for loop 3 (AA2A1A) can be written as

Q3 — Q1)1 xn, i diml 2Ri1 + Ria — Ryipa
diq dig
_2Les_ Les_ =
g Tlesgy = Vea

KVL for loop 4 (OA1A20) can be written as

Q2 — Q] ry il di”“ 2Ri1 4+ Rij + 2Rips
diy dia dipa
+RbeA 2Les dt = Lend dt Les? = Vi)A

KVL for loop 5 (B1OB2B1) can be written as

(@5 — Q7]1xy, ul dinﬂ + 2Ris — Rip + Ryisp
diy dip
2Lesi B Lesl =W
i a y 1'%
KVL for loop 6 (BB1B2B) can be written as
{ }n><1
[QS - Qﬁ]an dt + 2R’LQ — R’LB — QR’LbB
. dio dip dipyp
"R O Lend 2 — Loy "B —or, 28 — _y,
A T dt dt b5

KVL for loop 7 (C1O0C2C1) can be written as

[Qg — Qll]lxn { d}nXI + 2Ri3 — Ric
. dis dic
R, 2Les——Les— =V
+Liptpe + dt a bC
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(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)
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4.3 Finite element modelling of BCW electrical machines

KVL for loop 8 (CC1C2C) can be written as

d{A}nxl

Q12 — Qlohan + 2Ri3 — Ric — 2Ripe
—Ryipe + 2Les% - Lendc%c - 2Lesd:i% = —Vic (4.38)
And Kirchoff’s current law about point O can be applied as
ta+igp+ic=0 (4.39)
Final circuit equation for stator winding can be written as
@ SR e m i {5 - (4.40)

where Is = [i1 4 i2ip i3 ic ipa B ipc]|T and Us = [Va — Vp Ve — Vo Voa Voa —Vip Vi —Vic Vic 0.
If there is no external supply across the bridge points the supply voltage would be represented as

Us=[Va-VeVg—Vo0000000].
4.3.4 Rotor bar circuit equation

The Squirrel cage rotor conductors are connected in parallel and short-circuited with each other

using the end rings. Figure [4d.5|represents the circuit connection of a squirrel cage rotor of an induction

machine.
The rotor bar currents, for the rotor bar 1 to rotor bar 26 are Ip, ..., Ipog respectively. The end ring
Rer Ler' Rer ) \LQ'\ N Rer Ler i Rer ‘Ler
—> —ANA— T —>AMA— T ——2—ANM— T —— > AA— i —— — — — —
]erl Ierz Ier3 erd
Ipy Ipy Ip3

barl I barZI bar3 I
Upt Upa

— W —"—\WN—111———NW—iiiinr——\WW—mi— — — — —
R, Le, R, I
R, L, R, L, er el er er

Figure 4.5: Parallel connection of the rotor bar conductors.

effect has been modeled with 26 end resistances (R.,) and 26 end inductances (L.,.). The end ring

currents for loop 1 to loop 26 are Ig.1, ..., Iero6 respectively. For each individual rotor bar the circuit
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4. Coupled Field and Circuit Model of an Induction Machine

equation can be written as

QrE + R Iy — Uy =0
: (4.41)
Qra6 % + RyIyps — Upzs = 0

where Q1, ..., Qra6 have been obtained by assembling Equation (4.20) for rotor bar 1 to rotor
bar 26 respectively. The DC resistance of each rotor bar is R, and Uy, ..., Upgg are the voltage drop
across rotor bar 1 to rotor bar 26 respectively. The rotor bar circuit equation, Equation (4.41)) can be

written in matrix form as

d{A}

[Qr] T i [RT] {Ir} - {Ur} =0 (4'42)

The Kirchhoff’s voltage law can be used to obtain the circuit equation for each loop as

2Rerler1 + 2ler d{iewrl — Up1 + Up2s =0

(4.43)
2RerIeros + 2ler diflrl — Up26 + Upzs =0
It can be written in matrix form as
d{l
2[Rer] {Ier} + 2 [Ler] {dt”} + [M] {U.} =0 (4.44)
- - - - -1 0 0 --- 1
Rep -+ 0 leg -+ 0 I
1 -1 0 --- 0
where [Re,] = | @ . i |L[Lel )= |2 T i |, [Mo] = . A C s e} =
0 oo Rer O P lET‘ I€T26
- - - - 0 o 0 --- -1

The connection between the rotor bar currents and the end ring currents can be written as

) _ B}
I 11 0 - 0| L.
o 0 -1 1 -« 0| L
= 1. .. . . (4.45)
Tpoe 0 0 - =1 | ler2s
L . \
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4.3 Finite element modelling of BCW electrical machines

Which can be written in matrix form as
{I} = [M]" {I;} (4.46)

The final connection equation of the rotor bar and the end ring has been obtained by combining

Equations (4.44) and (4.46) as

d{L}
dt

[MQ]T [MQ] {UT} +2 [Rer] {Ir} +2 [Ler] =0 (4‘47)

4.3.5 Transformation matrix

It can be observed from Equation that in the case of bridge open condition there are six
current variables available from the circuit equation which includes 3 phase currents and 3 branch
currents. In bridge closed condition there are nine current variables available which includes 3 phase
currents, 3 branch currents and 3 bridge currents as written in Equation . A transformation
matrix is needed for the coupling of the circuit current in the magnetic field equation as the size of
the source distribution matrix, [Ps], in the magnetic field equation, Equation is n x z. The
value of z is 72 as we have 72 coil sides. The size of source current, I; in bridge open and bridge
closed conditions are 6 x 1 and 9 x 1 respectively. Hence transformation matrices of sizes 72 x 6 and
72 x 9 are required to couple the circuit currents in the field equation for bridge open and bridge closed
condition respectively.

In modelling of the thin coils, three terms have been used, coil sides, full coil and coil group. Each
slot of the machine has two layers and consist of two different coil sides, as shown in Figure The
two-coil sides of a coil are +al and -al. The +ve sign indicates that the current is coming out of the
plane and -ve sign indicates that the current is going into the plane. The coil groups W1, W2, W3
and W4 form phase A of the winding, the coil groups W5, W6, W7 and W8 form phase B of the
winding and the coil groups W9, W10, W11 and W12 form the phase C' of the winding as shown in
Figure [4.2] There are 72 coil side currents, 36 full coil currents and 12 coil group currents. There
are 6 circuit currents in bridge open condition and 9 circuit currents in bridge closed or bridge supply
condition. Figure represents the flow chart for conversion of circuit currents to coil side currents.
Circuit currents are transformed to coil group currents and coil group currents are transformed to
full coil currents and full coil currents are transformed to coil side currents. Conversion of group coil

currents to full coil currents and coil side currents has same transformation matrix in bridge open and
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4. Coupled Field and Circuit Model of an Induction Machine

Table 4.1: Current transformation group

Bridge Coil Side Coil Group Coil Circuit
Conditions | Currents | Currents Current Currents

Open 72 36 12 6

Closed 72 36 12 9

bridge supply or bridge closed condition.

Coil side
Current

Full Coil
Current

Coil Group
Current

Circuit
Current

Figure 4.6: Winding arrangement of BCW machine.

currents, the following transformation has been used,

Which can be written as

;

+ia1

_ial

+i006

—2ecb

0 0
0 0
0 0
00

ial

Lech

{icoilfside}nx 1= [TI] 72x36{icoil }36>< 1

For the transformation from full coil currents to coils side

(4.48)

(4.49)

Since each coil of the same coil group are connected in series so they must have the same current.

For the transformation of phase A coil group currents to phase A full coil currents the following

transformation has been used,

TH-2237_126103028

ial
ia?

Z‘(13

Z.ambél

laab

Laab

1 0
10
10
0 0
0 0
00

0 0
00
00
0 0
0 0
00

0 0
0 0
0 0
0

0 0 1
0 0 1
0 0 1

Z‘wl

Tw12

(4.50)
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4.3 Finite element modelling of BCW electrical machines

Similarly, the transformation matrices for two other phases can also be written and can be combined

as
{iCOil}36><1 = [T2}36>< 12{Z'coilfgroup}12x1 (4'51)

For the case of bridge open condition the transformation from circuit currents to coil group current

can be achieved as written in Equation (4.52)).

bl 1 0
) -1 1| |4
- (4.52)
i3 —1 1| |ia
- 1 0
\ L .

Similar transformation matrices can be obtained for phase B and phase C. The combined transfor-

mation matrix can be written as

{u coil-group}uxl = [T5] 126 {tcircuit Fox1 (4.53)

In the case of bridge closed and bridge supply condition, the bridge currents pass through the
bridge points in each phase. The transformation of circuit currents to coil group currents for phase A

can be written as

\ _ -
Bl 1 0 O
i1
w2 -1 1 0
= i (4.54)
oo _ 1]
1pA
w4 1 0 -1

Similar transformation matrices can be obtained for phase B and phase C. The combined trans-

formation matrix can be written as

{i coil,group}lgxl = [Tc]lzxg{icircuit}gxl (455)
So, the final transformation matrix for the bridge open condition can be written as
{icoil,side}72><1 = [Topen]72><6{7;ci7’cuit,current}6><1 (456)

where [Topen]72><6 = [T1]72><36[T2]36><12[T0]12><6

TH-2237_126103028

91



4. Coupled Field and Circuit Model of an Induction Machine

Similarly, the final transformation matrix for the bridge closed or bridge supply condition can be

written as

{icoilfside }72 x1 — [Tclosed] 72x9 {iciTcuitfcuTrent }9 x1

where [Tclosed]mxg = [T1]72><36[T2]36><12[TC]12><9

The combined discretized final field and circuit equations can be represented as

Kt + (Gl AL (P (b

+[P7“]n><26 {Ur} =0

A
[Qlhxn %l + [Rlpn{Lsthxs + [Les]hxh{%}h X = {Us}nx1

d{A},
[@rlaxn TXI + [Rrlagsos{Lr Fagx1 — {Urtagx1 = 0

T
[M2]26><26 [M2]26><26{UT}26><1 + 2[R€T]26><26{Ir}26><1

d{IT}%xl

i

+2[Ler]og 26

(4.57)

(4.58)

(4.59)

(4.60)

(4.61)

where h is 6 in the case of bridge open condition and A is 9 in bridge closed or bridge supply

condition.

4.3.6 Time-discretization

The combined field and circuit equations for thick and thin conductors are shown in Equations

(4.58]) - (4.61)). This system of differential equations have been solved using Crank-Nicolson method.

The Crank-Nicolson method is a second-order method, which is implicit in time and numerically

stable. The time-discretization of Equations (4.58) - (4.61)) in matrix form can be written as shown in

Equation (4.62)). The boundary condition has been applied by forcing the magnetic vector potential

(A) to be zero at the outer boundary of the machine.
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where {S} =

[K]t+At+
[Ps] [T 0] [P,]
= [Cy]
21Q)  [Rl+ZLes 0] 0] S
2 1Q] 0] R [T)]
0] o
I RiLes |
I [K]t—l-At T
[Ps] [T 0] P,
% [Cil
2 _ 2
_ At [Qs] [R] At Les [0] [0] {D}t
— 27 Q1] [0] R,] [T (4.62)
0 o T v
L % [LCT] i
+{S}t+At gy {S}t
{0} | {A}
{Us}mxl {IS}mxl
and {D} =

{0}26><1 {Ir}26><1
{0}26><1 J \{UT}26><1)

4.3.7 Modelling of rotor eccentricity

To incorporate the rotor movement and the rotor eccentricity, the air gap stitching method has

been applied. Figure [£.7] represents the meshed region of the stator and the rotor domains.
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Figure 4.7: Meshed stator and rotor with unmeshed air gap.
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Figure 4.8: Stitching in air gap region.

It can be observed from Figure [£.7]that the air gap region has been divided in four parts. Two parts
of the air gap have been modeled with the stator region and one part of the air gap has been modeled
with the rotor region. To incorporate the rotation and the eccentricity condition the remaining part
of the air gap is stitched using six-noded triangular elements as shown in Figure The following

algorithm has been used for the stitching of the air gap region. Suppose A, C, E, G, ... are the stator

A B C D E F G
r—o—a—0—0 o—0—0—0
AN Stator side nodes
. ,%: o ’

YRotor side nodes
& @ @ @ @ @ @
a b C d e

Figure 4.9: Algorithm used for air gap stitching.

side nodes and B, D, F, ... are its mid-side nodes. Similarly, a, c, e, ... are the rotor side nodes and b,
d, ... are its mid-side nodes as shown in Figure At first any two nodes from the stator side and
the rotor side, for example Aa is connected arbitrarily. Now the shorter distance between Ac and aC
is chosen to form the first triangle. Considering aC<Ac, A aAC can be formed. The mid-point of the
aC is chosen for the mid-side node of aC. The next triangle is formed by choosing the shorter distance
between aE and Cc. In the similar manner the whole domain is stitched. For the incorporation of
rotation and eccentricity condition, one portion of the air gap is restitched at each time step.This
process is carried out in three steps. First of all rotor portion is rotated about the center point and
then its location is shifted as per the eccentricity condition and after that stitching between the rotor
side nodes and the stator side nodes is carried out. A rotor is said to be statically eccentric if the

rotor centre does not coincide with the stator centre and the rotor rotates about the rotor centre.
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The rotor is said to be dynamically eccentric when the rotor centre does not coincide with the stator
centre and the rotor rotates about its centre as well as whirls about the stator centre. A rotor is said
to have mixed eccentricity if the rotor centre does not coincide with the stator centre and the rotor
rotates about its centre as well as whirls about any other point in between the stator centre and the

rotor centre.

4.4 Numerical investigation

The coupled field and circuit equation shown in Equation has been simulated for two second
to calculate the magnetic vector potential at each node, the circuit currents, the rotor bar currents
and the voltage across each rotor bar. The magnetic flux density in the air gap has been calculated
from the obtained magnetic vector potential using the relationship, B = V x A and subsequently the
transverse forces (Fy, F,) acting on the rotor have been calculated using the Maxwell stress tensor
method as explained in [81]. The calculation of forces has also been explained in Chapter [6] A self
developed preprocessor has been used to generate the mesh for the numerical simulation where the
stator, rotor and air gap domain has 5760, 3536 and 1025 elements respectively. Time stepping scheme,
Crank Nicolson method and MATLARB’s inbuilt solver has been used for the simulation.

The results have been generated for two conditions, when (i) bridge connections of the winding
are open or bridge OFF condition, (ii) bridge connections of the winding are closed or bridge ON
condition. Table[4.2]shows the important parameters of the induction machine used for the simulation.
The machine parameters have been calculated using the expressions explained in [99]. The simulation
has been carried out for all three types of eccentricity conditions. For the investigation of the static
eccentricity condition, the rotor has been shifted by a distance of le-4 m along the x-axis which is
10 % of the air gap and the rotor rotates about this point. In case of the dynamic eccentricity the
rotor center rotates about the center point of the stator with a whirling radius of 1e-4 m and the rotor
also rotates about its own center. Whereas, in the mixed eccentricity condition a static eccentricity of
0.5e-4 m, which is 5% of the air gap, has been given along the z-axis, the rotor center rotates about
this point with a whirling radius of 0.5e-4 m and the rotor rotates about its own center as well. The
bridge currents and the transverse forces acting on the rotor have been analyzed to study the effect
of different eccentricity conditions. The bridge currents, and transverse forces acting on the rotor

have been converted to the complex domain to investigate the various modes of the bridge currents
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Table 4.2: BCW machine parameters

Parameters Value

No. of poles 4

No. of stator slots 36

No. of rotor bars 26

Outer dia. of stator 160 mm
Outer dia. of rotor 103 mm

Air gap length 1 mm

Axial length of the motor 135 mm
Resistance per phase 6.8 Q

End winding inductance 3.94e4 A/m
Resistance of each rotor bar | 1 e-5 2
Rotor end ring resistance 2.49¢-6
Rotor end ring inductance 1.54 E-8 A/m
Supply voltage 37V, 50 Hz
Slip 0.02

and forces. Three phase bridge currents have been converted from a,b,c to d, g, 0 sequence using
Equation , where d, q represent the orthogonal components of current and 0 is the zero sequence
component of the current. The space vector of the bridge currents can be written as d + jq. Similarly,
transverse forces can be written in complex form as F, + jF,, where F, is the force acting along x
axis and Fy is the force acting along y axis. A full spectrum Fast Fourier Transform of space vector
of bridge currents and transverse forces have been carried out to investigate the relationship between
the bridge current modes and force modes. Generally in balanced system zero sequence component of
current is negligible, however a substantial amount of zero sequence component of bridge current is
present in bridge configured winding. Fast Fourier Transform of zero sequence component of bridge

current has also been carried out to know its frequency components.

cos(0)  cos(—2F)  cos (%) a
= | —sin(0) —sin(—%) —sin (%) b (4.63)
0 0.5 0.5 0.5 c

Figures and represent the bridge currents and full spectrum Fast Fourier Transform
(FFT) of bridge currents space vector in static eccentricity condition respectively. Figures and
represent zero sequence component of bridge currents in static eccentricity condition and its FF'T

respectively. Figures and represent the bridge currents and full spectrum FF'T of space vector
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Figure 4.10: Bridge

currents in static eccentricity condition.
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Figure 4.11: Full spectrum FFT of space vector of bridge currents in static eccentricity condition.
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Figure 4.12: Zero sequence component of bridge currents in static eccentricity condition.
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Figure 4.13: FFT of zero sequence of bridge current in static eccentricity condition.

Bridge Currents (A)

1.9 192 194 19 198 2
Time ()

Figure 4.14: Bridge currents in dynamic eccentricity condition.
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Figure 4.15: Full spectrum FFT of space vector of bridge currents in dynamic eccentricity condition.
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Figure 4.16: Zero sequence component of bridge currents in dynamic eccentricity condition.
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Figure 4.17: FFT of zero sequence of bridge currents in dynamic eccentricity condition.
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Figure 4.18: Bridge currents in mixed eccentricity condition.

TH-2237_126103028

99



4. Coupled Field and Circuit Model of an Induction Machine

X:-50

X: 255
10t ¢ Y:00716  y. 05885
X:-745 N X: 745
Y: 0.08329 - Y: 0.08339
< X:-255  X:50
2
&
3L
) 10
o
5
(@]
o)
104t
o
10‘5 L L L |
-100 -50 0 50 100
Frequency (Hz)

Figure 4.19: Full spectrum FFT of space vector of bridge currents in mixed eccentricity condition.
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Figure 4.21: FFT of zero sequence bridge currents in mixed eccentricity condition.
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of bridge currents in dynamic eccentricity condition respectively. Figures and represent zero
sequence component of bridge currents and its FFT in dynamic eccentricity condition respectively.
Figures and represent bridge currents and full spectrum FFT of space vector of bridge
currents in mixed eccentricity condition. Figures [4.20] and represent zero sequence component of
bridge currents and its FFT in mixed eccentricity condition respectively.

It is a known fact that the eccentric position of a rotor generates p+1 pole pair magnetic field in the
air gap, where p is the fundamental pole pair of the winding. However, these magnetic field components
have different angular frequency in different eccentricity conditions. The angular frequency of these
components in static and dynamic eccentricity are fs and fs =+ f, respectively [45]. The rotor frequency
is given by fs(1—s)/p, where s is the slip. The simulated bridge configured winding is a 4- pole winding,
hence eccentric position of the rotor generates 2-pole and 6-pole magnetic fields in the air gap. Based
on the above mentioned relationships it can be found that the angular frequency of the 2-pole and
6-pole magnetic fields in the static eccentricity condition is 50 Hz, whereas in dynamic eccentricity
condition the angular frequency of 2-pole magnetic field is 25.5 Hz and the angular frequency of 6-
pole magnetic field is 74.5 Hz. These magnetic field components create potential difference across the
bridge points of the bridge configured winding. When these bridge points are short circuited or in
bridge ON condition current flows in the winding which has same frequency components as that of
the eccentricity generated magnetic field.

In static eccentricity condition, the space vector of bridge currents have only supply frequency
component (fs) i.e. 50 Hz. In dynamic eccentricity condition the space vector of bridge currents have
fs £ fr components i.e. 25.5 Hz and 74.5 Hz. In mixed eccentricity condition the space vector of the
bridge currents have combination of the static and dynamic eccentricity components and they are 25.5
Hz, 50 Hz and 74.5 Hz. In all eccentricity conditions the space vector of the bridge currents have both
negative and positive mode. A substantial amount of zero sequence component of bridge currents is
also present in all the eccentricity conditions, which has the same frequency components as that of
the respective space vector of the bridge currents.

Figures [4.22] [£.23] and [4.24] represent the full spectrum FFT of force acting on the rotor in static

eccentricity condition, dynamic eccentricity condition and mixed eccentricity condition respectively.
The relationship between different bridge current modes and transverse force modes can be written

as £fs £ foridge- Here, firiqge is the frequency component of space vector of bridge currents. It can be
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Figure 4.22: Full spectrum FET of force in static eccentricity condition.
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Figure 4.23: Full spectrum FFT of force in dynamic eccentricity condition.
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Figure 4.24: Full spectrum FFT of force in mixed eccentricity condition.
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observed in Figure that in the static eccentricity condition, when bridges are in OFF condition,
the forces acting on the rotor has three components, 0 Hz and £+ 100 Hz (£50 £ 50), whereas in
bridge ON condition the double supply frequency component (+2fs) becomes almost negligible and
only the DC component (0 Hz) of the force acts on the rotor. It can be seen in Figure that in
the dynamic eccentricity condition, when bridges are in OFF condition the force acting on the rotor
has six components, + 24.5 Hz, + 75.5 Hz and +124.5 Hz (£50 4+ 25.5 and £50 4 74.5), whereas
in bridge ON condition most of the force component becomes negligibly small and only +f, (24.5
Hz) component of the force acts on the rotor. In the mixed eccentricity condition all the frequency
components of the forces of static and dynamic eccentricity conditions are present. It can be observed
in Figure that in bridge OFF condition the forces acting on the rotor have 0 Hz, + 24.5 Hz, £100
Hz, + 75.5 Hz and 4+ 124.5 Hz component whereas in bridge ON condition the forces acting on the
rotor has 0 Hz component and +f, (24.5 Hz) component. Table represents the summary of the

numerical investigation of bridge currents and UMP.

Table 4.3: Summary of the numerical investigation of bridge currents and UMP

Numerical Simulation
i ;. . Bridge Currents UMP
Type of Fecentricity Supply Freq. | Slip Space Vector Component Zero Sequence Component | Bridge OFF Bridge ON
Static Eccentricity 50 Hz 0.02 | £50 Hz 50 Hz 0 Hz, + 100 Hz 0 Hz
Dynamic Eccentricity | 50 Hz 0.02 | & 24.5 Hz, &+ 74.5 Hz 24.5 Hz, 74.5 Hz =+ 24.5Hz, + 75.5 Hz + 124.5 Hz 24.5 Hz
Mixed Eccentricity 50 Hz 0.02 | 0 Hz, £ 24.5 Hz, &+ 74.5 Hz | 0 Hz, 24.5 Hz, 74.5 Hz 0 Hz, &+ 24.5 Hz, + 75.5 Hz, £+ 100 Hz, + 124.5 Hz | 0 Hz, 24.5 Hz

4.5 Conclusion

A FE modelling of a 36 slots 4 pole induction machine with bridge configured winding has been
carried out to study the effect of eccentric rotor on the bridge currents and the forces acting on the
rotor. This model is able to provide correct behavior of bridge currents and UMP generated due to
an eccentric rotor in all types of eccentricity conditions. Various modes of the bridge currents have
been analysed by transforming it from a,b, ¢ sequence to d,q,0 sequence. A relationship of bridge
current modes with respect to different eccentricity conditions have been established. Also, it has
been shown that the zero sequence component of the bridge currents can not be ignored in bridge
configured winding. The space vector of bridge currents show the presence of only one frequency
component i.e. +fs, two frequency components ie. =+(fs — fr), £(fs + fr) and three frequency
components i.e. *fs, £(fs — f;) and £(fs + f;) of the bridge currents for the case of the static,
dynamic and mixed eccentricity conditions respectively. A relationship with respect to the main supply
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frequency component (fs) and bridge currents frequency component ( fbndge) has been established. It
has been shown that the developed UMP due to the eccentric rotor in bridge OFF condition has
+fs £ foriage frequency components. It has been also established that bridge currents suppresses all
the UMP components other than DC component and fs — f component. It happens because eccentric
rotor generates pulsating component of magnetic field which gets suppressed when bridges are in ON

condition.
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5. Magnetomotive Force Analysis

5.1 Introduction

The previous chapters deal with bridge configured winding induction machine in different eccen-
tricity conditions. However, the magnetic fields and transverse force due to the bridge supply have not
been analysed. A bridge supply through the bridge terminals of a four pole bridge configured winding
induction machine generates both two pole and six pole magnetic field harmonics [80]. However, to
generate a controllable transverse force only one component of the magnetic field is required. Hence, a
further study of BCW winding is important so that the magnetic field generation with respect to the
bridge supply can be ascertained. In this chapter, magneto-motive force (MMF') analysis of a bridge
configured winding electrical machine having four pole main field has been carried out to establish the

generation of the two pole and six pole magnetic fields with respect to the bridge supply conditions.

5.2 MMF analysis of BCW winding

A BCW winding can accommodate two supply sources as it has been discussed in the previous
Chapters. The MMF analysis has been carried out to understand the winding configuration with
respect to two different supply sources. Figure represents circuit diagram and Table represents
the winding configuration of BCW winding scheme which has been used for the MMF analysis of the
bridge configured winding configuration. Points A, B, and C represent the main supply terminals
whereas point A1-A2, B1-B2 and C1-C2 represent the bride supply terminals.

A three-phase supply can be connected at the main supply terminals A, B and C to produces a
four pole magnetic field (p pole pair of magnetic field) and hence interactions of this field with rotor
bar generates a torque and the rotor rotates. Whereas, the bridge points of each phase (A1 - A2, B1
- B2, and C1 - C2) can be excited individually using a supply source which is isolated from the main
supply. An isolated supply at the bridge points of the winding creates asymmetry in the magnetic field
(p =1 pole pair of magnetic field), which generates unbalanced magnetic pull. The MMF analysis has

been carried out to investigate the production of different magnetic fields due to these supply sources.

Figures [5.2(a)| and [5.2|(b)| represent the MMF axis of a bridge configured winding electrical machine

with respect to the main supply and bridge supply respectively. It can be seen that the MMF axes of
phase A, Phase B and Phase C of the winding are 120 degree apart when it is analysed with respect to
the main supply terminals, whereas MMF axes are 60 degree apart when it is analysed with respect to

the bridge supply terminals. It indicates that if the supply direction of Phase B of the bridge supply
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5.2 MMF analysis of BCW winding

Figure 5.1: Circuit diagram of BCW winding scheme used for MMF analysis @l excited using main supply
[@] excited using only bridge supply.

is reversed, a rotating magnetic field can be generated.
To verify this phenomena, the MMF distribution has been plotted at a particular time instant,
when a sinusoidal current of unit magnitude with a frequency of 50 Hz has been applied in a 36 slot

BCW electrical machine in the following four conditions

(i) A three phase supply with respect to the main supply terminals
(ii) A three phase supply with respect to the bridge supply terminals

(iii) A three phase supply with respect to the bridge supply terminals and direction of the supply of

phase B is reversed

(iv) A DC supply with respect to the bridge supply terminals and direction of phase B is reversed

Table [5.1] shows the winding distribution which has been considered to plot the MMF distribution
in these four conditions. Here, (al — a6) and (aal — aa6) represents phase A coils, (bl — b6) and

(bbl — bb6) represents phase B coils, (c1 — ¢6) and (ccl — cc6) represents phase C' coils. The MMF
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Figure 5.2: MMF axis with respect to main supply bridge supply.

distribution has been obtained by discrete integration of the distributed current across the slot at each
time instant.

The obtained MMF variation with respect to the angular position has been plotted for all the four
cases. Here, for the sake of representation, the MMEF distribution has been represented at a particular
time instant. Figure [5.3(a)| represents the MMF distribution, when winding is excited with respect to
the main terminals using three phase supply at time, ¢ = 0.016 s. It represents the formation of four
pole magnetic field for the case when BCW machine is excited with respect to the main terminals.
Figure represents the MMF distribution for the case when BCW machine is excited using normal
three phase bridge supply with respect to the bridge terminals at time, ¢ = 0.016 s. It demonstrates
the presence of additional magnetic field harmonic components along with the two pole magnetic field
component. Figure represents the MMF distribution for the case when BCW machine is excited
using bridge supply with respect to bridge terminals with reversal of phase B current at time, ¢ = 0 s.
It demonstrates the clear formation of two pole magnetic field when the direction of current in phase

B of the supply is reversed. Figure |5.3(d)| represents the MMF distribution for the case, when phase
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B of the bridge supply is reversed and bridge points are excited using a DC supply at time, ¢ = 0.016
s. It demonstrates the formation of six pole magnetic field when same phase of supply with reversal
of direction of current in phase B of the winding is applied with respect to the bridge terminals. The
generation of two pole and six pole magnetic field with respect to different bridge supply conditions
have also been verified using finite element model of BCW machine described in Chapter 3] Figure
describes the formation of mixed magnetic field when a three phase supply has been given
through the bridge terminals. Figure describes the formation of two pole magnetic field when
phase B of the three phase bridge supply is reversed. Figure describes the formation of six pole
magnetic field when a DC supply is given through the bridge terminals and phase B of the bridge

supply is reversed.

Table 5.1: Winding distribution of bridge configured winding

Slot | Deg | Inner | Outer Slot | Deg | Inner | Outer
1 5 -cc4 +al 19 185 | -c4 +aal
2 15 -ccH +a2 20 195 | -¢5 +aa2
3 25 -ccb +a3 21 205 | -c6 +aad
4 35 -bbl | +a4 22 215 | -bl +aad
5 45 -bb2 | +ab 23 225 | -b2 +aab
6 55 -bb3 | +ab 24 235 | -b3 +aab
7 65 -bb4 | +ccl 25 245 | -b4 +cl
8 75 -bb5 | +cc2 26 255 | -bb +c2
9 85 -bb6 | +cc3 27 265 | -b6 +c3
10 95 -aal +cc4 28 275 | -al +c4
11 105 | -aa2 | +cch 29 285 | -a2 +cd
12 115 | -aa3 | +ccb 30 295 | -a3 +cb6
13 125 | -aa4 | +bbl 31 305 | -a4 +bl
14 135 | -aab | +bb2 32 315 | -ab +b2
15 145 | -aa6 | +bb3 33 325 | -ab +b3
16 155 | -cl +bb4 34 335 | -ccl +b4
17 165 | -c2 +bbb 35 345 | -cc2 +bb
18 175 | -c3 +bb6 36 355 | -cc3 +b6

5.3 Analytical formulation of force

In order to understand the force production in BCW machine, an analytical expression of force
expression has been developed using Fourier coefficients of MMF as a function of the current distribu-
tion in the winding as shown in [80]. Each phase of the BCW winding has two parts upper and lower

part as shown in Figure[5.1j(b)l Upon excitation through the bridge points, the current gets divided in
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Figure 5.3: MMF distribution with respect to the angular position at time, ¢ = 0.016 s, when [(a)| three phase
current supply has been applied with respect to the the main supply terminals of the winding |(b)| three phase
current supply has been applied with respect to the bridge supply terminals of the winding [(c)| three phase
current supply has been applied with respect to the bridge supply terminals of the winding and direction of
phase B supply has been reversed @ a DC current supply has been applied with respect to the bridge supply
terminals of the winding and direction of phase B supply has been reversed.
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(a) (b)

Figure 5.4: Magnetic field obtained from FE model of BCW induction machine described in Chapter |3| when
@ bridge terminals are supplied by a normal sequence of three phase supply phase B of the three phase
bridge supply is reversed a DC supply is given through the bridge terminals and phase B of the bridge
supply is reversed.

these two parts. Hence, a DC current of 1 A has been provided in the coils forming upper and lower
section of the circuit connection individually. Upon excitation of these upper and lower sections of
each phase of the winding, MMF variation has been obtained through the discrete integration. The
FFT of the MMF variation has been carried out to separate the 1st harmonics (two pole magnetic
field) and 3rd harmonics (six pole magnetic field) components. To know the combined effect of exci-
tation of all the three phases through the bridge points, the obtained components have been added.
These excitation currents have been termed as, 44, 74 for the phase A bridge currents. ip,, iy for the
phase B bridge currents, iy, i¢ for the phase C bridge currents. The relationship between magnetic

field and magnetomotive force can be represented as

where A is the air gap permeance and f,,, is the magnetomotive force. This can be re-written
using Fourier coeflicients of 1st and 3rd harmonics of MMF distribution for the case when BCW

machine is excited with respect to the bridge terminals as
B = 50 “noRe [(c‘fue*je + cg‘ue*j%) i+ (c‘l‘le*je + cgle’j?’e) z'bLa_

?no Re [(clfue_je + cgue_j?’e) i+ (cl{le_je + cgle_jge) ik (5.2)
0 J

5—710 Re [(c $€ 0 e 739) i+ (c‘{le*je + cglefj?’@) ik,
0 d
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This can be rewritten as

,U’O . s . . s . s ]
B = 60n0Re e 0 48, e 30) il 4 (8,600 4 (8 eT™2e7I30) il

5—110 Re [(c L0+ cgue_]39) i+ (c’{ueﬁr/Ge—]e + cgue”ﬂe_]w) it (5.3)
0 J

6—710 Re [(c‘fuefje + cguefjw) zg: + (c‘fuej”/ﬁefje + cguej”ﬂe*jge) ich
0

IS}
L

where (g is the permeability of free space, ng is number of turns of the coil, dg is the air gap length,
s €5y s 1 s €51, € €55 s By €5, and ¢, are the Fourier coefficient of MMF distribution of two
pole and six pole magnetic field. Here superscript a, b and c represents phase A, phase B and phase C,
subscript [ and u represent lower and upper branch of the winding, 1 and 3 represent two pole and six
pole respectively. These coefficients have been calculated for two different cases (1) when unit current
has been given in all the branches separately (2) when unit current has been given in all the branches
separately however direction of supply has been reversed in phase B of the winding. The winding

factor for case (1) when unit current has been supplied in all the branches are, cf, = 2.6736¢757/6,

U U

b _ —jm/3 o —j27/3 _ iTt/2 b _ =
Cly = c1u€ /3, cfy = clue™’ /3, Cqy = 0.8199¢77/2, C3y = —C3y» C5y = C5
whereas, the Winding factor for case (2) when direction of current supply is reversed in the
branches of phase B of the winding are, ¢f, = 2.6736¢7°7/6, cb = ¢§,e947/3 c§ = ¢§,e7%/3 ¢4, =
it/2 b _ .a c _ .a
0.8199¢7™/2 b = c4,, 5, = %

The radial magnetic field distribution due to bridge supply is the summation of two pole and six

pole magnetic field. In space vector form it can be written as

where these components for the case of normal supply can be written as

B, = %ngc‘fu (zba + IO eI eI /OGL a2 /3Y e*j”/Qich) (5.5)
0
g Ho
B3 = %noc?)u (ibe, + iy — ity — Jig, + i + Jiy.) (5.6)

Whereas these components in the case of reversed phase B supply can be written as

B, = ’;0 noc?, (z,ﬂfa 4 IOk | I/ o=iTH/6L | o=i2m/3;U | =i/ %’56) (5.7)
0
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A Lo . L . L . L
B; = (Tonocgu (ibw + Jigy, + ity + Jigh + ibe + Jify) (5.8)
It can be seen in Equation (5.8) that in the case of three phase bridge supply the sum of (i/, i}, %)
and (iga, ilfb, ilfc) would become zero. Which proves that when the direction of phase B of the bridge sup-
ply is reversed the six pole magnetic field component would become zero. Similarly it can be observed
from Equation (5.7) that the components (i, 6*74”/32'%, e*j2”/3i£]c) and (ej”/6ébLa, e*j7”/6z'bLb, e*j”/szc)

are 120 degree apart which would lead to generation of rotating two pole magnetic field. The radial

forces acting on the rotor of the motor can be calculated using Maxwell stress tensor as [100]

wd,l,

27
Foridge = / QB—;eﬂ'@dw = |B1B, + BB, (5.9)
0
where & is the space vector of four pole magnetic field generated due to the main supply of the
winding, and * denotes conjugate of respective magnetic field. The second term of Equation
can be eliminated because six pole magnetic field is eliminated if we reverse the direction of supply of

phase B of the bridge supply. Using Equations (5.7)), (5.8) and (5.9) the force generated in the BCW

machine with respect to bridge and main supply for a concentric rotor, can be written as

wdrlyno 4 (17 i7/6:L —jAn/3.U —jTr /6L —jon/3.U L\ jwt
foridge = ~——450 cty, (zba+e]”/ iy, + €77 ) g + €7 m/ iy, + €7 w/ ’Lbc—j’tbc> BoyelV (5.10)

If the current components due to bridge supply has wi(f, Hz) and w(fs Hz) is the main supply
frequency, a bridge supply would generate a force of frequency w( fs) w1 (fp) Hz depending on nature
of rotation of the magnetic fields, i.e. if the bridge supply generates a rotating magnetic field in the
same direction of the main supply generated magnetic field, the generated force frequency would be
(fs — f») Hz and if the bridge supply generates a rotating magnetic field in the reverse direction of the

main supply generated magnetic field, the generated force frequency would be (fs + f;) Hz .
5.4 Conclusion

This chapter deals with the analysis of bridge configured winding to understand the formation of
two pole and six pole magnetic fields, when a supply is given through the bridge terminals in a four
pole winding electrical machine. Three supply conditions can be summarized, which can be used for

the generation of two pole and six pole magnetic field individually. These supply conditions are,
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(i) A three phase bridge supply where direction of supply is reversed for Phase B. This sequence
of supply would generate a rotating two pole magnetic field in reverse direction as that of the

four pole magnetic field generated due to the three phase supply through the main terminals.

(ii) A three phase bridge supply where direction of supply is reversed for Phase B and phase angles
are interchanged for any two phases of the bridge supply. This sequence of supply would generate
a rotating two pole magnetic field in same direction as that of the four pole magnetic field

generated due to the three phase supply through the main terminals.

(iii) A sinusoidal supply of same magnitude and phase angle or a DC supply through the bridge
terminals, where direction of supply of phase B has been reversed would generate a six pole
magnetic field. When the supply is sinusoidal in nature, the generated six pole magnetic field

would be pulsating, whereas a DC supply would generate a constant six pole magnetic field.
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6. Coupled Rotordynamics Modelling

6.1 Introduction

Vibration control has always been an important aspect of study in rotating machines. A significant
amount of reduction in wear and tear can be observed if vibration can be controlled at the source itself.
The development of bearingless machines can be a good solution where vibration can be suppressed
actively as well as the machine can also be operated at higher speed in the absence of mechanical
bearing without any wear and tear. Active magnetic bearing (AMB) can be a good replacement of
mechanical bearing, however addition of AMB increases the overall size of the machine. Moreover,
unlike AMBs that are external to the machine, an electric machine with controllable UMP can be
used in conjunction with mechanical bearings and can exert forces at the centre of mass of the rotor
(of the electrical machine). Hence the conversion of an electrical machine to a bearingless machine by
generating a radial force in the machine itself solves the purpose.

For the generation of transverse force in an electrical machine the presence of p and (p + 1) or
(p — 1) pole pairs of the magnetic field is essential. Here p is the torque producing and p + 1 are the
auxiliary components of the magnetic field [4]. The general trend is to use the dual set of winding
scheme where the main winding is used to generate p pole pair of the magnetic field and the auxiliary
winding is used to generate (p+1) or (p — 1) pole pair of the magnetic field. The development of dual
set of winding connection reduces the torque producing capability of an electrical machine because
the same slots are shared by the auxiliary winding to produce the transverse forces. However, single
set of winding scheme makes use of full stator slots and the same set of coils can be used for the
torque as well as the transverse force generation. There are various types of single set of winding
scheme which has been discussed in details in Chapter 2l Among these winding schemes the bridge
configured winding bring additional advantage of passive vibration capabilities. However, to make
this winding scheme usable a proper bridge supply method has to be developed using which a force
of appropriate frequency in required direction can be generated. Considering this need, in Chapter
an analytical investigation has been carried out to find out a supply method which can be used to
generate a force of appropriate frequency by generating a two pole magnetic field through the bridge
supply. Levitation and unbalanced force vibration control requires a transverse force of DC component
or a single frequency component which is directly related to the generation of two pole magnetic field
in a four pole electrical machine.

In this regard to investigate this further a coupled magnetic field, circuit equation and a rigid rotor
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equation of motion have been developed to study the vibration and force generation in BCW machine
with respect to different bridge supply conditions. The same model has been used for the passive as
well as active vibration control analysis, i.e. when the bridge terminals are short-circuited or bridge
terminals are connected with an external isolated power source.

The second half of the chapter discusses the development of an approximate MATLAB/SIMULINK®
model to demonstrate the control method which can be used for the development of a bearingless ma-

chine.

6.2 Coupled magnetic field, electrical circuit and rotordynamic model

A coupled magnetic field, electrical circuit and rotordynamics model has been developed in finite
element environment to investigate the generation of force and rotor response in different bridge
conditions, i.e. bridge ON, bridge OFF and bridge SUPPLY. The developed model is for a 3.7 kW
induction motor with squirrel cage rotor which has 36 stator slots. The circuit diagram implemented
in the development of numerical model has been described in Chapter [4] however, for the sake of
completeness the circuit connection has been described again. Figure represents circuit diagram
of a BCW winding scheme implemented for the analysis of 36 slot induction machine. Two types of
voltage source isolated from each other can be connected to this winding scheme. One voltage source
is the three phase voltage which creates the main field and is called the main supply source and other
voltage source is a three single phase voltage source and is called the bridge supply source. terminals
A, B, and C represent the main supply terminals whereas terminal A1-A2, B1-B2 and C1-C2
represent the bride supply terminals.

A three-phase supply can be connected at the main supply terminals A, B and C to produces a
four pole magnetic field (p pole pairs of the magnetic field) and hence interaction of this field with
rotor bar generates a torque and rotor rotates. Whereas, the bridge terminals of each phase (A1l -
A2, Bl - B2, and C1 - C2) can be excited individually using a single phase voltage source, isolated
from each other and also from the main supply. When the bridge terminals are open, it is referred as
bridge OFF condition, when the bridge terminals are connected, it is referred as bridge ON condition
and when a voltage source is connected across the bridge, it is referred as bridge SUPPLY condition.

Transverse forces in BCW electrical machines is generated when the rotor is eccentric with respect

to the stator center and forces can also be generated by connecting bridge supply through the bridge
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Figure 6.1: Circuit diagram of BCW winding scheme @ excited using main supply excited using only

bridge supply.
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Figure 6.2: Schematic representation of Motor — Rotor system.
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Figure 6.3: Schematic representation of a rigid rotor motion along|(a)|z — x axes|(b)|z — y axes.
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terminals while the rotor is concentric with the stator center. The generation of force in an eccentric
rotor condition also depends on status of bridge conditions i.e bridge ON or bridge OFF. If bridge is
in ON condition it passively suppresses the unbalanced magnetic pull generated due to the eccentric
position of the rotor. Figure shows schematic representation of an electrical machine consists of
bearings, rotor and stator. The rotor and bearing system of the motor has been approximated using
a four dof (z,y,a, ) system. Here, 2 and y are the displacements along x and y axes, « and (3 are
the rotations about z and y axes.

The formulation of coupled magnetic field and circuit equation represented in Chapter [ has been
used for the coupling of the rotor motion with the magnetic field and electric circuit equation of
the machine. The magnetic field and electrical circuit equation of BCW induction motor can be
represented as shown in Equations - . Equation is the field equation for the entire
domain of the electrical machine, Equation is the stator circuit equation and Equations (6.3))

and (6.4) are the rotor circuit equations.

0{A
[K]nxn{A}nxl + [C"“]nxn% - [PS]nXQ[T]qu{IS}mXI + [P"’]nxb {U"’} =0 (61)
A is
[Qlscn ﬂd};n—xl + [Rlpnlistaxa + [Les]hxh{%}h : = {Us}px1 (6.2)
d{A
[Qrlpscn % + [Belpsn{Lrtoscr = {Ur}pes =0 (6.3)

d{IT}bx 1

[M2]gxb [Ma]y p{Ur byr + 2[Rer]ysp{dr bynr + 2 Lerlpns It

=0 (6.4)

Here, n is the number of nodes, ¢ is the stator coil sides, b is the number of rotor bar, h is the
number of stator currents, which is six in bridge OFF condition and nine in case of bridge ON or
bridge supply conditions, [K] is the electromagnetic stiffness matrix, [C,] represents the contribution
of the induced EMF in the field equation due to rotor bar, [Ps] represents the contribution of the
excitation at the stator winding, [P,] is the contribution of the excitation at the rotor conductor, [Q]
and [Q,] are the contribution of the induced EMF in the stator and rotor circuit equations, R is the
stator coil resistance matrix, [L¢s] is the stator end coil inductance matrix, {is} is the individual stator

circuit current vector, {Is} is the stator coil current vector, {Us} is the stator voltage vector, {U,} is
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6.2 Coupled magnetic field, electrical circuit and rotordynamic model

the voltage vector across the rotor bar, {I,} is the rotor bar current vector, [Re,] and [Le,| are the
rotor end winding resistance and inductance respectively, [T is the transformation matrix used for the
transformation of circuit current to the coil side currents, [M>] is the transformation matrix for the
conversion of end ring currents to the rotor bar currents. {A} is the magnetic vector potential vector.
The coupled field and circuit equation is solved for magnetic vector potential (A), stator winding
current (ig), rotor bar current (1) and rotor bar voltage (U,) using Crank - Nicolson method. The

Magnetic field is calculated using magnetic vector potential as
B=VxA (6.5)

Figure shows magnetic fields components at a node in the airgap. The Maxwell’s stress method
has been used for the calculation of forces at the airgap. Using the normal component (B,) and
tangential component (B;) of the magnetic fields, the normal (0,,) and tangential (o;) components of
the maxwell stress can be calculated as shown in Equations and respectively. The x and
y components of the forces acting on the rotor can be calculated by resolving the stress components
along x and y axes and integrating it along a circle of radius 7 in the airgap using Equations and
respectively. Here, [, is the axial length of the electrical machine. For the numerical integration
Gauss - Quadrature method is used. The magnetic forces acting on the rotor is coupled with the rigid
rotor equation of motion as shown in Equation . Here, m is the mass of the rotor, I (I, = I, = I)
is the mass moment of inertia of the rotor about x and y axes, I, is the mass moment of inertia of the
rotor about z axis. {2 is the rotor rotational speed, L1 and Lo are the distance of the bearing locations
from the center of mass of the rotor, (kz1,ky1) and (kg2, ky2) are the bearing stiffness along = and y
axes of two mechanical bearings respectively. (Finagz, Frnagy) and (Funpaz, Funby) are the magnetic and
mass unbalanced forces acting at the centre of mass along x and y axes respectively. Figure [6.3(a)|
and represent rotor orientation along z — x and z — y axes respectively. A; — Ao is the shaft
axis orientation when there is no force acting on the rotor. Ay, Ay are two bearing locations and O is
the center of mass of the rotor. It has been assumed that the unbalance and magnetic forces act at
the center of gravity of the rotor. Under the action of forces rotor changes its location and its center
of mass moves to a new location O". Also, the rotor undergoes a rotation about O along z and y axes
by an angle o and 8 and obtains a new orientation By, — B2y, and By, — Ba; respectively. (xA1,%42)

and (ya1,yA2) are the rotor position with respect to bearing axis along x and y axes respectively.
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6. Coupled Rotordynamics Modelling

Figure 6.4: Magnetic flux density components at a node at a radius r in the airgap.

Equation (6.10|) represents the equation of motion of the rotor with respect to the center of mass of
the rotor. Here, [M] is the mass matrix, [G] is the gyroscopic matrix, [K,,] is the bearing stiffness
matrix, finag and fyny are the force vectors representing magnetic and unbalanced mass force acting

on the rotor and d is a vector representing rotor displacements.

(B2 — BY)
oy = n ) 6.6
T (6.6)
2B, B;
- (6.7)
27
N / (o cos O — Ty sin 0) rdf (6.8)
0
2
Frady Edr / (o sin@ + 1, cos 0) rdf (6.9)
0
] {d} + (G {d} + (K] {a} = {fmag} + {funs} (6.10)
m 0 0 0 0 0 0 0 Fmaga:
0 m 0 O 0 0 0 0 Fmagy
Here, [M] = , [G] = s {fmagt = ’
0 0 I O 00 0 =19 0
0 0 0 I 0 0 1.9 0 0
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6.3 Numerical investigation

3 4
Funbaz €T
Funby Yy
{funb} - ) d= )
0 «
0 B
- ) -
kg1 4 Kz 0 0 L1kyy — Lokyo
0 kyl €5 k‘yg leyl — LQk‘yQ 0
{K} =
0 leyl = Lgk‘yg L12k‘y1 + L22k}y2 0
lexl , LQkIQ 0 0 L12kx1 + L22kx2

The complete simulation process has been explained using a flowchart shown in Figure The
input of the simulation are various winding parameters, slip condition (slip) and simulation time (¢y).
The simulation is initialized by providing initial values of magnetic vector potential {A} at each node,
rotor displacement {d} and velocity {d}, stator currents {is}, rotor bar currents {I,} and rotor bar
voltages {Up}. Based on the requirement of force, a bridge supply along with the main supply can
be given to generate transverse force on the rotor of the motor. However, if there is no requirement
of lateral force generation, only main supply can be applied. The rotor position is adjusted by using
airgap stitching method as explained in Chapter[d After excitation conditions and rotor positions are
defined, the coupled field and circuit equations are solved using Crank - Nicolson method to calculate
the magnetic vector potential at each node, stator circuit current, rotor bar current and rotor bar
voltage at next time step. The Forces acting on the rotor is calculated by the Maxwell stress tensor
method. Once the magnetic force acting on the rotor is known, the mechanical equation of the motion
has been solved by using 4th order Runge- Kutta method to calculate the the new position and velocity

of the rotor. This process is continued till the final simulation time is achieved.

6.3 Numerical investigation

Simulations have been carried out using the developed coupled numerical model to study the
effects of different bridge conditions on the airgap force production. The parameters of the induction
machine used for simulation are considered similar to the machine used in Chapter 4, Table[6.1]shows
the parameters of the rotor-bearing system.

The following conditions have been investigated,
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Figure 6.5: Flowchart of simulation.
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6.3 Numerical investigation

Table 6.1: Mechanical parameters of the rotor of the induction motor

Parameters Values

m 10 kg

1 0.0433 kg - m"2
I, 0.0080 kg - m"2
Ll = L2 0.1865 m

Mass Unbalance 0.1 kg

Static eccentricity le-4 m
Dynamic eccentricity le-4 m

kp1 = kao = ky1 = kyo | 18 N/m

(i) The effect of statically eccentric rotor in bridge OFF and bridge ON conditions - The rotor has
been shifted along x axis by le-4 m with respect to the stator center and the rotor is allowed
to vibrate about this point with the application of generated magnetic force in bridge OFF and

bridge ON conditions.

(ii) The effect of mass unbalance in rotor in bridge OFF and bridge ON conditions - A small unbal-
ance mass of 0.1 kg has been introduced in the rotor at le-4 m to generate dynamic eccentricity
condition in the machine. The rotor has been allowed to vibrate due to the force generated by

the mass unbalance and magnetic pull in bridge OFF and bridge ON conditions.

(iii) The effect of single phase bridge supply - Only one phase of the bridge terminal, i.e phase A of
the bridge terminal has been excited to study the force generated and rotor vibrations due to

the single phase bridge supply.

(iv) The effect of normal three phase bridge supply - A normal three phase supply has been provided
through the bridge terminal in same way as that of the main supply of the winding to study the

effect of three phase bridge supply on the transverse force and rotor vibration.

(v) The effect of modified three phase bridge supply - The force generation and rotor vibration has
been studied for two conditions; (i) when the bridge supply of the winding generates rotating
two pole magnetic field in the same direction as that of the four pole rotating magnetic field
generated by the main supply, (ii) when the bridge supply of the winding generates rotating
two pole magnetic field in the opposite direction as that of the four pole rotating magnetic field

generated by main supply.
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6. Coupled Rotordynamics Modelling

(vi) The investigation of the generation of DC component of force which can be used for the devel-
opment of bearingless machine - In this case generation of DC component of the force has been
investigated to establish a relationship with respect to the phase of the bridge supply. This can

be used to generate a DC component of the force in any required direction.
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Figure 6.6: Comparison of @ full spectrum FFT of rotor response in bridge OFF and bridge ON condition
when rotor is in static eccentricity condition@ rotor orbits in bridge OFF and bridge ON conditions when the
rotor is in the static eccentricity condition.

Chapter [] investigates the effect of different eccentricity conditions on bridge current and force

production. It has been shown that in static eccentricity condition two dominant frequency component
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6.3 Numerical investigation

of the force exists, i.e. 50 Hz(fs) and 100 Hz (2fs) whereas in the case of dynamic eccentricity the
rotor rotational component 24.5 Hz(f,) and 124.5 Hz(2fs + f;) exist where f5(50) Hz is the main
supply frequency and f, (24.5 Hz, 2% slip) is the rotor rotational frequency. The similar behavior
can be observed in Figure Figure shows the Fast Fourier Transform (FFT) of the rotor
responses in bridge OFF and bridge ON conditions. It can be seen that bridge ON condition is able
to suppress 2fs component of the vibration and only DC component of the force acts on the rotor.
Figure shows the rotor orbits in bridge ON and bridge OFF conditions. It can be seen that in
bridge ON condition rotor shifts its position due to which the static eccentricity is reduced.

Figures [6.74(a)] and [6.7(b)| show the full spectrum FFT of the rotor responses in bridge ON and

bridge OFF conditions and rotor orbits in bridge ON and bridge OFF conditions respectively when
the rotor is in dynamics eccentricity condition. The dynamic eccentricity has been generated by
incorporating a mass unbalance of 0.1 kg at le-4 m from the rotor center. It can be seen that the
bridge ON condition is able to suppress (2fs + f;) component of the vibration and only rotational
component of the vibration is present which makes the rotor orbit smooth. In order to understand the
reduction in force components, the magnetic and the unbalanced force component has been analysed

separately. Figures [6.§(a)land [6.§(b)] represent comparison of magnetic and unbalanced force in bridge

OFF and bridge ON conditions respectively. A slight reduction in unbalanced force and substantial
reduction of magnetic force can be observed.

Figures [6.9(a)] [6.9(b)| and [6.9(c)| represent the full spectrum FET of the force generated, the full

spectrum FFT of the rotor responses and comparison of the rotor responses along = and y axes due
to the excitation of phase A of the bridge supply respectively. It has been seen that the single phase
of bridge supply generates forces of frequencies (fs =+ f3), i.e 70 Hz and 30 Hz, where fs (50 Hz) and

f» (20 Hz) are the main supply and bridge supply frequency.

Figures [6.10(a), [6.10(b)| and [6.10(c)| show the full spectrum FFT of the force generated due to

the normal sequence of the bridge supply, the full spectrum FFT of the rotor responses due to the
normal sequence of the bridge supply and comparison of the rotor responses along x and y axes due
to normal sequence of the bridge supply respectively. It can be observed that similar to the single
phase bridge supply, the three phase bridge supply also generates force of frequencies (fs &+ f3), i.e
70 Hz and 30 Hz. Here, normal sequence of the bridge supply represent similar to the main supply

sequence. The three phase main supply voltages are V4 = 40 cos(27 fst), Vg = 40 cos(2w fst — 27/3)
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Figure 6.7: Comparison of I@l full spectrum FFT of rotor response in bridge OFF and bridge ON condition

when rotor is in dynamic eccentricity condition @ rotor orbit in bridge OFF and bridge ON condition when
rotor is in dynamic eccentricity condition.
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Figure 6.8: Comparison of |(a)| magnetic force in bridge OFF and bridge ON conditions when rotor is in
dynamic eccentricity condition |(b)| unbalanced force in bridge OFF and bridge ON conditions when rotor is in
dynamic eccentricity condition.

and Vo = 40cos(27 fst — 47/3) whereas the normal three phase bridge supply voltages are Vy, =
20 cos(2n fst), VB, = 20 cos(2m fst — 2m/3) and Vi, = 20 cos(2x fst — 47/3).

The generation of transverse forces of desired frequencies have been investigated using the proposed
sequence of the bridge supply. Here the term same sequence of bridge supply represents the same
sequence of rotation of magnetic field. The same sequence of bridge supply voltages are Vy, =
20 cos(2m fst — 4w /3), VB, = —20cos(27 fst — 27/3) and Vi, = 20 cos(27 fst). This sequence of supply
generates two pole rotating magnetic field which rotates in same direction as that of the four pole

rotating magnetic field and generates a force of frequency fs— fp i.e 30 Hz, when main supply frequency

fs is 50 Hz and bridge supply frequency f;, is 20 Hz. Figures [6.11j(a)} [6.11((b)| and |6.11}(c)| represent

the full spectrum FFT of the force generated due to the same sequence of the bridge supply, the full
spectrum FFT of the rotor responses due to the same sequence of the bridge supply and comparison
of the rotor responses along x and y axes due to the same sequence of the bridge supply respectively.
It can be seen that due to the interactions of the magnetic field generated due to the main supply and
bridge supply produces a force at 30 Hz.

A particular frequency of force can also be generated if the direction of rotation of the four pole
magnetic field and two pole magnetic field are opposite. In this case the generated force has f;+ f, Hz

of frequency component. To generate a rotating two pole magnetic field, which rotates in the opposite

TH-2237_126103028

129



6. Coupled Rotordynamics Modelling

10%¢ X:-30
107
£
(]
e
L
10°
102 ) ‘ ‘ ‘
-200 -100 0 100 200
Frequency (Hz)
(a)
-4 _ .
10 ¢:-13236 05 530
» ZA90eTo| Y: 9.623e-06
X: -70 [
: X: 70
g . Y: 1.458e-05 Y': 9.698e-06
= 10
[
(&)
€
(]
Q
<
(o
2 108
2 10
10710 ‘ : ‘ :
-200 -100 0 100 200
Frequency (Hz)
(b)
. x 107 — Displacement x
— Displacement y

Displacement (m)
o

1
(6]

1.85 1.9 1.95 2
Time (S)
(c)

=
oS

Figure 6.9: @ Full spectrum FFT of the transverse force generated due to a single phase of bridge supply at
20 Hz full spectrum FFT of the rotor response when a supply of 20 Hz has been given through the phase
A of the bridﬁe terminal Comparison of the rotor responses when a supply of 20 Hz has been given through

thk |f]h%;?«3 26103 terminal.

130



6.3 Numerical investigation

10%¢
X:-70 X:-30
= Y: 2987 Y: 2991 X: 70
\q-: 5 Y:949.3
O 10
S
L
10°¢ ‘ ‘ ‘ ‘
-100 -50 0 50 100
Frequency (Hz)
(a)
10 230 X: 30
18 it Y: 1.963¢-05

X:-30
Y: 3.001e-05

a X:70

= 3 Y: 9.674e-06
$ 10

£

(&)

Q

©

=

2

&)

=
S
co

-100 -50 0 50 100
Frequency (Hz)
(b)

-4
15 10 — Displacement x
— Displacement y

o
&

Displacement (m)
O
ol o

1
H

1.85 1.9 1.95 2
Time (s)
(c)

=
o

Figure 6.10: @ Full spectrum FFT of the transverse force generated due to the normal sequence of bridge
supply @ full spectrum FFT of rotor responses when a normal sequence supply of 20 Hz has been applied
through the bridge terminals comparison of rotor responses when a normal sequence supply of 20 Hz has

TH-2237 12603028 through the bridge terminals.

131



6. Coupled Rotordynamics Modelling

104 -
X: 30
= Y: 2890
> 102
e
(@)
LL
10° ¢
-200 -100 0 100 200
Frequency (Hz)
(a)
107
X: 30
Y:2.9e-05

Displacement (m)
S
(o))

10°®
-200 -100 0 100 200
Frequency (Hz)
(b)
4% 107 ——Displacement x

—Displacement y

N

Displacement (m)
N o

1
N

1.85 19 1.95 2
Time (S)
(c)

Figure 6.11: I@l Full spectrum FFT of the transverse force generated due to the same sequence of the bridge
supply@ full spectrum FFT of rotor response when a same sequence supply of 20 Hz has been applied through

t@ﬁg‘g@g?e@i@ﬂ@@ompaﬁmn of rotor response when a same sequence supply of 20 Hz has been applied
through the bridge terminal.

=
©

132
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direction as that of the four pole rotating magnetic field the following sequence of the bridge supply has
been given to the bridge terminals of the winding, Vi, = 20 cos(27 ft), Vp, = —20 cos(27 fst — 27/3)

and Vi, = 20 cos(2r fst — 47w /3). This sequence of bridge supply has been referred here as the reverse

sequence of the bridge supply. Figures |6.12(a)] [6.12(b)| and [6.12(c)| represent full spectrum FFT of

the force generated due to the reverse sequence of the bridge supply, full spectrum FFT of the rotor
response due to the reverse sequence of the bridge supply and comparison of the rotor responses along
x and y axes due to the reverse sequence of the bridge supply respectively. It can be seen that due
to the interactions of the magnetic field generated by the main supply and bridge supply produces a
force at 70 Hz.

The generation of DC component of the force is one of the important components of the transverse
force because DC component of the force can be used for the purpose of levitation of the rotor of the
motor. Since a rotating two pole magnetic field rotating in the same direction as that of the rotating
four pole magnetic field generates a force of frequency fs — fp Hz, a DC component of the force can
be generated by keeping the same sequence bridge supply frequency, same as that of the main supply

frequency component. Figures [6.13(a)| and [6.13(b)| represent the comparison of forces along = and

y axes and comparison of the rotor responses along x and y axes when bridges are supplied at 50
Hz equal to the main supply frequency. A number of simulations have been performed at different
phases of the bridge supply to establish a relationship between the bridge supply and direction of
force generation. A phase angle o has been added in all three phases of the bridge supply which has
been varied from 0deg to 360deg as, V4, = 20 cos(2n fst + a), Vg, = —20cos(2n fst — 47/3 + ) and
Ve, = 20 cos(2m fst — 2m/3 4+ ) where 0 < a < 27. Figure represents the variation of forces
along = and y axes with respect to the changes in phase («) of the bridge supply. It can be seen
that the variation in the force is sinusoidal. The similar variation has been observed for displacement
as well. The direction (phase) of the force and the direction (phase) of the rotor position has been

calculated using forces and displacements along x and y axis as, dir foree = angle(Fy + jFy), dirgisp =

angle(disp, + jdisp,). Figures [6.13(d)| and [6.13|(e)| represent the variation in phase of the force and

rotor position with respect to the changes in phase of the bridge supply respectively. It can be seen
that the force and rotor position changes its direction from -7 to +m. This relationship can be used
for the levitation or suppression of the rotor vibration and finally in the development of a bearingless

machine. The control usually brings some DC stiffness that forces the rotor into a bit different position
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than rotating without control.

6.4 Control simulation model

The purpose of this section is to develop an approximate MATLAB/SIMULINK® model to inves-
tigate the levitation and vibration control in a bridge configured winding electrical machine. For the
development of bearingless machine simulation, it is required to have a force model which can mimic
the actuator model of bridge configured electrical machine. The previous section investigate the force
production capability in bridge configured winding induction machine. It has been shown that if a
proper sequence of bridge supply is followed, then bridge configured winding mimics the behaviour of
a dual set of winding configuration. In this section, approximation of analytical force has been used
as a replica of electrical machine to simulate the levitation and harmonic force compensation. The
magnetic field and the force has been calculated analytically and later two control algorithms, the
PID and the Convergent control algorithm has been used to achieve the levitation and harmonic force

compensation respectively.
6.4.1 Force expression

For the development of a simulation model, two force expressions are needed viz., (i) force expres-

sion of the eccentricity force and (ii) force expression of the actuator force.
6.4.1.1 Eccentricity induced force
The literature says that in static eccentricity condition, the predominant component of force acts

along the shortest air gap and is given by Equation (6.11]) [7,57].

263, p?

Fstat = e (611)

In addition to constant pull, a pulsating force (Fpulsatmg) of double supply frequency also acts on

the rotor. By neglecting the higher order terms it can be represented as

pulsating :25m p2 (1 — 62)3/2 COSQ(wlt — ¢p) (6.12)

where 0,, is the mean air gap length, € is the eccentricity ratio and A, is the amplitude of current
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6.4 Control simulation model

density distribution.
Towy

A, = \@nofﬁ (6.13)

Here, ng is the number of strands used in the stator winding, £ is the winding factor, wy is the
angular supply frequency, R is the outer radius of the rotor, [ is the length of the rotor and I is the
amplitude of current.

Since the constant pull is dependent on the eccentricity e, the negative magnetic stiffness coefficient

K49 can be obtained by differentiating the static force with respect to eccentricity e as

dFstatz Mo A;%R?’l
de 253, p?

Kmag = (614)

6.4.1.2 Actuator force

The actuator force can be calculated as an interaction of four pole and two pole magnetic field
components. The previous section explains and proves that a two pole magnetic field can be generated
by the use of bridge supply through the bridge terminals. Using Maxwell’s tensile stress theory the
total bridge force or actuator force over the circumference of the rotor in x direction can be calculated

as

2 b ai b ridge 2
Fipidge, = / (bpm ”; pbridge) cos(0)RId0 (6.15)
0 Ko

where, bpmqin is the four pole magnetic flux density due to the main supply and bpprigge is the
two pole magnetic flux density due to the bridge supply. The four pole and two pole magnetic fields

density can be approximated as sinusoidal distribution [7,57]as

bpmain(0,t) = Bpmcos(pl — wit — ¢p) (6.16)

bpbridge(97 t) = prcos(pbe — wpt — ¢b) (617)

Here, p = 2 is the fundamental pole pair due to the main supply, p, = 1 is the fundamental pole
pair due to the bridge supply, w; and wy are the main supply and bridge supply frequency, ¢, and
¢p are the phase of main supply and bridge supply respectively. The amplitude of main supply flux

density (8pm) and bridge supply flux density (83,5) is given by,
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HoApR
= 6.18
B =152 (6.18)
poAp R
= 1
ﬁpb OmPy (6 9)
Here Ay, is the amplitude of current density distribution due to the bridge supply,
Ay = v/Znge 2 (6.20)
P2 0S7R ’

where ng is the number of strands used in stator winding, £ is the winding factor, wy, is the angular
bridge supply frequency, R is the outer radius of the rotor, [ is the length of the rotor and I is the

amplitude of bridge supply current

Substituting for bpmaim and byyridge in Equation (6.15) we get the actuator force expression along
longitudinal (x axis) direction,

2
2w 1
Fyridge, :/ % [ﬁpmcos(pﬁ —wit — ¢p) + Bpycos(ppf — wit — ¢b)] cos(0)Rldo (6.21)
0

Substituting p = 2 for main supply and pp = 1 for bridge supply we get,

1

27
Fyridge, :/ 2—% {26pm6prlcos(2«9 — wit — ¢p)cos(0 — wpt — ¢p)cos(0) }dQ (6.22)
0

After integration of Equation (6.22]) we get,

. 6pm/8pb7rRl

Fbridgez = 2#0 cos ((wl =5 Wb)t B (¢p I qbb)) (623)

Substituting for Sy, and By, in Equation (6.23)) we get the final expression of actuator force (bridge

force) along z axis as

‘ _ ,ugApR /LoApr mRI . .
Fbrzdgex = < 5mP ) ( 5me 2,”0 Ccos (wl wb)t + (qbp ¢b) (624)
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6.4 Control simulation model

Similarly bridge force acting in transverse (along y axis) direction can be written as

MOApR> </LOApr> TR

Fbridgey = < omP 6mPy 2440 sin ((wl - Wb)t + (¢P - ¢b)) (625)

If the bridge supply frequency is same as that of the main supply frequency, i.e. w1 = wp, a constant
force in any direction can be generated by managing the phase of the main and bridge supplies. In
addition to this the force expression in this case can be approximated as K;I, where k; can be termed

as force-current factor.
6.4.2 Rotor model

In line with the objective of development of vibration control and bearingless simulation model,
this section deals with the development of rotor bearing system. For the demonstration of disturbing
force compensation, a meter long rotor supported by two mechanical bearings at the end has been
considered. However, for the demonstration of levitation the rotor is considered to be supported by

a mechanical bearing at only one end. Figure represents the rotor bearing system considered for

levitation control.

<—Rotor
Shaft Beairing
e N
Free End Fixed End

Figure 6.14: Rotor Model.

Keeping the system simple, the rotor of the motor has been modeled using finite element method
as a Fuler-Bernoulli beam. The rotor has been discretized in 9 elements, 10 nodes. Each node has
4 degree of freedom, among them 1st two are the transverse vibration DOF along x and y direction
and last two are angular displacements DOF along x and y axes respectively. The discretized model

is represented in Figure indicating node number of the discretization. Equation (6.26]) represents

the equation of motion of the rotor of the motor, where [M] is the mass matrix, [C] is the proportional
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6. Coupled Rotordynamics Modelling

damping matrix, [K] is the stiffness matrix, fy,p is the unbalance force acting on the rotor and fye,

is the sum of all the electromagnetic forces acting on the rotor.

Figure 6.15: Discretized shaft model.
M] {@} + [C]{&} + [K] {2} = {focw + funs} (6.26)

The dynamic reduction has been used to remove the unwanted degree of freedom from the rotor
equation of motion. The transverse vibration degree of freedom at each node in z and y direction has
to be retained and termed as master degree of freedom (x,,), whereas, angular degree of freedom along
x and y axis has to be removed and termed as slave degree of freedom (x5). To get the transformation
matrix of dynamic reduction, Equation has been arranged in terms of master and slave degree

of freedom as shown in Equation (6.27)). f,,, is the combined force acting on the rotor.

Mmm Mms fl}m Cmm Cms xm Kmm Kms xm fm
+ +

Mgy, M, Ts Com  Css Ts Ky  Kgs Ts 0
(6:27)

Neglecting damping term in Equation (6.27)), we get,

Mmm Mms i‘m kmm kms mm fm
+ = (6.28)
Msm MSS ji‘S ksm kSS xS 0

Writing it separately in master and slave degree of freedom we get,

[Minm] {Em} + [Mps] {Zs} + [Kmm] {zm} + [Kms] {zs} = {fm} (6.29)
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6.4 Control simulation model

[Mem) {Zm} + [Mss] {Zs} + [Ksm] {zm} + [Kss] {zs} =0 (6.30)

The dynamic reduction used to be carried out for a range of frequencies component or for a particular

frequency component. Considering the reduction for w, Equation (6.30) can be written as

—w? (M) {zm} — w? [Mss] {zs} + [Ksm] {zm} + [Kss] {zs} =0 (6.31)

s = A"'Bz, (6.32)

where A = (—szss 4+ Kss) and B = (—wQMsm — Ksm), Equation (6.32) can be used to replace
slave degree of freedom by master degree of freedom. Master and slave degree of freedom can be

represented with the help of master degree of freedom as Equation ((6.33))

=T (6.33)

where,

I
T =
A-'B

Using Equation (6.33]) and pre-multiplying with 7" in Equation (6.27]) we get,

T T
= Tm
A~'B Mgn Mg A7'B As B Csm O A™'B
T
I Kom  Kms I I Im
+ Lm =
A7'B Kon K A~'B A~'B 0
(6.34)
Equation (/6.34]) can be represented in short form as
[Mred] {xm} + [Cred] {mm} + {Kred] {xm} = {fm} (6‘35)
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where,

Myeq = Mo + Mo A7 B + (A7 B) Moy, + (A7'B) M A7'B
Cred = Coum + Cus A" B+ (A7'B) g + (A'B) CA'B
Kred = Kpm + KmsA™ ' B+ (A7'B) Ky + (A7'B) K A™'B

Equation ([6.35)) can be represented in state space form as

Tm 0 I T, 0
= + fm (6.36)
m el I My

Which can be represented as

X = AX + Bu (6.37)

Y =CX + Du (6.38)
where, A is the state matrix, B is the input matrix, C' is the output matrix and D is the state
transition matrix.

6.4.3 Control algorithm

In any bearingless machine generally two types of forces are required to be generated and controlled,

e A constant vertical force - for the levitation effect

e Revolving forces - To control revolving unbalanced and magnetic forces

In order to generate and control these two kinds of forces two different control algorithm has been

used,

e PID Control - For the control of constant upward force

e Convergent Control - For the compensation of harmonic forces
6.4.3.1 Levitation control

The eccentric motion of the rotor generates two types of forces, a constant force which acts along
the shortest air gap (Equation (6.11))) and a pulsating force (Equation (6.12) ) which revolves at dou-

ble the supply frequency. Whereas, with the help of bridge supply of the BCW induction machine a
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constant as well as a revolving force can be generated, keeping the bridge supply frequency opposite

or same to that of the main supply frequency respectively.

For the development of levitation controller, the phenomena of DC component of force generation in
an electrical machine is mimicked as an AMB. The force generation by an active bearing magnet(AMB)

is represented as

famp = —K: X + K;I (6.39)

where K, is the force - displacement factor, X is the displacement, K; is the force - current factor and
I is the supply current. In the similar way, the actuator force for DC component of force generation,
the force — displacement factor can be represented as Equation and the force — current factor
can be represented by using Equation for the case when sense of rotation of magnetic field
and its frequency is same when main and bridge terminals are excited through the main and bridge

supplies.
6.4.3.2 Convergent control

If the disturbance force acting on the system is of only one particular frequency, it can be controlled
easily by generating force of that particular frequency at correct phase. However, if the phase and
amplitude of the disturbance force is not predictable, it becomes quite challenging to control it. The
convergent control technique can deal with such disturbance forces which has more than one frequency
components. The convergent control technique is a very effective feedforward control method to deal

with such kind of problems.

For multiple sinusoidal signal, the convergent control law can be written as [83],

Unt1 = U — ag ™" (ze7*T) (6.40)

where T is the length of the time step, w is the frequency of the known disturbance, v and « are
two constants and zj is the vector of measured signal. In case, if there are more than one frequency

components of disturbance, then the control law has to be applied in parallel.
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Table 6.2: Simulation parameter

Sl. No | Parameters Value

1 Mian supply 4 Pole
2 Bridge supply 2 Pole
3 Rotor diameter 0.103 m
4 No. of slot 36

5 No of turns 50

6 Air gap 0.001m
7 Main supply current 10A

8 Bridge supply current 0.15A

9 Proportional Gain 14.6

10 Derivative Gain 0.6

11 Integral Gain 0

12 Alpha 0.01

13 Gamma 0.01

14 Bearing stiffness 1el0 N/m
15 Main supply frequency 50 Hz
16 Bridge supply frequency | 50 Hz
17 Rotor weight 10 kg

The complex multiplier ¢ is a matrix which gives the phase and amplitude of the output as a
function of change in amplitude and phase of the control signal. For a particular frequency component

w, it can be obtained from system’s transfer function G as

g=G(jw) = C(jwl — A)7'B (6.41)
where A, B and C' are the matrices of the LTI (Linear time invariant) state-space model.
6.4.4 Simulation results

The whole control process has been modeled using MATLAB/SIMULINK®. The simulation pa-
rameters have been presented in Table Figure [6.16| represents the control block of the simulation
model and Figure represents the SIMULINK block diagram. Here, convergent control technique
is used for the compensation of discrete harmonic components of the rotor vibration. Whereas, PID
controller is used as a levitation controller and works on broad band from zero up to the bandwitdth
of the actuator [83]. The Reference signal block generates the signal of particular harmonics which is
required to be compensated. Based on the reference signal harmonics the convergent control algorithm

generates required current which is passed to the actuator. The reference position gives the command
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6.4 Control simulation model

to the PID controller which in turn based on error signal passes the required current to the actuator

to levitate the rotor.

....... oo Referénge: f T T T

Acétuat@r — Romfr -

Refereﬁce
Positicn

Figure 6.16: Control block diagram.

Three conditions have been simulated,

(i) When an unbalanced force of 0.1 kg is acting on the rotor along with a double supply frequency
component of UMP. The both end of the rotor is supported by mechanical bearings. Node 3
and node 9 are the two bearing locations as shown in Figure The unbalance has been

introduced at a radius of le-4 m from the rotor center along x axis.

(ii) When the bearing is removed from one end of the rotor and no other disturbance forces are acting
on the rotor. The mechanical bearing at node 3 is removed for the purpose of demonstration
of levitation control of the rotor. The assumed air gap length of the motor is 1le-3 m hence the

rotor is assumed to be eccentric along y axis by a distance of 1e-3 m.

(iii) When the bearing is removed from one end of the rotor and disturbing forces (Unbalanced force
and Double supply frequency component UMP) are acting on the rotor. The mechanical bearing
at node 3 is removed and the simulation has been carried out considering the initial position of
the rotor eccentric along y axis by a distance of 1e-3 m whereas rotor is assumed to be concentric
along x axis. The UMP control due to eccentric rotor position for levitation and disturbance
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Figure 6.17: SIMULINK block diagram.
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Figure 6.18: Rotor vibration with only harmonic component compensation.

%107

Displacement (m)
o o

o

0 1 2 3 4
Time (s)

Figure 6.19: Rotor vibration with levitation control.
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Figure 6.20: Rotor vibration with combined levitation control and harmonic component compensation.

force compensation due to mass unbalance and double supply frequency component force has

been demonstrated. The mass unbalance of 0.1 kg is assumed at a radius of le-4 m along z axis.

Figure [6.18| represents the rotor vibration with respect to time in z and y direction when only
convergent control is applied. In this case two types of forces are acting on the rotor, unbalance force
which acts at the rotor spin speed i.e. 50 Hz and unbalanced magnetic pull which acts at double
supply frequency, i.e. 100 Hz.

Figure [6.19| represents the rotor vibration with respect to time when only levitation controller is
being applied. Considering the air gap of the machine as 0.001 m, an initial condition of 0.001m
has been given to the rotor nodes (5, 6 and 7 in Figure DOF which falls inside the motor in y
direction. It can be observed from Figure that PID controller is able to generate the required
levitation force to the rotor and rotor oscillates about the rotor center.

Figure|6.20|represents the rotor vibration with respect to time when both levitation and convergent
controllers are being applied together. An initial condition of 0.001 m has been given to the rotor nodes
(5, 6 and 7 in Figure DOF which falls inside the motor in y direction. Also an unbalance force
along with double supply frequency component of UMP are acting on the rotor. It can be observed
from Figure that both of the controller combined together is able to levitate as well as able to

compensate the harmonics disturbances acting on the rotor.
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6.5 Conclusion

A coupled magnetic field, electrical circuit and rotor equation of motion model has been developed
to analyse the rotor vibration and proposed bridge supply methods. In addition a relationship has been
demonstrated through the finite element simulation between the bridge supply phase and the direction
of generation of force. This can be used for the development of a real time controller for a bearingless
machine. Also, an approximate simulation model has been developed in MATLAB/SIMULINK® to
demonstrate levitation and vibration control using bridge supply through the bridge terminals of the
winding. The developed SIMULINK® model is simple in nature and requires more work to implement

it in real world problem.
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7. Experimental Investigation

7.1 Introduction

The previous chapters discuss the analytical and numerical analysis of various aspects of a bridge
configured winding (BCW) induction machine. Chapter 3| discusses the numerical analysis of the
effects of eccentricity in a rotor of an induction machine on the magnetic fields. Chapter [4] discusses
the numerical analysis of the coupled magnetic field and electric circuit equation of a BCW induc-
tion machine. Chapter [5| discusses the analytical analysis of the magnetomotive force analysis of a
BCW induction machine. Chapter [6] discusses the numerical analysis of the coupled magnetic field,
electric circuit and rotordynamic equation of a BCW induction machine. This chapter discusses the
experimental verifications of the numerical and analytical findings discussed in the previous chapters.
Measurements from two experimental setups have been used for the verification of the numerical find-
ings. The first experimental setup has a 3.7 kW induction machine equipped with bridge configured
windings and we will refer this setup as RIG I. This setup has been developed from scratch for the
experimental verifications of the numerical and analytical findings of the work presented in this thesis.
The details of the development of this experimental setup has been explained in the next section. The
second experimental setup has a 37 kW induction machine equipped with bridge configured windings
and we will refer this setup as RIG II. RIG 1II is developed by modifying one existing experimental
setup. The rotor of the existing experimental setup has been replaced with a long and slender shaft

to make the rotor flexible.

7.2 Development of experimental setup

The main component of the experimental setups (RIG I and RIG II) is the induction machine.
The purpose of the development of the experimental setup is to characterize the behavior of bridge
configured winding induction machine. The fundamental focus of the study was to investigate the
transverse force generation capability of the bridge configured winding induction machine and its effects
on the rotordynamics of the rotor system. Hence the shaft of the induction motor has been purposefully
chosen as long and slender so that the rotor system become flexible. Hence two experimental setups
are developed. RIG I has the inbuilt shaft and in RIG II, the original shaft of the rotor is replaced
with a longer shaft. RIG I has an induction machine with 36 slots and it has been rewound with
a three phase four pole bridge configured winding configuration. Similarly, RIG II has an induction

machine with 60 slots and it has also been rewound with a three phase four pole bridge configured
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winding configuration. The winding patterns of these two machines are same as that of the winding
pattern of the machine used for the numerical investigation discussed in Chapters [d] and [5} It is very
important to measure the magnetic fields present in the machine at every instant. Search coils are
used to capture the magnetic field present in the machine. Search coils are installed along with the
main stator coils during rewinding process. Figures and show the two experimental setups

used for the verification of numerical findings. The main components of RIG I and RIG II are
(i) Induction machine having bridge configured winding.
(ii) Search coils for the measurement of magnetic field.
(iii) Three phase auto transformer and variable frequency drive (VFD) as a main supply source.
(iv) Three single phase programmable AC source as a bridge supply source.
(v) Voltage and current sensors to measure voltage and current in the winding.
(vi) Displacement sensors for the measurement of rotor vibration.
(vii) Data acquisition system for storing and processing of measurement data.
(viii) connectors and battery source for the sensors.

Figure shows the schematic representation of the experimental setups. The variable frequency
drive (VFD) and three phase auto transformer has been used as a three phase main supply source to
the BCW induction machine. The variable frequency drive can be operated upto 100 Hz. The VFD is
used as a power supply source for RIG II, whereas three phase transformer is used as a power supply
source for RIG I. The VFD is used in RIG II so that the vibration characteristics of the rotor can be
studied at variable frequency range because the rotor of the motor is flexible in nature. However, this
machine got damaged and very few measurements could be taken on this experimental setup.

For the measurement of voltage across the bridge points of the winding, Voltage transducer LV 20-
P and for the measurement of current, current transducer LTS 15-NP has been used. The eddy current
sensors, BENTLY Nevada 3300 XL NSv has been used for the measurement of rotor vibrations. 12
V batteries have been used in combination as per the requirement as a power source to these sensors.
For the connection of power source to these sensors, 0.25 mm? multi strand coils are used. Whereas

for the measurements of output signals, RG 55 coaxial cables has been used. All the measurements
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. AR

Experimental setup
with Original Rotor

Figure 7.2: RIG II, experimental setup with a long shaft, (1,2) - bearing housing at ND and D end, 3 - test
machine, 4 - perforated disc, (5,6,7) - location for the rotor responses, 8 - panel board.
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Figure 7.3: Schematic representation of the experimental setup.
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has been carried out by NI data acquisition system having NI PXI-1050 chassis and NI PXI-6289, NI
PXT 6221 modules. The output signals through the coaxial cables are connected to SCB-68 connector
boxes which are connected to PXI modules using SHC68-68-EPM cables. NI LabView software has
been used for storing of measured data.

As a bridge supply source, three single phase Chroma programmable AC source (Model 61601) has
been used. This source can be used to supply maximum 150 V or 3 A current. As per the requirement
of the bridge configured winding, the bridge supply source should be isolated from the main supply
source. Hence, for the isolation, the output of these programmable AC sources are connected to bridge
terminals of the BCW induction machine through 1:1 transformers. These programmable AC sources
are controlled through the NI LabView for the supply of desired bridge voltage of required frequency.

The search coils of two pole, four pole and six pole are required to measure the presence of
these harmonic components of the magnetic field, as interaction of these harmonic components of the
magnetic field lead to the generation of the transverse force. While rewinding of the machine, two
phase of the two pole search coils, three phase of the four pole search coils and two phase of the six
pole search coils have been incorporated. Figure [7.4] represents the search coil configuration used in
RIG I. The similar configuration has been used in RIG II.

aloy —ale_ and bloy — ble_ represent phase A and phase B of the two pole search coil, alqy —
aly_ — a4y —a2q4_ , blyy —bly_ — b24y — b24_ and bl14+ — 14 — b/24+ — b/24_ represent phase
A, phase B and phase C of the four pole search coil, algy — alg— — a2+ — a26— — a3+ — a3s— and
blgy — blg— — b2+ — 26— — b3+ — b3g— represent phase A and phase B of the six pole search coil
respectively. The phase A and the phase B of the two pole and the six pole search coils are at 90
degree electrical angle. However it is not possible to have two phases of the four pole search coils
which is 90 degree electrically apart. Hence three phases of the four pole search coils have been used.
Phase A and average of phase B and phase C of the four pole search coils are 90 degree electrically

apart.

7.3 Experimental investigation of pulsating magnetic field

7.3.1 Analysis

Due to the limitations in the mechanical assembly of the rotor and the stator system, there is

an inherent presence of the mixed eccentricity in both of the experimental setups. In an eccentric
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al,.

bla.

bl..

(a) (b)

Figure 7.4: Winding configuration of I@l the two pole search coil I@l the four pole search coil and the six
pole search coil installed in the induction machine of RIG I
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rotor condition, in a four pole electrical machine, the eccentricity would generate two pole and six
pole magnetic fields components. As per the numerical investigation presented in Chapter [3], in static
eccentricity condition the eccentricity induced two pole and six pole magnetic fields would have 50
Hz frequency component, in dynamic eccentricity condition the eccentricity induced two pole and
six pole magnetic fields would have 25 Hz and 75 Hz frequency components respectively, whereas
in mixed eccentricity condition the eccentricity induced two pole and six pole magnetic fields would
have combination of frequency components generated in static and dynamic eccentricity conditions,
i.e., (50 Hz & 25 Hz) for two pole magnetic field and (50 Hz & 75 Hz) for six pole magnetic field.
These eccentricity-generated magnetic fields would induce some voltage across the two pole search
coils and the six pole search coils. Since the fundamental four pole magnetic field is of 50 Hz, so
50 Hz component due to the four pole magnetic field would also be induced in the two pole and
the six pole search coils. Hence, for the analysis of the eccentricity generated magnetic fields, only
25 Hz component of the magnetic field has been investigated for the two pole magnetic field and
75 Hz component of the magnetic field has been investigated for the six pole magnetic field. The
induced voltage due the two pole magnetic field in the two pole search coils of 25Hz component and
the induced voltage due to the six pole magnetic field in six pole search coils of 75 Hz component has
been extracted for the analysis. Whereas, the induced voltage due to the four pole magnetic field in
the four pole search coil of 50 Hz component has been extracted for the analysis.

The induced voltage in the six pole search coils, the two pole search coils and the four pole search
coils have been measured using the LabView data acquisition system. The sampling frequency of the
measurement is 5 kHz. The 75 Hz, 25 Hz and 50 Hz components of the voltage from the six pole, two

pole and four pole search coils induced voltage have been separated by fitting the curve as shown in

Equations (7.3) - (7.2),

Vom = a1 cos(2 x m x 25 X t) + agsin(2 x m X 25 X t) + agt + a4 (7.1)
Vim = a1 cos(2 x m x 50 X t) + agsin(2 x m x 50 X t) + agt + a4 (7.2)
Vom = a1cos(2 X m X 75 X t) + agsin(2 X m X 75 X t) + ast + a4 (7.3)

where, Vo,,, Vi and Vg, are the induced voltages in the two pole, the four pole and the six pole
search coils respectively. The measurements of induced voltage in search coils have been carried out in

both of the experimental setups when bridges are in OFF and ON conditions. A full spectrum FFT of
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Figure 7.7: Induced voltage in search coils when bridge is in OFF condition in the induction machine of RIG
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Figure 7.8: Induced voltage in search coils when bridge is in ON condition in the induction machine of RIG I
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7.3 Experimental investigation of pulsating magnetic field

the measured voltages have been carried out to see the presence of the pulsating harmonic component

in the air gap. To obtain a full spectrum FF'T, the measured voltages have been converted in complex

form as shown in Equations ([7.4]) - (7.6))

Vi =Vaa +j(Voa + Vi) /2 (7.4)
Vig = Va2 + Vo2 (7.5)
Vo = Vas + Ve (7.6)

where Vg4, Vpy and V.4 are the extracted 50 Hz component of the voltage from the measured
voltages of phase A, phase B and phase C of the four pole search coils respectively, V2 and V35 are
the extracted 25 Hz component of the voltage from the measured voltages of phase A and phase B
of the two pole search coils, V,6 and Vg are the extracted 75 Hz component of the voltage from the
measured voltages of phase A and phase B of the six pole search coils respectively.

Figures and represent the plot of extracted components of induced voltage in search coils
and its full spectrum FFT in 60 slot induction machines (RIG II) in bridge OFF and bridge ON
conditions respectively. It can be seen in Figure that FFT of the four pole induced voltage
shows the presence of forward rotating four pole magnetic field. FFT of the two pole and six pole
induced voltage show the presence of forward as well as backward rotating component of the magnetic

field as shown in Figures [7.5(d)| and [7.5(f)| respectively. It can be understood as the combination of

the rotating and pulsating component of the magnetic field. The two pole magnetic field component
is quite small and can be ignored. The effect of bridge ON condition can be observed in Figure
It can be seen that the bridge ON condition has no effect on the four pole magnetic field component.
Similar to the bridge OFF condition in bridge ON condition too a forward rotating component of the
magnetic field has been observed as shown in Figure However the bridge ON condition reduces

the two pole and the six pole components of the magnetic field as shown in Figures [7.6]d)| and [7.6[f)

respectively. It makes two pole component of the magnetic field almost negligible and eliminates the
pulsating component of the six pole magnetic field.
The same effect has been seen in 36 slot induction machine (RIG I) measurements. It can be

seen in Figures [7.4(b)] and [7.§(b)| that the bridge ON condition has no effect on the four pole mag-

netic field and a forward rotating magnetic field can be observed. A combination of pulsating and

rotating components of six pole magnetic field can be seen in Figure [7.7(f)l Similar to RIG II, the
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Table 7.1: Comparison of magnetic field behavior in numerical and experimental analysis

Numerical Simulation

Series Connection

Four - Pole Two - Pole Six - Pole
Rotation Pulsation Rotation Pulsation Rotation Pulsation
Static Eccentricity 5/0.1, 50 Hz Not Present | 5/0.1, 50 Hz | Not Present | 5/0.1, 50 Hz | Not Present
Dynamic Eccentricity | 10/0.2, 50 Hz Not Present | 5/0.2, 25 Hz | Not Present | 15/0.2, 75 Hz | Not Present
=4 =4
Mixed Eccentricity 10/0.2, 50 Hz | Not Present %?02’272;0}11; Not Present }g?gg: ;g g; Not Present
BCW Connection (Bridge OFF)
Four - Pole Two - Pole Six - Pole
Rotation Pulsation Rotation Pulsation Rotation Pulsation
Static Eccentricity 5/0.1, 50 Hz Not Present | 5/0.1, 50 Hz | Very Small | 5/0.1, 50 Hz | 50 Hz
Dynamic Eccentricity | 10/0.2, 50 Hz Not Present | 5/ 0.2, 25 Hz | Very Small | 15/0.2, 75 Hz | 75 Hz
Mixed Eccentricity 10/0.2, 50 Hz Not Present ?(/)902’2’2201{512 Very Small ig;g; ig g; 50 Hz, 75 Hz
BCW Connection (Bridge ON)
Four - Pole Two - Pole Six - Pole
Rotation Pulsation Rotation Pulsation Rotation Pulsation
Static Eccentricity 5/0.1, 50 Hz Not Present | 5/0.1, 50 Hz | Not Present | 5/0.1, 50 Hz | Not Present
Dynamic Eccentricity | 10/0.2, 50 Hz | Not Present | 5/0.2, 25 Hz | Not Present | 15/0.2, 75 Hz | Not Present
Mixed Eccentricity 10/0.2, 50 Hz | Not Present | 5/0.2, 25 Hz | Not Present 12?8;’ 57)2 Ei Not Present
Experimental Investigation
BCW Connection (Bridge OFF)
Four - Pole Two - Pole Six - Pole
Rotation Pulsation Rotation Pulsation Rotation Pulsation
Motor (60 Slot) Forward, 50 Hz | Not Present | 25 Hz 25 Hz, 75 Hz 75 Hz
Motor (36 Slot) Forward, 50 Hz | Not Present | 25 Hz 25 Hz 75 Hz 75 Hz
BCW Connection (Bridge ON)
Four - Pole Two - Pole Six - Pole
Rotation Pulsation Rotation Pulsation Rotation Pulsation
Motor (60 Slot) Forward, 50 Hz | Not Present | 25 Hz Not Present | 75 Hz Not Present
Motor (36 Slot) Forward, 50 Hz | Not Present | 25 Hz Not Present | 75 Hz Not Present

bridge ON condition in RIG I reduces the two pole and the six pole magnetic field components and

completely eliminates the pulsating component of six pole magnetic field as shown in Figures [7.7(d)

and respectively. A comparison of magnetic field components obtained in the numerical and

the experimental investigations have been presented in Table

7.3.2 Conclusion

This section investigates the presence of the eccentricity generated harmonic magnetic field compo-

nents in the air gap. The measurement shows the presence of pulsating 75 Hz, six pole and 25 Hz, two

pole components of the magnetic field. However, the presence of the two pole pulsating component

of the magnetic field is negligible. This verifies the numerical observation made in Chapter [3] that

the presence of pulsating six pole magnetic field is the reason behind the generation of the additional
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7.4 Experimental investigation of eccentricity induced bridge currents and rotor vibrations

component of the UMP.

In addition to this the passive vibration suppression capability of the BCW winding scheme in
bridge ON condition has also been analysed. It has been established that in bridge ON condition,
the two pole and the six pole magnetic field components get reduced and it completely eliminates
the pulsating component of the six pole and the two pole magnetic fields. This elimination of the
pulsating two pole and the six pole components of the magnetic field leads to vibration suppression

in bridge ON condition.

7.4 Experimental investigation of eccentricity induced bridge cur-
rents and rotor vibrations

7.4.1 Analysis

This section investigates the numerical simulation observations made in Chapter Chapter
establishes the relationship of bridge currents frequency components and force frequency components in
the static, dynamic and mixed eccentricity conditions. It has been shown that the bridge currents have
+fs Hz frequency components in static eccentricity condition, £(fs — f») Hz frequency components in
dynamic eccentricity condition and combination of these components in mixed eccentricity condition.
Also, it has been shown that the frequency components of UMP generated due to an eccentric rotor,
is dependent on the frequency components of the induced bridge currents. The generated UMP has
(£fs £ foridge) Hz frequency components. Here, f; is the main supply frequency, f, is the rotor
rotational frequency and fyiqge is the frequency component of bridge current.

The developed experimental setup does not have the facility to change the eccentricity condition
of the rotor. However, from the measurements of the bridge currents and rotor vibrations, the type
of the eccentricity present in the motor can be guessed by having a comparison with the numerical
findings. This also verifies the numerical find in one way.

The bridge currents and vibration patterns have been analysed using both experimental setups
(RIG I & RIG II). The induction machine in RIG I uses the original shaft of the machine for the
experiment. To capture the vibration signals an accelerometer has been placed on the body of the
motor. Whereas, in RIG II, the original shaft of the rotor of the induction machine is replaced
with a 1.5 m long shaft to make the rotor system flexible so that more frequency components of the
force acting on the rotor can be observed. The eddy current sensors have been used to measure the

displacement signals along x (longitudinal direction) and y (transverse direction) axes, which have
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been placed at location 6 in the experimental setup as shown in Figure The measured bridge

currents and vibration signals have been analysed further to investigate the effect of eccentricity on

it.  Similar to the numerical investigation presented in Chapter [4, the measured bridge currents
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Figure 7.9: Measured bridge currents with the original rotor in RIG I.
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Figure 7.10: Full spectrum FFT of measured bridge currents when the motor has its original shaft in RIG I.

have been converted to space vector as explained in Equation (4.63)) and vibration measurements have

been converted in complex domain as, d, + jd, where d, and d, are the rotor displacements along

x and y axis respectively. In the case of RIG I, the machine has been supplied using a three phase

auto transformer with a rated voltage of 415 V at 50 Hz (f5).

The motor has been operated at no

load so the rotor rotational frequency (f,) is very close to 25 Hz. Since the rotor is a rigid rotor and
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7.4 Experimental investigation of eccentricity induced bridge currents and rotor vibrations

accelerometer is placed on the body of the motor, the bridge OFF and the bridge ON conditions do
not have any effect on the accelerometer signals. The accelerometer data has been presented only for
the bridge ON condition. It should be noted that, in bridge OFF condition there would not be any
flow of current through the bridge points, so the bridge currents can only be recorded in bridge ON
condition. Figure shows the bridge currents flowing through the bridge points of the machine and

Figure shows the full spectrum FFT of space vector of measured bridge currents. The presence
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Figure 7.11: Zero sequence bridge currents when the motor has its original shaft (RIG I).
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Figure 7.12: FFT of zero sequence bridge currents when the motor has its original shaft (RIG I).

of + 25 Hz (fs — f) and + 75 Hz (fs + f) components in full spectrum FFT of space vector of bridge
currents signifies the presence of dynamic eccentricity in the machine whereas the presence of 50 Hz

(fs) component represent the presence of static eccentricity condition in the machine. The presence
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of all three component of the bridge currents indicates that the machine is being operated in mixed
eccentricity condition as shown in numerical investigation. Similar to the numerical investigation
zero sequence component is also presented as shown in Figure Figure [7.12] represents FFT of
zero sequence component of the bridge currents which also signifies the presence of mixed eccentricity
condition as all three frequency components are present. The accelerometer data show 0 Hz and 100
Hz components and confirms the presence of static eccentricity. Whereas 25 Hz, 75 Hz and 125 Hz
components show the presence of dynamic eccentricity. The presence of these frequency components
in combination as shown in Figure [7.13] signifies the presence of mixed eccentricity condition in RIG
I. In numerical investigation it has been observed that the bridge currents suppress almost all the
frequency components of the UMP other than DC component and fs — f, component. Whereas in
this experimental setup bridge currents are not sufficient to suppress motor vibration. It might be

happening due to the rigid rotor.
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Figure 7.13: FFT of accelerometer data when the motor has its original shaft (RIG I).

So, to investigate further a rotor with a flexible shaft (RIG II) has been used for the experiment
as shown in Figure Also to have a generalized effect, the rotor vibration has been analyzed at two
different supply frequencies i.e. 20 Hz and 30 Hz using a variable frequency drive. 20 Hz and 30 Hz
have been chosen as main supply frequencies because the shaft of the motor is flexible and it can not
be operated at higher speeds. Again, the motor has been operated at no load condition so for supply
frequencies (fs) 20 Hz and 30 Hz, the rotor rotational frequencies ( f,.) are very close to 10 Hz and 15 Hz
respectively. Figures and represent the bridge currents and full spectrum FF'T of space vector
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Figure 7.15: Full spectrum FFT of space vector of measured bridge currents when the motor has a longer
shaft (RIG II).
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Figure 7.16: Zero sequence bridge currents when the motor has a longer shaft (RIG II).
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Figure 7.17: FFT of zero sequence bridge currents when the motor has a longer shaft (RIG II).
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Figure 7.19: Full spectrum FEFT of the rotor response when frequency of the main supplyis 30 Hz (RIG II).

of measured bridge currents in longer shaft rotor experimental setup when the main supply frequency
is 20 Hz. All three components +10 Hz (fs — f,.), = 20 Hz(fs) and + 30 Hz(fs + f,) are present which
indicates the presence of mixed eccentricity condition in the machine. Figures and show the
zero sequence current and its FFT respectively. FFT plot of zero sequence component of the bridge
currents show the presence of all three frequency components. Similar behavior of the bridge currents
have been observed when frequency of the main supply is 30 Hz. Figures and represent the
full spectrum FFT of the rotor vibrations measured at location 6 of the RIG II experimental setup
as shown in Figure when the main supply frequencies are 20 Hz and 30 Hz respectively. It can
be observed from Figures and that the rotor response has all the frequency components as
per the relation £fs & foridge- foridge 18 10 Hz, 20 Hz and £30 Hz when f, is 20 Hz and fy,iqge is
415 Hz, 30 Hz and +45 Hz when f, is 30 Hz. The rotor response shows the presence of 0 Hz, £ 10
Hz, £ 30 Hz, + 40 Hz, and £+ 50 Hz frequency components when the bridge are in OFF condition
and main supply frequency is 20 Hz. The rotor response shows the presence of 0 Hz, + 15 Hz, &+ 45

Hz, + 60 Hz, and + 75 Hz frequency components when bridges are in OFF condition and the main
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7.4 Experimental investigation of eccentricity induced bridge currents and rotor vibrations

supply frequency is 30 Hz. Whereas, in bridge ON condition most of the vibration components are
suppressed other than the DC component and f; — f,, component, which is 10 Hz and 15 Hz when the
main supply frequency is 20 Hz and 30 Hz respectively.

For completeness, to demonstrate the vibration suppression capability of bridge configured winding,
the rotor orbits have been compared in bridge OFF and bridge ON conditions. Figures and
show the comparison of the rotor orbits in bridge OFF and bridge ON conditions when the
main supply frequency is 20 Hz and 30 Hz respectively. It can be observed that the rotor centre is
shifted more towards the origin which eventually reduces vibration.

In comparison with the numerical simulation all of the frequency components, be it bridge cur-
rents frequency component or vibration measurements frequency component of the experimental re-
sults demonstrate the presence of mixed eccentricity condition in the motor. To have a clarity in
the interpretation, the simulation and experimental results have been summerised in a table. Table
7.2] presents the comparison of all the bridge currents, UMP and vibration measurement frequency

components in all three eccentricity conditions.

Table 7.2: Summary of the numerical and experimental investigation of bridge currents and UMP

Numerical Simulation
» ) ) Bridge Currents UMD
Type of Eccentricity | Supply Freq. | Slip Space Vector Component . Zero Sequence Component Bridge OFF Bridge ON
Static Eccentricity 50 Hz 0.02 +50 Hz 50 Hz 0 Hz, &+ 100 Hz 0 Hz
Dynamic Becentricity | 50 Az 0.02 T 245 Hiz, & 745 Tz 215 Hz, 745 Az T 24.5Hz, £ 755 Hz £ 1245 Hy 215
Mixed Eccentricity | 50 Hz 0.02 £ 50 Hz, + 24.5 Hz, & 74.5 Hz | 50 Hz, 24.5 Hz, 745 Ha 0 Hz, & 24.5 Hz, & 755 Hz, & 100 Hz, & 1245 Ha | 0 Hz, 245 s
Experimental Measurements
Type of Eccentricity | Supply:Freq. | Slip Type of Rotor STREENVET Bridge Cum;t:ro Soquence Motor Body/Rotor Vibration
) Bridge OFF Bridge ON
Component Component

Not Known 50 Hz No load Short Rotor + 25 Hz, £ 50 Hz, &+ 75 Hz | 25 Hz, 50 Hz, 75 Hz | 0 Hz, 25 Hz, 75 Hz, 100 Hz, 125 Hz 0 Hz, 25 Hz, 75 Hz, 100 Hz, 125 Hz
Not Known 20 Hz No Toad Tong Rotor & 10 Hz, £ 20 Hz, £ 30 Hz | 10 Tz, 20 Hyz, 30 Ha | 0 Hz, £ 10 Hy, £ 30 Hz & 40 Hz, £ 50 Iz 0 iz, 10 Hz
Not Known 30 Hz No load Long Rotor £ 15 Hz, + 30 Hyz, & 45 Hz | 15 Hz, 30 Hy, 45 Hz | £ 0 Hz, & 15 Hy, £ 45 Hz & 60 Hz, £ 75 1z 0 fiz, 15 Hz

7.4.2 Conclusion

Similar to the numerical analysis, various modes of the bridge currents have been analysed by
transforming it from a, b, ¢ sequence to d, q,0 sequence. A relationship of bridge current modes with
respect to different eccentricity conditions have been established. Also, it has been shown that the
zero sequence component of the bridge currents can not be ignored in bridge configured winding. The
space vector of bridge currents show the presence of three frequency components i.e. +fs, =(fs — fr)
and +(fs + fr) of the bridge currents. The relationship with respect to the main supply frequency
component (fs) and the induced bridge currents frequency component (fpridge) in terms of vibra-
tion components have been analysed. It has been shown that the vibration harmonic components
in bridge OFF condition has £ fs & fyi4ge frequency components. It has been also established that
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bridge currents suppresses all the UMP components other than DC component and f; — f, compo-
nent. It happens because eccentric rotor generates pulsating component of the magnetic field which
gets suppressed when bridges are in ON condition. In comparison with the numerical simulation,
experimental behavior of bridge currents and UMP generated vibration show the presence of mixed
eccentricity condition in both experimental setups. This behavior of experimental measurements in

one way also verifies the capability of the developed code.
7.5 Experimental investigation of the proposed bridge supply method

In this section the effect of bridge supply has been studied in 3.7 kW BCW induction machine of
RIG I. Unfortunately the 37 kW experimental setup got damaged, hence only 3.7 kW BCW induction
machine has been used for the verification of the proposed bridge supply method in Chapter [5| and
effect of various bridge supply conditions discussed in Chapter [} The accelerometer placed over the
body of the motor could not observe the frequency of the force generated due to the bridge supply.
Hence, the pulley on the drive end of the shaft has been removed, and the keyway slot on the shaft
is covered using a cylindrical sleeve, so that the vibration signals can be observed using displacement
sensors. The eddy current displacement sensors are placed to measure the vibration signals of the
rotor. Figure [7.2]] represents the experimental setup consisting of sleeve on the shaft of the rotor of

Rig 1.

Figure 7.21: Experimental setup with original rotor and a sleeve on the shaft (RIG I).

The analysis of bridge supply has been analysed in two sections. In first section, the generation

of the magnetic field components have been studied using the induced voltage in the search coils of
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7.5 Experimental investigation of the proposed bridge supply method

the winding and in the second section, the vibration patterns have been analysed in bridge supply

conditions.
7.5.1 Analysis of the magnetic field

The induced voltage in the six pole search coils, the two pole search coils and the four pole
search coils have been measured using the National Instruments PXI data acquisition system when
BCW machine in RIG I has been supplied with respect to bridge points in various ways. The sampling
frequency of the measurement is 5kHz. The bridge supply frequency component of the induced voltage

from the two pole, four pole and six pole search coils voltage have been separated by fitting the curve

as shown in Equations (7.9)) - (7.8),

Vom = aq cos(27 fit) + azsin(27 fit) + ast + ay (7.7)
Viam = aq cos(27 fit) + agsin(27 fiyt) + ast + ay (7.8)
Vom = a1 cos(2m fyt) + agsin(27 fyt) + ast + ay (7.9)

where Vo, Vi and Vg, are the induced voltages in the two pole, four pole and six pole search
coils respectively and f; is the frequency of the bridge supply. The measurements of the induced
voltages have been carried out when a sinusoidal voltage of amplitude 40 V and frequency 30Hz has
been supplied through the bridge points. A full spectrum FFT of the measured voltages has been
carried out to see the presence of the harmonic components of the magnetic fields in the airgap. To

obtain a full spectrum FFT, the measured voltages have been converted in complex form as shown in

Equations (7.10) - (7-12)

Vi = Vas +i(Voa + Vea) /2 (7.10)
Vo = Va2 + V2 (7.11)
Vo = Vas + jVis (7.12)

where V4, Viy and V4 are the fp component of the voltage extracted from the measured voltages of
phase A, phase B and phase C' of four pole search coils respectively, Vo and Vjo are the f; component
of the voltage extracted from the measured voltages of phase A and phase B of two pole search coils

respectively, V¢ and Vg are the f, component of the voltage extracted from the measured voltages
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of phase A and phase B of six pole search coils respectively. These induced voltages in search coils
have been analysed for three conditions, (i) when bridge points are supplied with a normal three phase
supply, (ii) when bridge points are supplied in the same sequence as that of the main supply and (iii)
when bridge points are supplied in the reverse sequence as that of the main supply. Figures [7.22
and represent the full spectrum FFT of 30 Hz component of the induced voltage in all three
conditions in four pole search coils, six pole search coils and two pole search coils respectively. It can
be observed in Figure that in all the supply conditions induced voltage in four pole search coils
are negligible which demonstrate that there is no four pole magnetic field generated due to the bridge
supply. Figure demonstrates that a six pole magnetic field is generated in the machine in the
case of normal sequence of bridge supply. Figures [7.23(b)] and [7.23(c)] demonstrate that the induced

voltage in the six pole search coils for the case of same sequence of bridge supply and reverse sequence
of bridge supply are negligible which indicates that the same and the reverse sequence of bridge supply
do not generate six pole magnetic field in the machine.

The analysis of two pole search coils induced voltage is important because the interactions of a
rotating two pole magnetic field and a rotating four pole magnetic field leads to a useful component
of the transverse force generation. Figure @ shows that a normal sequence of bridge supply
generates a pulsating component of two pole magnetic field, i.e. both forward and backward rotating
component of the two pole magnetic field is present in the airgap of the machine. Figure @
demonstrates the presence of backward rotating component of the two pole magnetic field when same
sequence of bridge supply has been given to the bridge points of the winding. Whereas Figure
shows the presence of forward rotating component of the two pole magnetic field when reverse

sequence of the bridge supply has been applied to the bridge points of the winding.
7.5.2 Analysis of rotor response in different bridge supply conditions

The investigation of rotor responses in different bridge supply conditions have been carried out for
four cases, (i) when only one phase of the bridge points are excited, (ii) when the bridge points are
excited by normal sequence of the bridge supply, (iii) when the bridge points are excited by the same
sequence of the bridge supply as that of the main supply and (iv) when the bridge points are excited
by the reverse sequence of the bridge supply as that of the main supply. In all these conditions the
main supply frequency (fs) is 50 Hz.

Figure [7.25(a)| shows the comparison of full spectrum FFT of the rotor responses in bridge OFF
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Figure 7.22: FFT of Induced voltage in four pole search coil in RIG I When@ bridge points are supplied in

normal sequence at 30 Hz @ bridge points are supplied in same sequence at 30 Hz and bridge points are
supplied in reverse sequence at 30 Hz.
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@ﬁ -Sélfglf_(ifz%ol% (ﬁag been given to bridge points in reverse sequence as that of main supply.

180



7.5 Experimental investigation of the proposed bridge supply method

100 -
——Bridge Supply
——Bridge OFF
10-1 L
. X: -29.83
1S : .
E x:-6983 |Y:0.01257 ¢:3%05404
8 -Y:0.003976 \ I -
2 X: 29.83
@_ 3 Y: 0.00597
5 10 l-vw
kel
14
10
10 ‘ ‘ :
-100 -50 0 50 100
Frequency (Hz)
(a)
100 ¢ . 100
——Bridge OFF Bridge OFF
10t 10t ¢
’é\ X: -30 el
E Yo X3 E o2 Y: 0.005725
O X -70 Y: 0.008781 E10°¢ O X:10.17
8 1§ 0.003032 3 Y: 0.001892
Q X: 70 5 102
@' Y:0.006657
=10° -
é% e 10
107
105 ¢
10.5 L L L ] 10-6 | I 1 ]
100 50 0 50 100 -100 -50 0 50 100
Frequency (Hz) Frequency (Hz)

(b) (©)

100 ¢
—Bridge Supply
10tF
X:-90 X: 90
Y:0.01169 Y:0.01042
1072

Rotor response (mm)
5
w

=
S
A

10 :
-100 -50 0 50 100

Frequency (Hz)

(d)

Figure 7.26: Comparison of the full spectrum FFT of the rotor responses with bridge OFF condition rotor
response when @ a supply of 20 Hz has been applied at the bridge point of phase A @ a supply of 20 Hz
has been applied at the bridge points in normal sequence a supply of 40 Hz has been applied at the bridge
points in same sequence as that of the main supply a supply of 40 Hz has been given at the bridge points
in reverse sequence as that of the main supply.
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and single phase bridge supply condition when a 20 V 30 Hz supply has been applied at the bridge
points of phase A. Additional frequency components at (fs = f,) Hz i.e 80 Hz and 20 Hz can be seen
due to the excitation of the single phase of the bridge supply. The same frequency components in
rotor response can be observed in Figure when bridge points are supplied in normal sequence.
Figure [7.25(c)| shows the comparison of full spectrum FEFT of rotor response in bridge OFF condition
and when a 40 V 30 Hz same sequence of the bridge supply has been given to the bridge points. It
can be seen that (fs — f,) Hz i.e 20 Hz of the frequency component is present whereas (fs + f,) Hz
i.e 80 Hz of the frequency component is not present. Similar behavior can be observed when bridge
points are excited in reverse sequence of the bridge supply as that of the main supply. Figure [7.25(d)]
shows that in reverse sequence of bridge supply (fs + fr) Hz i.e 80 Hz of the frequency component is
present whereas (fs — f) Hz i.e 20 Hz of frequency component is absent.

The rotor responses have been analysed with respect to few additional frequencies of the bridge
supply to establish the general behavior of the rotor responses with respect to bridge supply. Figure
@ shows the presence of (fs=+ f,) Hz i.e 70 Hz and 30 Hz vibration components, when phase A of
the bridge points are excited by 20 V, 20 Hz. Figure @ shows the presence of (fs £ f,) Hz i.e 70
Hz and 30 Hz vibration components, when normal sequence of three phase bridge supply of 20 V, 20
Hz has been applied at the bridge points. Figures and @ show the presence of (fs — f;)
Hz i.e 10 Hz and (fs + f-) Hz i.e 90 Hz vibration components, when bridge points are supplied in the
same sequence of the bridge supply and reverse sequence of bridge supply of 40 V, 40 Hz respectively.
It should be noted that the machine is in mixed eccentricity condition due to manufacturing faults
which leads to the presence of other frequency components of the rotor vibration. In addition to this,

unevenness in the rotor sleeve, also leads to additional components of the vibration.
7.5.3 Conclusion

A complete analysis of bridge configured winding induction machine has been presented to establish
the production of transverse force of a particular frequency component with respect to bridge supply
of the winding. It has been demonstrated that a bridge supply of frequency f;, Hz of same sequence as
that of the main supply sequence of fs Hz produces a force of frequency (fs — f») Hz whereas a bridge
supply of frequency f; Hz of reverse sequence as that of the main supply sequence of f; Hz produces

a force of frequency (fs + f») Hz.
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8. Conclusion and Future Work

8.1 Conclusion

Controllable transverse force generation is an important aspect for the rotor vibration control and
for the development of bearingless machines. A detailed investigation of the bridge configured winding
has been carried out in this thesis. The possible ways for exploiting the bridge configured winding to

achieve the objectives of this thesis have been laid out.

8.2 Summary of contribution

Keeping in view the development of bearingless machine using bridge configured winding various
aspects of bridge configured winding electrical machine has been analysed in this thesis. The major

contributions of this thesis are enumerated below.

e A Finite Element model has been developed using COMSOL MULTIPHYSICS® to analyse
the effects of different eccentricity conditions on magnetic fields and forces in series and parallel
stator winding electrical machines. The bridge configured winding is a parallel winding and it has
been used for the analysis of parallel winding configuration. A solid rotor has been considered
for the simulation to omit the effects of rotor bar currents. Both series and parallel winding
configurations have been analysed, keeping the frequency of the main supply as 50 Hz and the

following observations have been made

— It has been demonstrated that additional frequency components of the force are present in
parallel winding electrical machine when the rotor is in eccentric position. In the static,
dynamic and mixed eccentricity conditions the parallel winding configuration has 100 Hz,

125 Hz and (100 Hz & 125 Hz) additional components of UMP respectively.

— A comparative study of eccentricity generated frequency components of magnetic field have
been carried out to understand the effect of eccentricity on the magnetic fields of the air
gap in series and bridge configured winding electrical machine. The temporal FFT of the
magnetic fields for both series and parallel winding, show the presence of 50 Hz frequency
component of the magnetic fields in static eccentricity condition, 25 Hz and 75 Hz frequency
components of the magnetic field in case of dynamic eccentricity condition and 25 Hz, 50

Hz and 75 Hz frequency components of the magnetic field in mixed eccentricity condition.
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— The generation of the additional frequency components of the forces in different eccentricity
conditions have been investigated by analysing the spatial FFT of the air gap magnetic field.
It has been concluded that the presence of six pole magnetic field is the reason behind the
generation of the additional frequency component of the force in parallel stator winding

machines.

— The force expressions have been obtained using Maxwell’s stress tensor method for static,
dynamic and mixed eccentricity conditions by considering the additional components of the
magnetic field. The modified force expressions have all the additional frequency components

which have been obtained from the numerical simulation.

e A generalised coupled magnetic field and electrical circuit finite element model of a 3.7 kW
induction machine has been developed in MATLAB® environment to accommodate bridge con-
figured winding and rotor circuit equations. This model is simulated in different eccentricity

conditions and the following investigations have been carried out,

— The induced bridge phase currents are converted to space vectors and the full spectrum
FFT have been obtained to study the presence of different frequency components. The

presence of zero sequence component has also been demonstrated.

— A relationship of bridge current modes with respect to different eccentricity conditions have
been established. The space vector of bridge currents show the presence of only one fre-
quency component i.e. 4 fs for the static eccentricity condition, two frequency components
ie. £(fs— fr), £(fs + fr) for the dynamic eccentricity condition and three frequency com-
ponents i.e. +fs, =(fs — f.) and £(fs + f;) for the mixed eccentricity conditions. Here, f

is the main supply frequency and f, is the rotor rotational frequency.

— A relationship with respect to the frequency component of the main supply (fs) and fre-
quency component of the bridge currents (fyriqge) in terms of frequency components of
the unbalanced magnetic pull has been established in all three types of eccentricity con-
ditions. It has been shown that the developed UMP due to the eccentric rotor in bridge
OFF condition has £ fs & fyriage frequency components. It has been also established that,
bridge currents suppresses all the UMP components other than DC component and fs — f;

component.
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e Magneto motive force (MMF) analysis has been carried out to investigate the effects of main

and bridge point excitation of the bridge configured winding.

— The MMF axes with respect to the bridge supply points of the winding are found to be
60 degrees apart. For the generation of rotating magnetic field the MMF axis must be 120

degree apart.

— Since the MMF axes are 60 degrees apart, a rotating magnetic field can be generated by

reversing the direction of the supply in phase B of the bridge supply.

— Two supply sequences have been proposed for the generation of rotating two pole mag-
netic field, when the three phase main supply voltage are V4 = Agcos(2nfst), Ve =
Ap cos(2m fst — 2m/3) and Vo = Agcos(2n fst — 4m/3). Similarly, a supply sequence has

also been proposed for the generation of six pole pulsating magnetic field.

(i) The three phase bridge supply voltages sequence of V4, = By cos(27 fst), Vg, = — By cos(27 fst—
27/3) would generate a rotating two pole magnetic field, which rotates in the oppo-
site direction of the four pole magnetic field, generated due to the main supply. This
sequence of bridge supply is termed as the reverse sequence of bridge supply.

(ii) The three phase bridge supply voltages sequence of V4, = By cos(27 fst — 47 /3), VB, =
—Bycos(2nfst — 2m/3) and Vi, = B0cos(27 fst) would generate a rotating two pole
magnetic field which rotates in the same direction of the four pole magnetic field,
generated due to the main supply. This sequence of the bridge supply is termed as the

same sequence of bridge supply.

(iii) A single phase of supply through all the phases of the bridge terminals would generate

a pulsating six pole magnetic field.

— A force expression has been presented for the bridge configured winding electrical machine

using the Fourier coefficients of the MMF distribution.

e The generalized coupled magnetic field and electric circuit model is further coupled with the
rotor equation of motion to simulate the effects of the magnetic forces on the rotor motion. The
rotor of the machine has been modelled as a four degree of freedom rigid rotor system. The

following investigations have been carried out,
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— A static eccentricity condition is simulated when the rotor is eccentric by le-4 m along x
axis (Longitudinal Direction) with respect to the stator center. The rotor responses show
that when the bridge points are short circuited (bridge ON condition) the rotor shifts its

position and helps in reduction of rotor vibration.

— A dynamic eccentricity condition is simulated by introducing a mass unbalance in the rotor
equation. The effects of bridge OFF and bridge ON conditions on the rotor vibration have

been demonstrated for this eccentricity condition.

— The rotor vibration is simulated in different types of bridge supply conditions, such as, single
phase bridge supply, normal sequence of the bridge supply and the proposed sequences of
the bridge supply. Using the proposed bridge supply sequence, a particular frequency
component of the force can be generated which leads to a particular frequency component

of rotor vibration.

— it has been demonstrated that the same sequence of the bridge supply generates a force of
frequency fs — fi Hz where fs is the frequency of the main supply and f; is the frequency
of the bridge supply. Similarly, the reverse sequence of the bridge supply generates a force

with a frequency component of f; + fp Hz.

— It has also been demonstrated that by changing the phase of the bridge supply, the direction
of the DC component of the transverse force can be changed. A relationship with respect
to the change in phase of the bridge supply and the subsequent change in the phase of the
produced force and vibration has been presented. This relationship will be useful while

developing bearingless electrical machines.

e A simulation model has been developed in MATLAB/ SIMULINK® to demonstrate the vibration
control and levitation of the rotor in bridge configured winding machines. A simplified force
model has been used to mimic the force generation in a bridge configured winding electrical
machine. The DC component of the force has been used for the levitation control and the
revolving component of the force has been used to suppress harmonic components of the force.
The PID controller and convergent control algorithm has been implemented for the levitation and
suppression of harmonic components of the rotor vibration. For the development of levitation

model the electrical machine has been modelled as an active magnetic bearing.
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e Two experimental setups have been developed to verify the numerical findings. The following

objectives have been verified using the experimental measurements

— Passive vibration capability of bridge configured winding has been demonstrated by short

circuiting of bridge terminals of the winding.

— It has been demonstrated that the generation of pulsating six pole magnetic field in a
parallel stator winding electrical machine is the reason behind the generation of additional

component of UMP.

— The relationship in bridge currents frequency with respect to the mixed eccentricity condi-

tion shown in numerical simulation has been verified using bridge current measurements.

— The vibration pattern in mixed eccentricity condition demonstrated in the bridge configured

winding in numerical simulation has been verified experimentally.

— The proposed method of bridge supply to generate two pole magnetic field has been verified

using induced voltages in the search coils of the winding.

— The force generation pattern in proposed bridge supply method has been verified using the

measurement of rotor response.

8.3 Future work

Based on the work presented in the thesis the following direction is suggested as possible future

work,

e A bearingless machine can be developed using the proposed bridge supply method. The imple-
mentation of real time controller is one of the biggest challenge for the development of bearingless

machine.

e Similar to a bearingless machines, an active magnetic bearing can also be developed using the

same principle of force generation using bridge configured winding.

e [t is required to develop an optimized procedure of design of BCW machine for active vibration

control or Bearingless applications.

e The measurements of the components of the air gap magnetic field, the response of the rotor,

induced voltages in different search coils are related to the vibrations of the stator. However,

TH-2237_126103028

188



8.3 Future work

the induced voltages in different search coils will be affected by the control currents or voltages
in the bridges. The effect of dynamics of the bridge supply on search coil induced voltage for

the development of closed loop control requires further investigation.

e The effect of the bridge currents on the losses has not been considered. The currents circulating
in the winding will produce more Joule losses and heat, which might results in overheating of
the machine if not adequately mitigated. An investigation of the cooling of the machine or its

de-rating is also an import aspect of future study.
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